
The past decade has seen an increase in the number  
of new drugs approved by the US Food and Drug Admin­
istration (FDA), leading to an all-​time record number 
of 59 novel drug approvals in 2018. Drugs for oral use 
continue to dominate the therapeutic landscape, encom­
passing over 50% of these approvals1. Over one-​third of 
the remaining approvals relate to biologic agents admin­
istered via parenteral routes, such as subcutaneous,  
intravenous or intramuscular injections1.

Parenteral drug delivery achieves high bioavailability 
(~100% for infusions)2,3. Nonetheless, parenteral admin­
istration is associated with considerable disadvantages, 
including pain or discomfort4, severe reactions at the 
injection site5,6, scarring7, local allergic reactions8 and 
cutaneous infections9. Furthermore, intravenous injec­
tions require administration by a skilled health-​care pro­
fessional, and self-​administered injections are associated 
with social stigmatization of patients10. Taken together, 
these deleterious effects can result in poor compliance 
of patients with their prescribed treatments (Box 1), 
especially among individuals with chronic diseases that 
require long-​term monitoring and repeat dosing11,12.

Historically, oral administration has offered a con­
venient, familiar and painless alternative to injections. 
Alchemists and researchers alike have been delivering 
herbal remedies and drugs by the oral route dating as far 
back as 1550 BCE (Fig. 1). Throughout history, techno­
logical advances, including the mass manufacture of 
tablets and capsules, have continued to drive the field  
of oral drug delivery forward. Today, an estimated 70% of  
Americans (~230 million individuals) take at least one 
prescription drug each day, regardless of administration 

route13. Unfortunately, barring some very small pep­
tides such as ciclosporin, oral delivery is not a currently 
available option for protein and antibody drugs14. These 
macromolecular agents have prohibitively low oral bio­
availability due to several features of the gastrointestinal 
tract, including the proteolytic environment of the stom­
ach and limited absorption in the intestine15,16. A clear, 
unmet need exists for the design of new materials to  
enable oral protein delivery, beyond commonly used 
excipients or already FDA-approved inactive ingredients.

In this Review, we discuss key physiological barriers 
to the oral delivery of biologic therapies and describe 
state-​of-the-​art, materials-​based approaches for improv­
ing their bioavailability. This Review also details the 
current clinical translational landscape of materials 
for oral protein delivery, arranged by the characteristic 
length scale — from small molecules to macromolecular 
devices. Our selection of this organizational structure 
reflects the fact that some materials possess multiple 
mechanisms of action, whereas others do not have an 
established mechanism of action.

Barriers to oral delivery
The gastrointestinal tract is designed to digest carbo­
hydrates, proteins and other nutrients into their con­
stitutive subunits of amino acids and simple sugars. 
Simultaneously, it also prevents the entry of pathogens. 
We should not be surprised, therefore, that the oral bio­
availability of intact peptides and proteins is <1% and 
sometimes even <0.1%17,18. Indeed, orally administered 
drugs must overcome numerous biological hurdles prior 
to their absorption, as detailed in the next sections (Fig. 2).
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Biochemical barrier
Two major categories of biochemical barriers exist 
for proteins: enzymatic and pH. Proteases and other 
enzymes readily cleave proteins at specific cleavage sites 
and are located throughout the gastrointestinal tract. 
Likewise, drastic deviations from neutral pH can read­
ily denature (unfold) proteins, rendering them inactive. 
Digestion first begins in the mouth, where the slightly 
acidic (pH ~6.5) conditions and saliva rich in salivary 
amylases and lysozymes initiate degradation of carbo­
hydrates and peptidoglycans, respectively19. However, 
the buccal cavity is not considered a prominent barrier to 
oral drug delivery as the residence time of a pill or capsule 
is minimal, and the drug exposure is correspondingly  
minimal.

