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Abstract 

Background: Cancer is a leading global cause of mortality, traditionally treated with 

intravenous (IV) chemotherapy which IV administration has poor patient compliance 

and causes significant systemic toxicity. While oral chemotherapy is preferred, its 

effectiveness is limited by poor drug solubility, instability, and low bioavailability. To 

overcome these challenges, nano-based drug delivery systems, particularly milk-

derived exosomes, offer a promising solution by enhancing drug stability and 

absorption. This review aimed to highlight the application of milk-exosomes in oral 

cancer therapy. 

Methods: This narrative review investigated the potential use of milk-derived 

exosomes in oral cancer treatment by searching the PubMed, Scopus, and Google 

Scholar databases from their inception through August 2025. 

Results: According to the findings, milk exosomes are biological nanovesicles with low 

immunogenicity and a unique capability to pass through biological barriers without 

degrading in the gastrointestinal tract. Their natural abundance and cost-effectiveness 

make them preferable carriers for oral drug delivery. In cancer treatment, they 

enhance tumor targeting and the bioavailability of chemotherapeutic agents, reducing 

systemic side effects. Furthermore, milk exosomes can be efficiently loaded with a 

variety of therapeutic agents, including small molecules, nucleic acids, and proteins, 

while preserving their structural integrity and functionality. 

Conclusion: In conclusion, milk exosomes represent a highly promising, naturally-

derived platform for effective oral anticancer therapy. By overcoming enzymatic 

degradation and poor mucosal absorption, they could turn potent injectable drugs 

into effective oral treatments. If successfully developed, milk exosome-based 

therapies could provide a non-invasive, patient-friendly alternative to intravenous 

treatments, improving compliance and quality of life. 
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1. Introduction 

Milk-derived exosomes are nano-sized extracellular vesicles, typically ranging from 30 

to 200 nm in diameter, naturally secreted by mammary epithelial cells and present in 

mammalian milk. They are enclosed by a lipid bilayer and carry diverse biomolecules, 

including proteins, lipids, deoxyribonucleic acid (DNA), messenger ribonucleic acid 

(mRNA), and microRNAs, which enable intercellular communication, immune 

modulation, and delivery of bioactive molecules. The abundance, biocompatibility, 

and safety of milk exosomes make them an attractive source compared with 

exosomes derived from cultured cells or blood, supporting their potential for 

therapeutic applications.1 Oral administration of milk exosomes offers unique 

advantages over intravenous (IV) therapies. Their lipid bilayer protects encapsulated 

cargo from enzymatic degradation in the gastrointestinal tract (GI), enabling 

absorption and systemic distribution. Milk exosomes can carry both hydrophilic and 

hydrophobic drugs, enhancing bioavailability and therapeutic efficacy. Additionally, 

their natural composition reduces immunogenicity, facilitates efficient cellular uptake, 

and allows potential surface modification for targeted delivery, making them 

especially promising for cancer therapies.2 

Cancer is a major global health challenge, representing one of the leading causes of 

morbidity and mortality worldwide. IV administration of chemotherapeutic agents 

presents several inherent limitations. Systemic exposure to potent drugs often leads 

to severe side effects, including damage to the liver, kidneys, heart, and bone 

marrow. Additionally, the pharmacokinetics of many anticancer drugs are inadequate, 

with rapid clearance from the bloodstream reducing effective drug concentrations at 

tumor sites. Repeated IV administration also causes problems for patients, requiring 

frequent hospital visits and invasive procedures, which can compromise adherence 

and quality of life. Moreover, poor solubility and instability of certain 



chemotherapeutic compounds in plasma further limit their bioavailability and 

therapeutic efficacy. These challenges emphasize the need for innovative drug 

delivery systems that enhance tumor targeting, minimize systemic side effects, and 

provide more patient-friendly administration routes.3 

The therapeutic potential of milk exosomes lies in their unique biological composition 

and functional versatility. Milk exosomes have been demonstrated to contain specific 

proteins such as CD9, CD63, CD81, CD82, HSP70, HSP90, Alix, and TSG101, as well as 

nucleic acids capable of regulating gene expression in recipient cells. These molecules 

can modulate immune responses, promote cellular uptake, and mediate intercellular 

signaling, making them particularly valuable for delivering chemotherapeutic agents 

or nucleic acids to target tissues4. Notably, milk exosomes can cross biological 

barriers, including the intestinal epithelium, the blood-brain barrier, and the placental 

barrier, further expanding their potential applications in treating cancers.5 

Compared to synthetic nanoparticles, milk exosomes offer distinct advantages that 

make them highly attractive for therapeutic delivery. Unlike liposomes, polymeric 

nanoparticles, or inorganic nanocarriers, exosomes are naturally occurring vesicles 

with intrinsic biological functions, enabling efficient cellular uptake and minimal 

immunogenicity.6 Additionally, they are recognized as GRAS (Generally Recognized as 

Safe), exhibiting low immunogenicity and high biocompatibility. Their endogenous 

origin allows them to interact with cellular membranes via receptor-mediated 

pathways, enhancing targeted delivery. Importantly, milk exosomes are abundant, 

safe, and easily accessible at large scales, providing a cost-effective and biocompatible 

alternative to conventional nanoparticles, which often require complex chemical 

synthesis and surface modification. These characteristics position milk-derived 

exosomes as next-generation nanocarriers with the potential to overcome the 

limitations of synthetic nanoparticles in cancer therapy and other biomedical 

applications.7 



Previous studies have firmly established milk exosomes as natural nanocarriers with 

remarkable potential for drug delivery. Overall, these intrinsic features emphasize the 

strong promise of milk-derived exosomes as efficient, safe, and stable vehicles for oral 

administration.8,9 This review aims to provide a comprehensive analysis of milk 

exosomes as oral drug delivery vehicles for cancer therapy. We focus on their 

biological properties, therapeutic advantages, isolation, and characterization 

methods. This review guides the translation of milk exosomes into clinical applications 

by synthesizing recent progress and systematically highlighting the key industrial 

challenges in scaling up their production including standardization, cost-effective 

isolation, and quality control. A clear identification of these hurdles provides the 

crucial foundation for future research and development efforts aimed at overcoming 

them. 

2. Methods 

 A structured narrative literature search was conducted using the databases PubMed, 

Scopus, and Google Scholar. The search strategy employed keywords and phrases 

such as "oral drug delivery", "cancer therapy", "exosomes", "milk exosomes", 

“nanocarriers”, and “biocompatibility. The primary search was limited to studies 

published between 2015 and 2025 to capture the most recent advancements. 

However, seminal and highly relevant works published before 2015 were also 

included to provide an appropriate scientific context, identified through citation 

tracking of the retrieved articles. Studies that were not directly related to the 

application of milk exosomes in an oncological context were excluded. The selection 

process involved an initial screening based on titles and abstracts, followed by a 

thorough evaluation of the full-text articles for final inclusion. This approach aims to 

map current trends and highlight translational challenges rather than serve as a full 

systematic review. 



3. Routes of cancer drug administration: focusing on intravenous and oral modalities 

Common methods for delivering chemotherapy agents include IV, per-oral (PO), 

intrathecal (IT), and intravesical routes.10 The various properties of each mode can 

impact the pharmacokinetic and pharmacodynamic profiles of the drug in the body.11 

Choosing the appropriate route of administration depends on several factors, such as 

the physicochemical properties of the drug, the site of the tumor, cancer staging, rate, 

and extent of absorption.12 With the development of modern treatments, some 

cancers have transitioned into chronic conditions, requiring long-term medication. 

Therefore, attending to patient choice in the administration route, when the efficacy 

is the same, enhances patient adherence to the chemotherapy regimen.13 

Other less commonly used but clinically relevant administration routes include 

intramuscular (IM),14 subcutaneous (SC),15 intravesical,16 intrapleural, intraperitoneal 

(IP),17 topical,18 transdermal,19 intralesional,20 intratumoral,21 intra-arterial (IA),17 

ophthalmic,22 and intranasal.23 An overview of the administration routes is presented 

in Figure 1. 

Selecting the route of administration is one of the important criteria for patient 

adherence to treatment and is an essential component of medication use quality.24 IV 

administration is preferred for cytotoxic drugs with poor oral absorption, unstable GI 

profile, and medicines that need immediate therapeutic levels.25 While IV 

chemotherapy provides high drug concentrations and controlled dosing, it is 

associated with several limitations. These include the need for trained healthcare 

personnel,  risk of infection at the injection site, time-consuming, patient discomfort 

due to frequent hospital visits, and systemic toxicity.3 In addition, long-term IV 

therapy may lead to complications such as vein irritation or catheter-related issues.26 

Therefore, IV administration of chemotherapy agents has been associated with a 

higher incidence of medication errors (MEs) compared to other routes of drug 

delivery.27 



In contrast to IV administration, which demands sterile procedures, skilled staff, and 

medical facilities,28,29 oral administration enables outpatient treatment, which 

significantly enhances patient quality of life by avoiding hospitalization and allowing 

self-management in the home setting; therefore, it can potentially lower overall 

treatment costs,30 facilitates ease of administration for healthcare professionals while 

improving convenience and adherence among patients.31 PO route can also cause 

continuous exposure of the tumor to the drugs, which can improve the outcome for 

some types of cancers.32 This convenience helps patients follow their daily medication 

routine.33 

In the IV route, the risk of thrombophlebitis, infection, and extravasation injuries is 

probable, which cannot happen with oral.34 For patients with needle phobia or 

difficulty with venous access, oral administration is a good route that enhances 

treatment tolerability.35 Additionally, home-based treatment reduces stress 

associated with clinical visits, enhancing psychological well-being.36 

A favorable treatment will occur by special formulation techniques, oral medication 

can be designed for controlled release, and also sustained release from a 

pharmacokinetic perspective.37 Moreover, oral administration can deliver the drug to 

a special region of the GI tract, which will be helpful for targeted therapy of tumors in 

the GI, such as oral carcinoma and colon cancer.38  Economic studies have 

demonstrated that oral administration of anti-cancer drugs is more cost-effective in 

some cases, especially when it is used instead of IV administration.39 For example, oral 

vinorelbine or oral capecitabine lowers total annual follow-up costs compared to their 

IV counterparts.40 

4. Challenges of oral drug delivery for cancer treatment 

Oral drug delivery is preferred by patients because it is more convenient and less 

invasive; however, it encounters several challenges, including GI tract irritation and 

patient adherence issues, which can affect therapy.41,42 Some anticancer drugs have 

low aqueous solubility43 or can be degraded by the acidic stomach environment and 



enzymatic activity.44 First-pass metabolism can also convert drugs into less effective 

metabolites. To overcome these barriers, higher doses are often required, which can 

increase toxicity.45 

Chronic use of chemotherapy drugs may lead to serious GI tract damage.46 For 

example, irinotecan is a chemotherapeutic agent that, upon metabolic activation, 

produces a toxic metabolite called SN-38. By accumulation of this metabolite in the 

intestinal lumen, several damages occur, including villous atrophy and crypt ablation 

in the small intestine, as well as severe colonic mucosal damage, which results in 

inflammation and chemotherapy-induced diarrhea (CID).47 Many chemotherapeutic 

agents have low solubility in aqueous solutions, which causes difficulties for 

formulating them orally.48 Also, some drugs have poor absorption from the GI tract 

because of different barriers, so bioavailability problems are common for these drugs 

and may result in individual variations.49 In administering drugs orally, food-drug and 

drug-drug contraindication have effects that cause more interpersonal differences 

and also intrapersonal differences.50 

These challenges are further compounded for agents that are substrates for efflux 

transporters, such as P-glycoprotein (P-gp) and breast cancer resistance protein 

(BCRP); these transporters limit the absorption of these drugs, thus their plasma 

concentrations decrease.51 For elderly patients, administering oral anticancer drugs 

presents additional challenges. Therefore, lowering the frequency of medication 

taking would be helpful.52 

Oral administration is widely recognized as the most patient-friendly route for many 

drugs; however, this advantage has not been fully realized in oncology. The 

therapeutic efficacy of oral chemotherapeutic agents is often limited by physiological 

and pharmacological barriers, including GI degradation, poor intestinal permeability, 

active efflux transport, extensive first-pass metabolism, suboptimal drug 

physicochemical properties, and dose-limiting toxicity.53 As a result, only a limited 

number of anticancer drugs have received Food and Drug Administration (FDA) 



approval for oral use, and most of them are listed in Table 1. This gap underscores the 

urgent need for innovative oral drug delivery systems capable of improving stability, 

targeting efficiency, bioavailability, and overall therapeutic outcomes. One promising 

strategy is the use of exosomes as natural nanocarriers to overcome these 

challenges.54 

Table 1.FDA-Approved Oral Cancer Drugs 

Year Brand 

Name 

Generic 

name 

Indication 
References 

2025 Ibtrozi Taletrectinib ROS1-positive Non-Small Cell Lung Cancer (NSCLC) 55,56 
2025 Welireg Belzutifan Renal cell carcinoma 56 
2025 Nubeqa Darolutamide Metastatic castration-sensitive prostate cancer 55,56 
2025 Zegfrovy Sunvozertinib EGFR exon 20 insertion-mutated metastatic NSCLC 56 
2024 Augtyro Repotrectinib ROS1-positive NSCLC 56 
2024 Lytgobi Futibatinib Cholangiocarcinoma with FGFR2 fusions 56 
2023 Truqap Capivasertib HR-positive, HER2-negative Advanced Breast Cancer 56 
2023 Jaypirca Pirtobrutinib Relapsed or Refractory Mantle Cell Lymphoma (MCL) 56 
2022 Vonjo Pacritinib Myelofibrosis with severe thrombocytopenia 56 
2021 Scemblix Asciminib Philadelphia Chromosome-Positive Chronic Myeloid 

Leukemia (CML) (Ph+ CML) 
56 

2020 Retevmo Selpercatinib RET-driven Lung and Thyroid Cancers 56 
2019 Rozlytrek Entrectinib NTRK Fusion-Positive Solid Tumors 56 
2019 Tukysa Tucatinib HER2-Positive Breast Cancer 56 
2018 Vitrakvi Larotrectinib NTRK Fusion-Positive Solid Tumors 56 
2017 Calquence Acalabrutinib Mantle Cell Lymphoma, Chronic Lymphocytic Leukemia 56 
2016 Rubraca Rucaparib BRCA-Mutant Ovarian Cancer 56 
2015 Ibrance Palbociclib HR-positive, HER2-negative Breast Cancer 56 
2015 Lenvima Lenvatinib Thyroid Cancer, Renal Cell Carcinoma 56 
2014 Lynparza Olaparib BRCA-Mutant Ovarian Cancer 56 
2014 Imbruvica Ibrutinib Chronic Lymphocytic Leukemia, Mantle Cell Lymphoma 56 
2013 Gilotrif Afatinib EGFR-Positive NSCLC 56 
2012 Xtandi Enzalutamide Metastatic Castration-Resistant Prostate Cancer 56 
2011 Xalkori Crizotinib ALK-Positive NSCLC 56 
2011 Zelboraf Vemurafenib BRAF V600E Mutation-Positive Melanoma 56 