The stomach and intestine possess the most active 
biochemical barriers to bioavailability of orally ingested 
proteins20 (Fig. 2a). Digestive fluids of the stomach, 
secreted by gastric glands, are composed of hydro­
chloric acid, the protein-​digesting enzyme pepsin and 
mucus. Hydrochloric acid renders the stomach the 
most acidic environment in the body (pH 1–2). In such 
highly acidic conditions, pepsin performs optimally. 
Found at high concentrations in the stomach, pepsin 
acts as a broad endopeptidase, hydrolysing peptide 
linkages of aromatic residues such as phenylalanine, 
tryptophan and tyrosine21. Hydrolysis of fats, oils and 
triglycerides also occurs in the stomach and is catalysed 
by lipase enzymes. Digestion continues in the small 

intestine, which is brimming with digestive enzymes 
secreted by the pancreas. Common enzymes found here 
include trypsins, chymotrypsins, carboxypeptidases 
and elastases. Enterocytes of the small intestine also 
produce several aminopeptidases, carboxypeptidases, 
endopeptidases and γ-​glutamyl transpeptidases22.

The small intestine is divided into three distinct 
regions: duodenum, jejunum and ileum, each of which 
possesses unique features that affect nutrient absorp­
tion23. As partly digested food and other particulates 
transit through the gastrointestinal tract, they are sub­
jected to a luminal pH that steadily increases from the  
stomach (pH 1.0–2.0) through the duodenum (pH 4–5.5.0),  
jejunum (pH 5.5–7.0) and ileum (pH 7.0–7.5), before 
transiting to the colon and rectum (pH 7.0–7.5)24,25. 
This pH gradient, along with varying gastric emptying 
rates and gastrointestinal motility, strongly influence 
the pharmacokinetics of orally administered drugs26. 
Inactivation and/or protection from these enzymes and 
pH changes are essential for the effective oral delivery of  
protein-​based drugs.

Mucus barrier. Mucus is a viscoelastic, hydrogel-​like 
substance lining the gastrointestinal tract that is secreted 
by goblet cells (Fig. 2b). Mucus is predominately com­
posed of mucins, which are a heavily glycosylated class 
of glycoproteins with a propensity to form gels due to 
their charged, bottlebrush-like architecture27. Mucus also 
contains water, lipids, electrolytes, immunoglobulins,  
antimicrobial peptides, protease inhibitors and various 
other active proteins28. Mucus, therefore, provides a 
nutrient-​rich niche for commensal bacterial coloniza­
tion throughout the gastrointestinal tract, while serving 
as a barrier to pathogenic bacteria29.

One of the main functions of mucus is to facilitate 
the passage of food, chyme and faeces through the body. 
Mucus also acts as a physical barrier that limits the dif­
fusion of drugs and other molecules from the lumen to 
the underlying epithelium28,30. The pore size of mucus 
has been estimated to be approximately 0.2 μm on aver­
age31,32. Pore size varies, however, depending on the 
location, dynamic responses to the presence of endo­
genous and exogenous stimuli and the patient’s state 
of health33.

Gastrointestinal mucus also has unique dynamic, 
physiochemical characteristics. The gastrointestinal tract  
is lined by two mucus layers: a loosely adherent layer and  
a firmly adherent layer. The firmly adherent layer lies 
immediately adjacent to the epithelial lining and includes 
cell-bound mucins, as well as glycolipids and glyco­
proteins of the glycocalyx. The loosely adherent mucus 
layer undergoes constant turnover, which aids in the 
elimination of potentially harmful compounds. In early 
mucoadhesive studies, researchers estimated the turnover 
of mucus to be similar to the gut transit time, approxi­
mately 24–48 h34,35. The rapid cycle of mucin synthesis, 
degradation and removal contributes to considerable 
variability in the thickness of the mucus layer29. Disease 
states, exposure to environmental factors and increased 
age can further exacerbate this variability36,37. The pH of 
mucus can also vary based on its location. For example, 
the gastric mucus layer exhibits a pH gradient such that 

Box 1 | Challenges associated with adherence to treatment

Patients might choose to forgo their medications for a variety of reasons, which could 
lead to a decreased quality of life and even death. Poor treatment compliance can be 
associated with one or more of the factors outlined below.

treatment-​related factors
•	administration required by a skilled professional

•	Overly complex therapeutic regimen

•	required monitoring of therapy

•	extended duration of therapy

•	Frequent changes to the drug regimen

•	actual or perceived adverse effects of treatment

Disease-​related factors
•	symptoms are non-​existent or minimal

•	required monitoring of symptoms

Patient-​related factors
•	Poor or false knowledge about the disease

•	Poor understanding of the benefits and/or risks of treatment

•	Cognitive impairment or unintentionally forgetting to take the prescribed medication

socioeconomic factors
•	stigmatization or embarrassment regarding the disease or its treatment