2006 Sutent Sunitinib Gastrointestinal Stromal Tumor (GIST), Renal Cell 

Carcinoma 

56 

2005 Nexavar Sorafenib Renal Cell Carcinoma, Hepatocellular Carcinoma 56 
2005 Revlimid Lenalidomide Multiple Myeloma 56 
2004 Tarceva Erlotinib NSCLC, Pancreatic Cancer 56 
2001 Gleevec Imatinib CML 56 
1998 Xeloda Capecitabine Metastatic Breast Cancer, Colorectal Cancer 56 

5. Exosomes 

5.1. Biogenesis and properties 

Exosomes were first identified in 1983 within the sheep reticulocytes as small 

extracellular vesicles and they were regarded as a cellular waste product. The term 

"exosome" was formally introduced by R.M. Johnston in 1987.9 Exosome biogenesis 

begins with the formation of intraluminal vesicles (ILVs) within endosomes. This 

occurs through invagination of the plasmatic membrane, leading to the formation of 

early endosomes, which then mature into late endosomes. During this maturation 

process, late endosomes transform into multivesicular bodies (MVBs) that contain 

ILVs. These MVBs follow different fates within the cell.57 They may merge with the 

lysosomes, where ILVs are degraded through the enzymatic reactions, such as 

hydrolysis. Alternatively, MVBs may move towards the plasma membrane and fuse 

with it, releasing ILVs into the extracellular space. These released vesicles are known 

as exosomes.58 

Exosomes are round-shaped secreted organelles with a diameter ranging from 30 to 

200 nm.59 While they appear spherical in solution, they may take on a biconcave or 

cup-shaped morphology when artificially dried and arranged for transmission electron 

microscopy (TEM).60 The content of exosomes varies depending on their origin, as 

they contain various cargoes, such as proteins, lipids, and nucleic acids.61 

Some of the proteins found in exosomes, such as Alix and TSG101, play a role in the 

Endosomal Sorting Complex Required for Transport (ESCRT) complexes. Additionally, 

there are over 70 different Rab GTPases present in human exosomes, which are 



involved in the transport, secretion, and docking of vesicles. These include Rab 2B, 

Rab 5A, Rab 7, Rab 11, Rab27a, Rab27b, and Rab35. Other families of GTPases, such as 

Rho/Rac/cdc42, may also be present in exosomes.62,63 Tetraspanins, including CD9, 

CD63, CD81, CD82, CD37, and CD53, are other proteins that play a crucial role in 

exosome release, penetration, and targeting. Other proteins found in exosomes 

include lectins, major histocompatibility complex (MHC I and II) proteins, heat shock 

proteins (HSP), cytoskeleton proteins, glycosylphosphatidylinositol-anchored proteins, 

and annexins.59 

The lipid composition of exosomes is also important, as the majority of the bilayer 

consists of various lipids arranged asymmetrically. Some of the main lipids found in 

exosomes include cholesterol, sphingomyelins, phosphatidylserine, and 

glycosphingolipids. Other lipids, such as ceramides, phosphatidylcholine, 

phosphatidylethanolamine, and phosphatidylinositol, may also be present. These 

lipids play a role in the formation and structure of exosomes, as well as in their 

secretion, signaling, trafficking, binding, and uptake.64 

Exosomes naturally encapsulate various types of nucleic acids derived from their 

parent cells. This cargo includes genomic DNA (such as single-stranded DNA (ssDNA) 

and double-stranded DNA (dsDNA)), mitochondrial DNA (mtDNA), and numerous 

forms of ribonucleic acid (RNA), including mRNA, microRNA (miRNA), long non-coding 

RNA (lncRNA), circular RNA (circRNA), and short hairpin RNA (shRNA).57,65 

While exosomes were initially thought to be cellular waste products, it has been 

discovered in recent years that they play a crucial role in transferring signals between 

cells and facilitating cell-to-cell communication. They can also transport different 

cargoes to target cells and influence various targets, making them involved in a range 

of physiological and pathological functions. Additionally, exosomes are involved in 

intracellular communication and can play a role in gene expression, antigen 

presentation, immune response, and removal of harmful biomolecules.66 In viruses, 

exosomes can also contribute to the spread of viral infections.67 Exosomes can be 



used as therapeutic delivery vehicles in different diseases, such as cancer, 

neurodegenerative and CNS disorders, cardiovascular diseases, inflammatory and 

autoimmune diseases, and infectious diseases.68,69 Also, they can be utilized as 

biomarkers for non-invasive disease diagnosis,70 and support tissue and organ 

regeneration.71 

5.2. Types based on source 

Exosomes are derived from various biological sources, including multiple cell types 

and biological fluids.72,73 Mesenchymal stem cells (MSCs) are one of the sources that 

secrete exosomes with regenerative, immunomodulatory, and anti-inflammatory 

properties of their parent cells.74 These MSCs can be isolated from various tissues, 

including bone marrow, adipose tissue, umbilical cord, placenta, liver, and dental 

tissues such as dental pulp, periodontal ligament, and deciduous teeth, as well as 

different fluids, each offering a distinct exosomal profile and unique therapeutic 

potential.75,76 They contain a broad spectrum of biologically active compounds, 

including proteins such as tetraspanins (CD9, CD63, CD81, and CD82), HSP70, HSP60,77 

growth factors, cytokines,78 lipids such as phospholipids, cholesterol, sphingomyelin, 

and glycosphingolipids, different miRNAs, mRNAs.79 

Some exosomes are directly isolated from tissues and are known as tissue-derived 

exosomes (Ti-EVs).80 Ti-EVs retain tissue-specific signatures, including unique protein, 

lipid, and nucleic acid cargos, making them valuable tools for studying disease 

mechanisms, biomarker discovery, and intercellular communication within the in vivo 

environment.81 These exosomes can be isolated from cancer tissues,82 adipose 

tissues,83 neural tissues,84 immune tissues,85 and liver.86 They also carry specific 

pathological or physiological information that can provide insights into their cell of 

origin.87 For instance, pancreatic cancer exosomes carry Glypican-1 (GPC1),  a 

biomarker that enables highly specific cancer detection with 100% accuracy,88  cardiac 

Ti-EVs transport critical bioactive molecules, including miR-21, miR-1, HSPs, and TGF-β 

modulators, which contribute to reducing infarct size, suppressing cardiac fibrosis, 

and enhancing heart function following myocardial infarction.89-91 



Furthermore, body fluids represent an important source of exosomes, as they are 

actively secreted into these biofluids by diverse cell types. Exosomes have been 

identified in a range of biological fluids, including blood, urine, saliva, sweat, bile, 

semen, amniotic fluid, breast milk, and CSF.73,92-94 The isolation of body fluid–derived 

exosomes is more accessible and obtained through less invasive methods compared 

to other sources.95 Therefore, they can be used for different purposes. They have 

been utilized for non-invasive clinical diagnostics.96 In a 2020 study, researchers used 

the ExoDx Prostate (IntelliScore) test, also known as the Exosome Prostate IntelliScore 

(EPI) assay, to assess the risk of high-grade prostate cancer (HGPCa) by analyzing the 

expression levels of three key biomarker genes: Prostate Cancer Antigen 3 (PCA3), 

ETS-related gene (ERG), and SAM Pointed Domain Containing ETS Transcription Factor 

(SPDEF) in urinary exosomes.97 

Milk-derived exosomes have a unique biological and therapeutic potential. These 

exosomes are naturally enriched with lipids, proteins, and regulatory RNAs, which 

support immune development and cellular communication.7 Their biocompatibility 

and stability in the GI tract make them particularly attractive as carriers for oral drug 

delivery and nutritional interventions.5 Moreover, milk-derived exosomes have shown 

the ability to cross biological barriers efficiently, enhancing the bioavailability of 

encapsulated therapeutics.5 Ongoing research continues to explore their potential in 

personalized medicine due to their low immunogenicity and capacity for targeted 

delivery.7 

Milk exosomes can enhance the growth and colonization of probiotic bacteria such as 

Bifidobacterium and Lactobacillus within the infant gut. They also support the 

maturation of immune tolerance in infants, offering particular benefits for preterm 

newborns at high risk for immune-related complications. In infants who are unable to 

consume breast milk, milk exosomes can serve as a bioactive supplement to help 

prevent gut microbiota dysbiosis (an imbalance in bacterial populations) and reduce 

the risk of neonatal infections and allergic disorders.98 Vaccination based on 



exosomes derived from body fluids (e.g., blood, milk, exogenous fluids) is an emerging 

and future-proof platform in medical biotechnology.99 

6. Milk exosomes: properties and advantages  

Human and bovine milk are recognized as valuable sources for the isolation of 

exosomes.100  Milk exosomes represent a rich and cost-effective source, whereas 

other sources yield fewer exosomes and present a higher risk of immunogenicity. Milk 

exosomes exhibit remarkable stability when exposed to the harsh conditions of the GI 

tract, including acidic environments such as the stomach, pancreas, and bile, as well 

as various digestive enzymes. Furthermore, they can endure the pasteurization 

process, highlighting their suitability for oral delivery applications.101 

As illustrated in Figure 2, milk exosomes contain proteins such as CD9, CD63, CD81, 

HSP70/90, TSG101, lactadherin, and Rab GTPases, which play a crucial role in 

regulating immune system functions.4,102,103 These nano-sized vesicles can influence 

immune responses by promoting regulatory T cells (Tregs), reducing levels of 

cytokines such as IL-2 and IFN-γ, and mitigating chronic inflammation.55,104 These 

exosomes have emerged as capable nanocarriers for drug delivery due to their ability 

to pass biological barriers such as the intestinal epithelium, placenta, and even the 

BBB, enabling their distribution to organs like the brain and liver.5 

Importantly, milk exosomes exhibit low immunogenicity and high biocompatibility, 

making them well-tolerated in both human and animal models. Repeated 

administration has not been associated with adverse immune reactions such as 

anaphylaxis.5,103 From an industrial perspective, milk offers a scalable and cost-

effective source for exosome isolation. These vesicles demonstrate high stability 

during storage and remain structurally intact even after pasteurization, which 

enhances their applicability in pharmaceutical and nutraceutical formulations.101,103,105 

Table 2 provides an overview of selected orally administered exosome-based 

formulations that have entered clinical trials. 

Table 2. Selected clinical trials involving orally administered exosome-based therapeutics 

Trial Exosome 
Source 

Cargo Disease Phase Reference 



NCT01294072 Plant-derived 
(grape) 

Curcumin Colon cancer Phase I 106 

NCT04879810 Plant-derived 
(grape) 

Curcumin Inflammatory bowel 
disease 

Phase I 107 

NCT05043181 bone 
marrow-
derived 
MSCs 

LDLR mRNA Homozygous familial 
hypercholesterolemia 

Phase I 108 

NCT03608631 Bovine Milk Paclitaxel Metastatic Pancreatic 
Cancer 

Phase 1 109 

NCT01294072 Plant-derived 
(grape) 

Curcumin Colon cancer Phase I 106 

 

7. Milk exosomes isolation methods 

Several techniques have been developed for the isolation of milk-derived exosomes, 

such as differential ultracentrifugation, density gradient centrifugation, ultrafiltration, 

polymer-based precipitation methods, and precipitation kits.58 These methods are 

compared in Table 3.



Table 3 Comparing different methods for isolating milk exosomes: Procedures, advantages, and limitations. 

Method Principle Key Steps Advantages Disadvantages References 

Differential 

Ultracentrifugation 

Separation based 

on particle size and 

density 

Low-speed centrifugation (300–2,000 

×g) → Medium-speed (10,000 ×g) → 

High-speed ultracentrifugation 

(100,000 ×g) 

Gold standard, scalable, 

reproducible, handles large 

volumes, no chemical 

reagents needed 

Time-consuming, possible 

co-isolation of protein 

aggregates and other 

vesicles 

110-115 
 

Density Gradient 

Centrifugation 

Separation based 

on particle density 

Pre-centrifugation → Layering on 

density gradient (sucrose, iodixanol, 

Percoll) → Ultracentrifugation 

>100,000 ×g → Collect exosome layer 

High purity, separates a 

broad density range, and is 

accurate 

Time-consuming, low 

throughput, requires 

expensive equipment 

116-120 
 

Ultrafiltration Separation based 

on particle size 

using membranes 

Pre-treatment (fat removal, casein 

precipitation) → Pre-filtration (0.22–

0.45 µm) → Ultrafiltration (100–500 

kDa MWCO) → Washing/purification 

Faster, simpler, scalable, 

preserves exosome 

integrity, no 

ultracentrifugation needed 

Risk of co-isolation of 

proteins/vesicles, 

membrane fouling, may 

require complementary 

methods 

113,121-132 
 
 

Polymer-based 

Precipitation 

Aggregation of 

exosomes by 

water-excluding 

polymers (e.g., 

PEG) 

Add polymer → Incubate 4°C 

overnight → Low-speed 

centrifugation → Wash/resuspend 

pellet 

Simple, scalable, minimal 

specialized equipment, 

works with complex fluids 

Co-precipitation of 

proteins/other vesicles may 

require further purification 

for high purity 

93,121,133,134 
 



Commercial 

Precipitation Kits 

Polymer-based 

precipitation (PEG 

or proprietary 

polymers) 

Add kit reagent → Incubate → 

Centrifugation → Collect exosomes 

Fast, convenient, no 

specialized equipment, 

versatile for small/large 

volumes 

Similar to polymer 

precipitation: possible 

contaminants, less control 

over purity 

116,127,135,136 



7.1. Differential ultracentrifugation 

Differential ultracentrifugation, the most traditional method, is considered a gold 

standard for isolating exosomes.110-112 This technique separates based on differences 

in particle size and density. By gradually increasing the speed of the centrifuge, 

cellular components are separated according to their sedimentation rates.112 The 

isolation of exosomes from milk is achieved through a multi-step differential 

centrifugation protocol. The process initiates with low-speed centrifugation (300–