•	High medication cost

•	Lack of health insurance

•	unstable living conditions

Health-​care-related factors
•	Long wait times to be seen at a hospital

•	Poor relationship with health-​care provider

•	Poor continuity of care
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the luminal surface is far more acidic (pH 2.25) than that 
near the epithelial interface (pH 6.96)38. Here, the mucus 
acts as a selective barrier that buffers the mucosa from 
gastric juices and prevents autodigestion of the stomach 
epithelium. Accordingly, materials used in drug delivery 
might need properties that enable them to easily navigate 
through mucus or, alternatively, to increase a drug’s resi­
dence time in the gut through mucoadhesion to overcome 
this barrier (Fig. 3).

Cellular barrier
The epithelial lining below the mucus barrier creates 
another physical hurdle between the gut lumen and 
the bloodstream (Fig. 2c). As absorption of oral particu­
lates primarily occurs in the small intestine, this section 
focuses on the key structural components found there. 
Enterocytes are a prominent cell type in the lining of the  
small intestine and are responsible for facilitating  
the transport of nutrients and water from the gut lumen 
to the bloodstream. These cells have microvilli on their 
apical membrane, which greatly increase the surface area 
available for diffusion and are involved in absorption, 
secretion and other biological functions. The gut epithe­
lium also extends as columnar macroscopic structures 
termed villi, which protrude into the lumen and further 
increase the intestinal surface area and nutrient absorp­
tion. In between the villi are the crypts of Lieberkühn, 
invaginations where pluripotent intestinal epithelial 
stem cells reside.

Intestinal epithelial stem cells rapidly renew the epi­
thelium every 2–6 days39 and give rise to enterocytes 
and other important cell types of the epithelium: goblet 
cells, enteroendocrine cells, Paneth cells and microfold 
(M) cells40,41. Secretory cells, such as goblet cells, secrete 
mucins for mucus production42. Enteroendocrine cells 
can sense luminal contents and secrete various regulatory 
factors, including glucagon-​like peptide 1 (GLP-1), gas­
tric inhibitory polypeptide and somatostatin42,43. Paneth 
cells release antimicrobial peptides, which protect nearby 
stem cells at the base of the intestinal crypts42. M cells are 
located in the follicle-​associated epithelium overlaying 
Peyer’s patches in the small intestine and are integral to 
the uptake and eventual presentation of luminal antigens 
to the immune system42. Taken together, these cells form 
a continuous, polarized monolayer separating the gut 
lumen from the lamina propria (Fig. 2b).

Epithelial cells regulate the transport and trans­
epithelial flux of ions and molecules from their apical 
to their basolateral membranes. Passage of molecules 
between adjacent intestinal cells is physically restricted 
by tight-​junction protein complexes, adherens junctions 
and desmosomes44 (Fig. 3). These interlocking com­
plexes, which have a net negative charge, have an esti­
mated average pore radius of 8–13 Å45,46. As such, they 
prevent transport between adjacent cells (termed par­
acellular transport) of most ions and large molecules44 
(Fig. 3). Alternatively, molecules can be transported 
across the cellular barrier, referred to as transcellular 
transport. Highly lipophilic molecules readily traverse 
the cellular barrier through passive diffusion. Moreover, 
large (often charged) molecules can be actively inter­
nalized by enterocytes or M cells and shuttled to the 

First pure protein therapeutic 
discovered and isolated 
(insulin)295,296

FDA approval of exenatide, the first 
GLP-1 receptor agnoist used to 
treat type 2 diabetes mellitus309

FDA approval of a desmopressin 
tablet308 with 0.1% oral 
bioavailability18

Invention of enteric coatings 
soluble at alkaline pH (Eudragit) 
developed by  Röhm and Haas298

Positive results for phase 3 clinical 
trial of oral semaglutide, 
formulated with Eligen SNAC 
developed by Emisphere315

PLease change text to
FDA approval of first oral GLP-1 
receptor agonist semaglutide 
formulated with Eligen SNAC58

Creation of solid lipid 
nanoparticles305

Discovery of liposomes300

First human protein to be cloned in 
Escherichia coli (somatostatin)303

First pill coating: mucilage from 
psyllium seeds used to mask 
unpleasant drug taste293