2,000 ×g) to eliminate cellular components and large debris. Subsequently, a medium-

speed centrifugation step (10,000 ×g) is applied to pellet larger extracellular vesicles, 

including microvesicles.113 The final purification is accomplished via high-speed 

ultracentrifugation (100,000 ×g for 1–2 hours), which sediments the exosomal 

fraction.111  

While this method may result in co-isolation of contaminants such as protein 

aggregates or other extracellular vesicles, differential ultracentrifugation remains the 

gold standard for exosome isolation due to its well-established protocol, scalability, 

reproducibility, and capacity to handle large sample volumes without requiring 

chemical reagents. As such, it is often used as a benchmark for assessing the 

performance of alternative isolation techniques.111,115 

7.2. Density gradient centrifugation 

This method is one of the most common and accurate methods for isolating exosomes 

from biological fluids or cell culture medium. This operates based on the difference in 

density of various particles and utilizes centrifugal force.116 In this method, the sample 

is first pretreated by sequential centrifugation at lower speeds to remove cells, debris, 

and larger particles,116 then it is gently layered onto the density gradient. The density 

gradient is generated by different concentrations of sucrose, iodixanol, or Percoll 

solutions.118 The sample is layered onto the gradient and subjected to 

ultracentrifugation at high speeds (typically over 100,000 × g) for several hours.120 

Particles in the sample are separated according to their density, forming distinct 

layers within the gradient.137 Exosomes typically accumulate at a density range of 



1.10–1.19 g/mL.127 The layer containing the exosomes is carefully collected. This 

method can separate particles across a broad range of densities with high accuracy 

and purity; however, it is time-consuming, has low throughput, and requires 

advanced, expensive equipment.120 

7.3. Ultrafiltration 

Ultrafiltration is one of the physical and relatively simple methods for the isolation of 

exosomes from milk and other biological fluids.138 This method works based on 

particle size by membranes with defined pores (typically 100–500 kDa cut-off) to 

remove larger particles, such as soluble proteins and other undesirable compounds, 

and to concentrate and purify exosomes.113,122 For isolating the milk exosome, 

ultrafiltration is often used as part of a combined process with centrifugation or other 

methods.123 Milk pre-treatment involves fat removal and casein protein precipitation, 

typically achieved via low-speed centrifugation or acidification.124,125 Following this, 

pre-filtration is carried out using 0.45 or 0.22 µm filters to eliminate bacteria and large 

particles.126,127 Ultrafiltration then concentrates exosomes by passing milk through 

membranes with specific molecular weight cut-offs (MWCO), effectively removing 

low-molecular-weight compounds.128,129 Washing and purification steps, such as 

buffer exchanges or washes, are optionally performed to further remove residual 

serum proteins or contaminants.130 The advantages of ultrafiltration include 

eliminating the need for ultracentrifugation, reducing time and equipment costs, 

being faster and simpler than differential centrifugation methods, scalability for 

industrial production, and better preservation of exosome integrity and functionality 

compared to harsher techniques.113,127,131 However, the potential co-isolation of 

contaminating proteins or other vesicles, the frequent need for complementary 

techniques like size-exclusion chromatography or immunoaffinity to enhance purity, 

and the risk of membrane fouling, which may reduce efficiency during repeated 

cycles.127,132 



7.4. Polymer-based precipitation 

Polymer-based precipitation is a common method for isolating exosomes due to its 

simplicity, scalability, and minimal need for specialized equipment.139 In this method, 

water-excluding polymers such as polyethylene glycol (PEG) are added to the milk 

sample. These polymers reduce the solubility of extracellular vesicles, such as 

exosomes, by creating a hydrophilic environment that causes them to aggregate and 

precipitate out of solution.93 

After adding the polymer solution, the mixture is incubated at 4°C for several hours 

(typically overnight), followed by low-speed centrifugation (10,000–20,000 ×g) to 

pellet the exosomes. The pellet can then be washed and resuspended in an 

appropriate buffer for downstream applications.133 While this method is efficient for 

large-scale isolation and works well with complex fluids like milk, it may co-precipitate 

contaminating proteins or other vesicles. Hence, further purification (e.g., 

ultracentrifugation or filtration) is sometimes required for downstream applications 

needing higher purity.134 

7.5. Precipitation kits 

Precipitation kits are commercially available products designed to simplify the 

isolation of exosomes from complex biological fluids such as milk. Exosome isolation 

kits (for example, ExoQuick™) generally employ polymer-based precipitation agents, 

such as PEG or proprietary polymers. These agents facilitate the aggregation and 

precipitation of extracellular vesicles, including exosomes. Polymer-based 

precipitation kits offer a fast and convenient way to isolate exosomes, often 

completing the process in just a few hours. These kits are especially appealing 

because they don’t require expensive or specialized equipment; standard laboratory 

centrifuges are sufficient. In addition, they are highly versatile, allowing researchers to 

work with both small-scale samples and large volumes, making them suitable for 

everything from basic research to high-throughput applications.116,127,135,136 



8. Milk exosomes characterization methods 

Milk-derived exosomes can be characterized using a variety of techniques. 

Characterization is essential for understanding their structure, composition, and 

functional properties. Morphological analysis and size determination are commonly 

performed using techniques such as TEM, Scanning Electron Microscopy (SEM), 

Dynamic Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA), and Resistive 

Pulse Sensing (RPS). Biomarker identification is crucial for confirming the exosomal 

origin and typically involves the detection of surface proteins such as CD9, CD63, and 

CD81 using flow cytometry or western blotting. Exosome cargo analysis focuses on 

profiling the diverse lipids, proteins, and regulatory RNAs encapsulated within, often 

using mass spectrometry (MS) and RNA sequencing techniques. Together, these 

characterization methods provide a comprehensive understanding of milk-derived 

exosomes for different applications.54,140 

8.1. Morphology and size  

8.1.1. Transmission Electron Microscopy (TEM) 

TEM is a gold-standard technique for examining the morphology and structural 

integrity of exosomes. Studies on milk-derived exosomes describe them as cup-

shaped or spherical nanovesicles (30–150 nm). TEM operates by directing a high-

energy electron beam through ultra-thin, negatively stained samples, commonly using 

uranyl acetate, phosphotungstic acid, or lead citrate, which enhance image contrast 

and prevent vesicle collapse. This technique enables high-resolution visualization, 

allowing a clear distinction of exosomes from other milk components, such as casein 

micelles. However, TEM is low-throughput, costly, and sample dehydration may 

induce structural artifacts. To address this, cryo-TEM was introduced, which preserves 

native morphology by imaging samples in a rapidly frozen, hydrated state, offering 

improved structural accuracy.141-146 

8.1.2. Scanning Electron Microscopy (SEM) 

SEM is used to analyze the surface morphology and topology of milk-derived 

exosomes by imaging them under a high-energy electron beam. After isolation, 



exosomes are fixed (e.g., with glutaraldehyde), dehydrated, and coated with a 

conductive layer such as gold or platinum to enhance imaging and prevent charging. 

SEM enables high-resolution visualization of surface features and contaminants and 

can provide semi-quantitative insights into size distribution. Compared to the TEM 

method, SEM cannot reveal internal structure, and sample preparation steps may 

introduce artifacts or lead to misinterpretation of native morphology.147-149 

8.1.3. Dynamic Light Scattering (DLS) 

DLS determines the size distribution and polydispersity index (PDI) of milk-derived 

exosomes by analyzing fluctuations in light scattering caused by their Brownian 

motion.58 Following isolation, exosomes are resuspended in filtered PBS and passed 

through 0.22 µm filters to eliminate casein micelles and aggregates that may interfere 

with signal accuracy. DLS is rapid, non-destructive, and easy to operate, making it 

suitable for routine characterization. However, it offers limited resolution, cannot 

distinguish exosomes from similarly sized particles.4,102,150 

8.1.4. Nanoparticle Tracking Analysis (NTA) 

NTA is based on the Brownian motion of exosomes, similar to DLS, and combines this 

principle with laser light scattering microscopy. In this technique, after purification 

and filtration of the milk sample, it is illuminated with a laser beam. Exosomes in the 

sample scatter the laser light and appear as bright points under a video microscope. 

Subsequently, the software tracks the movement of individual particles over time. 

This method can measure the true size, size distribution, and concentration of milk 

exosomes. NTA is a high-resolution method that can even detect individual exosomes 

and enable direct particle movement and behavior. Unlike DSC, NTA can calculate the 

concentration of exosomes and detect fluorescently labeled exosomes. Nevertheless, 

it has limitations in detecting exosomes smaller than 50 nm and, compared to DLS, 

offers lower throughput.6,151,152 

8.1.5. Resistive Pulse Sensing (RPS) 

RPS, also known as nanopore sensing, is an analytical technique based on monitoring 

the transient changes in ionic current when exosomes pass through a micro- or 



nanopore filled with electrolyte solution. A constant voltage is applied across the 

pore, generating an ionic current. As an exosome passes through the pore, it displaces 

ions and temporarily reduces the current, producing a resistive pulse. The amplitude 

of the pulse correlates with the particle size, and the number of pulses indicates the 

concentration of exosomes in the milk sample.153 

After isolating milk exosomes, they are resuspended in an appropriate electrolyte 

buffer. The suspension is then introduced into the RPS device, where particle-by-

particle measurement is performed. This approach provides quantitative information 

on size distribution and particle count without fluorescent labeling, making it highly 

suitable for assessing the heterogeneity of milk exosome populations. RPS technique 

gives information on size distribution, concentration, and surface charge.153-155 

8.2. Biomarkers 

Biomarkers are one of the key features used to characterize milk-derived exosomes. 

Flow cytometry and western blot are two common methods used for detecting 

biomarkers. In flow cytometry, milk exosomes suspended in a liquid are passed 

through a laser. Their optical properties, specifically light scattering and fluorescence 

emission, are then measured by detectors. It can be used for detecting and 

quantifying biomarkers. This method is high-throughput and can detect different 

markers simultaneously using different fluorescent dyes. However, it requires 

expensive equipment, and there is a possibility of interference with other vesicles and 

particles. 

Western blot is the critical gold-standard method used to confirm the identity, purity, 

and presence of specific biomarkers of exosomes in a sample after isolation. Proteins 

extracted from exosomes are first separated based on their size using gel 

electrophoresis. After separation, they are transferred onto a membrane, and specific 

antibodies are used to detect the target biomarkers. Western blot is a highly specific 

and widely used technique for the detection of exosomal proteins. Unlike flow 

cytometry, it can detect both surface and internal proteins. Although the western blot 

is a semi-quantitative and time-consuming method that requires a relatively large 



amount of protein, it remains a gold standard for characterizing biomarkers in milk-

derived exosomes.102,156-159 

8.3. Exosome cargo analysis 

Proteomics analysis is used for detecting different protein cargoes encapsulated 

within milk exosomes. In this technique, after isolating milk exosomes, the 

membranes of exosomes are lysed, and their protein content is extracted, digested 

with trypsin into peptides, and prepared for MS. Liquid chromatography-tandem MS 

(LC-MS/MS) is then employed to separate these peptides, fragment them, and 

identify them by matching their mass-to-charge ratios against protein databases. This 

method is useful for the identification and quantification of proteins, revealing 

functional components involved in immune modulation, signaling pathways, and 

metabolism. Proteomic analysis of milk exosomes provides high-resolution insight 

into their molecular composition, enabling researchers to understand their functional 

roles and biological significance.160-163 

9. Milk exosomes for oral drug delivery in cancer treatment 

A meta-analysis by Amitay et al. concluded that breastfeeding for a duration of six months or 

more is associated with a 19% reduction in the incidence of childhood leukemia.164 Additionally, 

research has shown that bovine milk exosomes possess anti-cancer properties by inhibiting the 

proliferation of cancer cells, including lung, prostate, colon, pancreatic, breast, and ovarian, 

indicating the potential of these exosomes as anti-cancer drug delivery systems.165 Oral drug 

delivery of milk-derived exosomes displays significant advantages for cancer treatment, as they 

can freely cross the barriers of the GI tract.166 

9.1. Milk exosomes for oral drug delivery in lung cancer treatment 

Lung cancer is the leading cause of cancer-related deaths worldwide, with a low five-

year survival rate, particularly in cases of metastatic lung cancer.167 Exosome-based 

treatment strategies are currently being explored as a novel and biologically driven 

approach. As an example, celastrol is a terpenoid with anti-cancer effects. However, 

its efficiency is limited by its low oral bioavailability.168 Accordingly, in a study, 



researchers isolated exosomes from bovine milk and encapsulated celastrol within 

them (Exo-CEL). The Exo-CEL exosomes were then orally administered to mice with 

lung cancer, and were found to have superior anti-tumor activity compared to 

celastrol and a control group. This is likely due to the higher bioavailability of celastrol 

when encapsulated in exosomes.169 

In another study by Agrawal et al., the bovine milk exosomes were used to 

encapsulate paclitaxel (ExoPAC). Both naked exosomes and ExoPAC were found to be 

stable in simulated GI fluids. The researchers then compared the effectiveness of 

orally administered ExoPAC and intraperitoneally administered ExoPAC in treating 

lung cancer in nude mice. The results showed that oral administration was twice as 

effective in inhibiting tumor growth compared to IP injection. Additionally, 

encapsulating paclitaxel in exosomes led to reduced toxicity against erythrocytes, the 

kidney, and the liver. Furthermore, ExoPAC was found to have lower immune toxicity 

compared to paclitaxel, as it did not cause a reduction in bone marrow cell 

numbers.170 

Targeted therapy, a kind of personalized medicine, aims to decrease the side effects 

of anti-cancer agents on normal cells.168 Munagala and colleagues employed folic acid 

as a targeting ligand and withaferin A as a chemotherapeutic agent, co-loading both 

into exosomes derived from bovine milk. These engineered exosomes were 

administered to athymic nude mice bearing human lung cancer tumors via either the 

oral or IV route. The administration pathway profoundly influenced the resulting 

tissue biodistribution. Intravenously injected exosomes accumulated primarily in the 

liver. In contrast, orally delivered exosomes demonstrated a wider distribution, with 

detectable levels found in the liver, spleen, kidneys, ovaries, pancreas, colon, and 

brain. The oral delivery of milk exosomes induced no observed short-term or long-

term toxicity. 