Earliest recording of drugs 
administered as pills in Egyptian 
hieroglyphics of the Ebers Papyrus292

First successful commercial 
application of pill coating: 
sugar-coated tablets294

FDA approval of an oral ciclosporin 
solution that forms microemulsions 
in aqueous environments307

Initiation of third phase 3 clinical 
trial of oral octreotide, formulated 
with TPE developed by Chiasma312FDA approval for GLP-1 receptor 

agonist semaglutide, only for 
subcutaneous injection311

Positive results for phase 2a clinical 
trial of oral leuprolide tablet, 
formulated with Peptelligence 
developed by Enteris BioPharma314

Initiation of phase 2b dose-ranging 
clinical trial of oral insulin, 
formulated with POD developed by 
Oramed313

First effective oral vitamin B12 
tablet, formulated with Eligen SNAC 
developed by Emisphere310

Invention of microfabrication 
techniques (microneedles)306

FDA approves first biologic therapy: 
recombinant human insulin 
(Humulin)304

Protein PEGylation invented301,302

First chemical synthesis of a human 
protein (insulin)299
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Fig. 1 | Key technological advances towards the oral delivery of proteins and 
peptides. Throughout history , paramount events as early as 1550 BCE have  
paved the way for the current status of the oral delivery of proteins and peptides. 
However, the pace of events in the oral-​delivery space has surged in the past 5 years. 
Specifically , the number of clinical trials of oral protein and peptide products has 
rapidly increased, which culminated in the US Food and Drug Administration (FDA) 
approval of the first oral biologic for type 2 diabetes mellitus in late 2019. GLP-1, 
glucagon-​like peptide 1; PEG, polyethylene glycol; POD, protein oral delivery ; 
SNAC, N-(8-[2-hydroxybenzoyl]-amino) caprylic acid, also known as salcaprozate 
sodium; TPE, Transient Permeability Enhancer.
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Fig. 2 | Physiological barriers to oral protein and peptide delivery. Several biological barriers protect the interior of the 
body from foreign particulates and potential pathogens. However, these same barriers can drastically reduce the efficacy 
of protein-​based drugs administered orally. a | Biochemical barrier: most proteins are optimally stable near neutral pH  
and deviations to either extreme can cause denaturation, which renders the protein inactive. On entering the buccal 
cavity , proteins are exposed to a slightly acidic environment (pH ~6.5) and trace amounts of proteolytic enzymes. During 
the transit through the oesophagus and into the stomach, the pH of the gastrointestinal tract shifts quite dramatically ; the 
stomach is highly acidic (pH 1–2) and rich in pepsin and lipases. Alkalinity then gradually increases as compounds transit 
from the small intestine (duodenum, jejunum and ileum), where proteolytic enzymes (including trypsins, chymotrypsins  
and carboxypeptidases) are highly prevalent, to the colon. b | Mucus barrier: mucus coats the entire gastrointestinal  
tract, creating a physical barrier between the lumen and epithelial lining. Mucus contains mucin proteins, which can 
electrostatically trap molecules, and is rich in proteolytic enzymes. c | Epithelial barrier: the gastrointestinal epithelium 
comprises intestinal epithelial stem cells (IESCs), enterocytes, goblet cells, enteroendocrine cells, Paneth cells, microfold 
cells, macrophages and dendritic cells. This barrier regulates the transport of nutrients and proteins between the gut 
lumen and the bloodstream or lymphatic system. Protein complexes (including tight junctions, adherens junctions and 
desmosomes) between adjacent epithelial cells physically prevent paracellular transport (that is, passage between cells)  
of molecules with radii >13 Å45,46. Transport through epithelial cells (transcellular transport) is often limited to highly 
lipophilic molecules but is also regulated by active efflux transporters such as P-​glycoprotein.
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opposite membrane via transcytosis47 (Fig. 3). Toxins, 
xenobiotics and other foreign compounds that gain 
access into the cellular barrier by these means are 
expelled back into the lumen by active transport mech­
anisms. P-​glycoprotein, breast cancer resistance protein 
(also known as ATP-​binding cassette subfamily G mem­
ber 2) and multidrug resistance protein 2 (also known 
as canalicular multispecific organic anion transporter 1)  
are three efflux pumps expressed on the apical mem­
brane of enterocytes that have been shown to reduce 
drug absorption in the intestine, thereby reducing the 
overall bioavailability of the drug48,49. The intricacies of 
the various intestinal transport mechanisms have been 
extensively reviewed elsewhere47,50,51. Finally, physical 
insertion of material directly into the cellular barrier 
enables direct access of a drug to the underlying vascu­
lature (Fig. 3). On successfully penetrating the gastro­
intestinal mucosa, compounds enter the hepatic portal 
vein and transit to the liver. First-​pass metabolism of 
these compounds in the liver can further reduce the 
amount of drug reaching the systemic circulation, but 
is outside the scope of this Review52.