Furthermore, in the human lung cancer mouse model, oral administration of 

withaferin-A-loaded exosomes functionalized with folic acid resulted in a significantly 

https://pubmed.ncbi.nlm.nih.gov/?term=Agrawal+AK&cauthor_id=28300659


greater (p = 0.016) suppression of tumor growth compared to exosomes loaded only 

with withaferin A. This enhanced antitumor efficacy is likely attributable to the active 

targeting mediated by the folic acid ligand.171 

Colostrum, the first milk released from the breast immediately after giving birth, 

contains higher amounts of exosomes compared to milk.172 In a study by Kandimalla 

and colleagues, paclitaxel was encapsulated within colostrum-derived exosomes 

conjugated with folic acid to mitigate the dose-dependent toxicity associated with 

solvent-based paclitaxel formulations. The resulting complex, folic acid-conjugated 

exosomes loaded with paclitaxel, was administered orally to nude mice bearing lung 

cancer tumors. Results demonstrated that oral delivery of this complex produced a 

significant inhibition of tumor growth (p < 0.001), reducing it by fifty percent. 

Furthermore, in non-obese diabetic and severe combined immunodeficient 

(NOD/SCID) nude mice with lung cancer, orally administered folic acid-conjugated 

paclitaxel exosomes induced a substantially greater suppression of tumor growth 

compared to intravenously delivered solvent-based paclitaxel. However, IV 

administration of the folic acid-conjugated paclitaxel exosomes itself resulted in even 

higher antitumor efficacy.173 These studies confirm the stability of milk exosomes in 

the GI tract, their efficacy in the treatment of lung cancer, and their ability to reduce 

the adverse effects of anti-cancer drugs. 

9.2. Milk exosomes for oral drug delivery in breast cancer treatment 

Breast cancer is one of the most common types of cancer. In a study by Badawy et al., 

the anticancer effects of isolated camel milk exosomes were investigated both in vivo 

and in vitro. The results showed that these exosomes were able to decrease the 

migration and proliferation of the Michigan Cancer Foundation (MCF-7) cell line. 

Furthermore, when orally administered to female rats with breast cancer, the 

exosomes led to a decrease in tumor weight, an increase in DNA damage, and 

apoptosis in the tumor tissues, compared to both untreated rats and rats treated with 

camel milk. The induction of apoptosis was mediated by an increase in caspase 3 

activity, downregulation of B-cell lymphoma 2 (BCL-2) mRNA levels, and upregulation 



of BCL2 Associated X (BAX) mRNA levels. Moreover, the study found that oral 

administration of milk exosomes reduced oxidative stress, angiogenesis, metastasis, 

and inflammation in the tumor tissues. However, the number of CD4+, CD8+, and 

Natural killer (NK1.1) T cells in the spleen of rats that were treated with oral milk 

exosomes was lower than that in rats that were treated with milk, showing the 

presence of other immune stimulators in the camel milk. This study confirms the 

efficiency of orally administered camel milk exosomes in the treatment of breast 

cancer by promoting immune response and inducing apoptosis in tumor cells, while 

also reducing oxidative stress, metastasis, and inflammation in tumor tissue.174 

9.3. Milk exosomes for oral drug delivery in ovarian cancer treatment 

The prognosis for ovarian cancer remains poor due to the development of drug 

resistance and significant systemic toxicity associated with chemotherapy.175  

Anthocyanins have been shown to have anti-cancer effects; however, their 

effectiveness is limited by their low bioavailability.176 To address this issue, Aqil et al. 

encapsulated berry Anthocyanins in the milk exosomes. Nude mice with ovarian 

cancer were treated with oral Anthocyanin milk exosomes or free Anthocyanin at the 

same dosage. The results showed that Anthocyanin milk exosomes had a significantly 

higher (p < 0.01) tumor growth inhibition effect compared to Anthocyanin, indicating 

their high stability, uptake, and circulation time. Furthermore, the combination 

therapy of paclitaxel-loaded exosomes and anthocyanin-loaded exosomes resulted in 

a significantly greater (p < 0.001) anti-tumor effect compared to the monotherapies of 

either agent alone. This study suggests that oral administration of drug-loaded milk 

exosomes is a promising approach for treating ovarian cancer. Furthermore, 

combination therapy with exosomes may also help overcome drug resistance.177 

9.4. Milk exosomes for oral drug delivery in melanoma treatment 

Melanoma is a highly aggressive form of skin cancer that arises from the malignant 

transformation of melanocytes, the pigment-producing cells.178 Dihydroartemisinin 

(DHA), a low-soluble derivative of artemisinin known for its anti-malaria effect, has 

shown a promising therapeutic effect against melanoma by promoting apoptosis and 



autophagy while inhibiting metastasis and angiogenesis.179 Kumar et al. encapsulated 

DHA in bovine milk exosomes (EXO_DHA) to increase its oral bioavailability. The 

Sprague-Dawley rats received EXO_DHA or DHA orally. The results showed that 

maximum plasma concentration (Cmax), (p < 0.01), time to peak concentration (Tmax), 

(p < 0.05), and area under the curve (AUC), (p < 0.001), of EXO_DHA were significantly 

higher than those of DHA. This increased oral bioavailability is likely due to the lower 

degradation of exosomes in the stomach and their improved absorption compared to 

DHA. In addition, encapsulating DHA within milk exosomes decreased the 

accumulation of DHA in the liver, thereby decreasing its hepatotoxicity. It should be 

mentioned that the treatment of melanoma is limited by chemotherapy-induced 

hepatotoxicity. In the next part of the study, the efficacy of EXO_DHA in the 

treatment of melanoma in mice was evaluated. The mice bearing melanoma were 

given DHA, EXO_DHA, dacarbazine, or naked exosomes orally. The results showed 

that EXO_DHA had a higher percentage of tumor growth inhibition compared to DHA 

and dacarbazine. EXO_DHA also had the longest tumor volume doubling time and the 

lowest tumor weight/volume among all the groups.180 This study further confirms the 

potential of exosomes to sustain the anti-cancer effects of chemotherapy drugs, 

increase their ability to inhibit tumor growth, and decrease their adverse effects on 

normal tissues. These studies are summarized in Table 4.



Table 4.Summary of studies on oral anticancer drug encapsulation in milk exosomes 

Exosome 

Source 

Drug  Encapsulation 

Method 

Encapsulation 

Efficiency (EE%) 

In Vitro Outcomes In Vivo Outcomes References 

Milk  Celastrol Simple incubation 18-20% Enhanced Anti-

Proliferative Effect 

Induction of Apoptosis 

Increased expression of 

cdc25B and p21. 

Induction of ER Stress 

and Unfolded Protein 

Response (UPR) 

Superior inhibition of lung 

tumor growth in xenograft 

mice compared to free 

drug. 

No significant systemic 

toxicity 

169 

Bovine Milk Paclitaxel (PTX) Simple incubation 8% Enhanced cellular 

uptake and cytotoxicity 

in A549 and MD-MB-231 

cells. 

Significant tumor growth 

inhibition in lung and 

breast cancer mouse 

xenograft models after oral 

administration. 

170 

Bovine Milk Withaferin A (WA) 

& Paclitaxel (PTX) 

Simple incubation 10-40% Dose-dependent 

cytotoxicity and 

induction of apoptosis in 

A549 and MD-MB-231 

cells. 

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

Significant inhibition of 

lung and breast tumor 

growth in mouse xenograft 

models following oral 

delivery. 

171 



Bovine 

Colostrum 

Paclitaxel (PTX) Simple incubation 89,8.8% Enhanced cytotoxicity 

and cellular uptake in 

lung (A549) and breast 

(MD-MB-231) cancer 

cells. 

Oral delivery effectively 

inhibited tumor growth in 

lung and breast cancer 

mouse models; superior to 

IV paclitaxel. 

173 

Camel Milk Not a drug (whole 

exosomes) 

Not Applicable 

(Natural exosomes) 

Not Applicable Inhibited proliferation 

and induced apoptosis 

in MCF-7 breast cancer 

cells. 

Reduced tumor volume 

and weight in a rat model 

of breast cancer. 

174 

Bovine Milk Berry 

Anthocyanidins 

(Anthos) 

Simple incubation Not specified Significant reduction in 

cell viability and 

increased apoptosis in 

A2780 ovarian cancer 

cells. 

Marked inhibition of tumor 

growth in an A2780 

xenograft mouse model 

following oral 

administration. 

177 

Bovine Milk Dihydroartemisinin 

(DHA) 

Sonication ~70% Enhanced anti-

proliferative and pro-

apoptotic effects in 

B16F10 melanoma cells. 

Oral delivery significantly 

suppressed tumor growth 

and prolonged survival in a 

B16F10 melanoma mouse 

model. 

180 

 



10. Challenges in the industrial production of milk exosomes 

The transition of milk-derived exosomes from laboratory research to industrial-scale production 

presents several difficult scientific and technical challenges. The studies, while demonstrating 

notable efficacy, also implicitly highlight these critical challenges: 

• Scalable and efficient drug loading  :  A major challenge is creating drug loading 

methods that work on a large scale. The studies show that simple incubation is 

commonly used for drugs like celastrol and paclitaxel.169,170,177 However, this 

passive method often leads to low drug encapsulation efficiency and loading 

capacity, which may not be strong enough for human treatments. While 

alternative methods like electroporation exist, they can damage the exosomes 

and are difficult to control in large batches. 

• Scalable and reproducible isolation: Developing methods that provide high 

yield with minimal contamination (caseins, whey proteins, lipoproteins). Also, 

high-purity techniques are often low-yielding and expensive, necessitating new 

technologies for industrial production.181 

• Standardization of source material and isolation  :  There are no uniform global 

standards for where to get exosomes or how to isolate them. Researchers use 

different sources such as bovine milk, colostrum, and camel milk.170,173,174 

Although milk is abundant, its exosomes can vary from batch to batch in 

quantity and quality. Standard isolation methods like ultracentrifugation are 

not easily scalable and make it hard to produce identical exosomes every time. 

Also, ultracentrifugation is low-throughput, costly, and may damage exosome 

structure and function by inducing shear stress.180,181 

• Milk variability: Composition changes with lactation stage, dietary patterns, seasonal 

changes, and breed, impacting batch-to-batch consistency. 

• Comprehensive biodistribution and safety profiling  :  We need a better 

understanding of what happens to exosomes inside the body. While animal 



studies show they are effective and safe in the short term,169,180 data is often 

missing on their long-term safety, how they are distributed in the body, and if 

they cause immune reactions after repeated use. This lack of information 

makes it difficult to predict their safety and behavior in humans. 

• Cost-Effective and good manufacturing practice (GMP)-compliant 

manufacturing  :  Setting up a large-scale, cost-effective manufacturing process 

that meets strict GMP standards is a significant hurdle. The current process, 

involving sourcing, isolation, drug loading, and purification, is complex, time-

consuming, and expensive. Relying on ultracentrifugation is not practical for 

mass production, necessitating the development of scalable technologies. 

Difficulties in validating exosome identity, purity, dosage, and sterility; GMP 

requirements increase complexity.182 

• Reproducible characterization and quality control : To meet regulatory 

standards, exosome products must be consistently and thoroughly 

characterized. While research studies check for size and some markers,170,173 

industrial production requires a much stricter set of quality controls. This 

includes testing for potency, purity, stability (shelf-life), and ensuring no 

harmful residues are left from the manufacturing process. 

• Stability concerns: Exosomes are sensitive to storage conditions, handling, and 

formulation. 

• Regulatory pathway: Exosomes do not fit into existing regulatory categories. It 

is unclear whether they should be classified as biologics, drug delivery systems, 

or something else. This lack of a clear regulatory pathway, combined with the 

need to define their exact mechanism of action, creates significant uncertainty 

and delay for their approval and commercialization. 

11. Future prospective 

Milk exosomes function as a naturally optimized platform for oral nanomedicine; 

however, their full therapeutic potential in oncology remains underexploited. To date, 

most studies have focused on passive delivery or simple surface modification of milk 



exosomes using single ligands such as folic acid to enhance tumor uptake and reduce 

off-target toxicity. While these strategies have demonstrated encouraging outcomes, 

next-generation targeting approaches should move toward multivalent ligand 

engineering, incorporating tumor-homing peptides, monoclonal antibodies, or dual-

receptor targeting motifs to achieve highly selective tissue accumulation and minimize 

exposure to healthy tissues.182,183 

Exosome-nanoparticle hybrid nanoplatforms can be developed by combining 

exosomes with different types of nanoparticles to increase the encapsulation 

efficiency and production yield.58 Conversely, nanoparticles, especially polymeric 

nanoparticles, retain numerous favorable features for oral drug delivery.184 Therefore, 

the development of hybrid nanoplatforms consisting of milk exosomes and polymeric 

nanoparticles shows promise as a potential approach for cancer treatment through 

oral administration. 

Modular engineering of milk exosomes, including surface display of programmable 

ligands, gastrointestinal barrier-responsive coatings, and integration with stimuli-

sensitive polymeric networks, could establish smart oral delivery systems capable of 

precise spatiotemporal drug release. Additionally, coupling these platforms with 

artificial intelligence (AI)-guided ligand screening and high-throughput exosome–drug 

interaction profiling may further accelerate the rational design of targeted oral cancer 

nanotherapeutics.185,186 In addition to therapeutic delivery, AI-engineered exosomes 

are increasingly being investigated as intelligent diagnostic vesicles, where machine 

learning–guided surface modification enables selective recognition of tumor 

biomarkers and real-time disease monitoring.187 

12. Conclusion 

Significant physiological and biochemical barriers, including enzymatic degradation, poor 

intestinal permeability, and active efflux mechanisms, fundamentally obstruct the effectiveness 

of oral chemotherapeutic regimens. As extensively discussed, the route of administration is a 



critical determinant in cancer therapy, influencing not only patient compliance and quality of life 

but also the pharmacokinetic profile and therapeutic index of anticancer agents. While IV delivery 

remains a mainstay, it is often associated with systemic toxicity and requires clinical 

administration. 

In this context, milk-derived exosomes emerge as a highly promising and naturally engineered 

platform for oral drug delivery. Their innate biogenesis gives them stability in the harsh 

gastrointestinal environment, an exceptional capacity to cross biological membranes, and 

biocompatibility that mitigates the risk of adverse immune reactions. We have detailed the 

methodologies for their isolation, from gold-standard ultracentrifugation to scalable 

precipitation techniques, and characterization, which are paramount for ensuring batch-to-batch 

reproducibility and clinical translation. Milk exosomes, loaded with chemotherapeutic agents, 

have been demonstrated preclinically across a spectrum of malignancies, including lung, breast, 

ovarian cancer, and melanoma. 
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Figure 1. Schematic overview of selected drug administration routes reported for cancer therapy. 

 

 

 



 

Figure 2. Schematic representation of the key structural and molecular components of a milk exosome. 

 

 