The need for oral drug delivery
Oral administration is the preferred and most convenient 
mode of drug delivery. Unfortunately, protein drugs have 
historically been limited to intravenous injections, as 
most unprotected macromolecules have poor solubility, 
poor stability in the gastrointestinal tract and poor intes­
tinal permeability, leading to overall low oral bioavaila­
bility53. A few approved biologics, including trastuzumab 
for breast cancer, have been reformulated for subcuta­
neous administration in the hope of improving quality 

of life for treated patients54–56. However, any injection-​
based therapy still imposes a considerable burden on the 
patient, which leads to poor treatment adherence11.

Accordingly, therapeutic agents based on native 
proteins that have the following characteristics are 
ideal candidates for oral reformulation: the current 
injection-​based therapy requires frequent injections 
or inconvenient dosing schedules, elicits pain and dis­
comfort and requires administration by a health-​care 
professional. Given the large population of people with 
disorders requiring chronic hormone treatment, the ini­
tial validation studies for most materials developed for 
oral delivery of proteins have used small-​peptide drugs, 
such as calcitonin (a hormone used to treat osteoporosis 
and other bone disorders) or insulin (a hormone used 
to treat diabetes mellitus). Insulin is used in the treat­
ment of both type 1 diabetes mellitus (T1DM) and type 2 
diabetes mellitus (T2DM)57. Patients with T1DM can­
not produce their own insulin, which must be replaced; 
those with T2DM develop insulin resistance and require 
treatment with exogenous insulin or GLP-1 to maintain 
glycaemic control. Over the past few decades, several of 
these materials have progressed into phase 2 and phase 3 
clinical trials and one (oral semaglutide) has received 
FDA approval58 (Tables 1,2).

For an oral delivery strategy to succeed, the safety of 
the administered formulation must be considered. Several 
of the materials described in the following sections act 
as permeation enhancers, which physically perturb the 
epithelium to promote drug transport. Care should be 
taken to evaluate to what extent the cellular barrier is 
breached, its recovery time and the likelihood that for­
eign particulates or other molecules will be transported 
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Active
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Paracellular
transport

Transcellular
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Fig. 3 | Mechanisms of action of materials used for oral drug delivery. Common approaches that have been used 
to achieve oral drug delivery include mucus penetration, mucoadhesion, enzyme inhibition, opening up of paracellular 
transport, facilitation of transcellular transport and physical insertion. Mucus-​penetrating coatings facilitate the transit 
of proteins and peptides through the loosely adherent and firmly adherent mucus layers. Mucoadhesive polymer coatings 
increase the drug residence time at the desired site, reducing dilution effects. Protease inhibitors inactivate proteolytic 
enzymes found in the digestive tract to prevent protein degradation. Paracellular permeation enhancers transiently 
disrupt tight-​junction complexes between adjacent epithelial cells, through events such as calcium chelation or 
modulation of intracellular signalling cascades. Transcellular permeation enhancers enable translocation of the protein 
cargo by facilitating its diffusion through the cell. Physical-​insertion methods pierce the intestinal lining and directly 
administer a protein payload to the underlying vasculature.
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along with the orally administered drug. Furthermore, 
oral administration of drugs with a narrow therapeutic 
index has proven to be challenging, as food intake can 
influence drug bioavailability59–62. Published studies have 
also observed high variability in oral drug bioavailability 
between patients within the same treatment group, which 
further complicates precise dosing63–65.

Materials for oral delivery
Materials to enable the oral delivery of proteins — ranging  
from small-molecule to macroscopic systems — continue  
to be developed66. Identification of materials that are 
immunologically inert, non-​toxic and aid in eliciting 

the desired therapeutic response is imperative for suc­
cessful oral administration of protein drugs (Box 2). 
This section highlights the main features of each class 
of materials (Fig. 4) that facilitate oral protein delivery, 
including mechanisms of action, experimental consider­
ations, major advantages and shortcomings. A summary 
of this information can be found in Tables 3,4.

Small molecules
A number of small molecules (<900 Da) have been 
identified to aid the gastrointestinal absorption of pro­
teins. Note that the term ‘small molecule’ is used here 
to describe bioavailability enhancers, and should not be 

Table 1 | Current clinical trial status of small-​molecule materials for oral administration

Drug name 
(manufacturer)

active 
ingredient

Delivery technology Notable clinical trials

Phase setting trial registration number

Neoral (Novartis) Ciclosporin Self-​nanoemulsifying 
drug-​delivery system

Marketed Kidney , liver and heart transplantation; 
rheumatoid arthritis; psoriasis

NA

ORMD-0801 (Oramed) Insulin Protein oral delivery Phase 2 T2DM NCT03467932

Phase 2 T2DM NCT02954601

Phase 2 T2DM, NASH NCT02653300

Phase 2 T2DM NCT02496000

Phase 2 T2DM NCT01889667

Phase 2 T1DM NCT02094534

Phase 2 T1DM NCT02535715

Phase 2 T1DM (brittle) NCT00867594

ORMD-0901 (Oramed) Exenatide Protein oral delivery Phase 1 T2DM Unknown (Israel)

Mycapssa (Chiasma) Octreotide Transient Permeability 
Enhancer

Phase 3 Acromegaly NCT03252353

Phase 3 Acromegaly NCT02685709

Phase 3 Acromegaly NCT01412424

Rybelsus, formerly 
NN9924 (Novo 
Nordisk)

Semaglutide Eligen SNAC Phase 2 NASH, NAFLD NCT03884075

Phase 3 T2DM NCT02692716

Phase 3 T2DM NCT01720446

Phase 4 T2DM NCT03596450

Marketed T2DM NA

OI338GT, formerly 
NN1953 (Novo 
Nordisk)

Insulin Merrion GIPET I Phase 2 T2DM NCT02470039

SMCO21 (Nordic 
Biosciences)

Salmon 
calcitonin

Eligen 5-CNAC Phase 3 Osteoarthritis NCT00704847

Phase 3 Osteoarthritis NCT00486434

Phase 3 Osteoporosis NCT00525798

TBRIA  
(R-Pharm JSC)

Salmon 
calcitonin

Peptelligence Phase 2 Osteopenia NCT01292187

Phase 3 Postmenopausal osteoporosis NCT00959764

Ovarest (Enteris 
Biopharma)

Leuprolide Peptelligence Phase 2 Endometriosis NCT02807363

CR845 (Cara 
Therapeutics)

Difelikefalin Peptelligence Phase 2 CKD, pruritis NCT03617536

Phase 2 Osteoarthritis NCT02944448

Phase 2 Osteoarthritis NCT02524197

Capsulin (Diabetology) Insulin Axcess Phase 2 T2DM EudraCT 2005-004753-95

Phase 1b T2DM EudraCT 2006-006251-12

5-CNAC, N-(5-chlorosalicyloyl)-8-aminocaprylic acid; CKD, chronic kidney disease; GIPET, gastrointestinal permeation enhancement technology ; NA , not 
applicable; NAFLD, non-​alcoholic fatty liver disease; NASH, non-​alcoholic steatohepatitis; SNAC, N-(8-[2-hydroxybenzoyl]-amino) caprylic acid; T1DM, type 1 
diabetes mellitus; T2DM, type 2 diabetes mellitus.
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confused with similar terminology referring to the active 
pharmaceutical ingredients. Here, we discuss enzyme 
inhibitors, buffering agents, chelating agents, surfactants, 
bile salts, aromatic alcohols and ionic liquids, which 
are often physically mixed with the protein to form a 
tablet or solubilized with the protein inside a capsule. 
The mechanisms of action of these compounds include 
improved transport across the mucus and cellular bar­
riers, inactivation of proteases or other gastrointestinal 
enzymes and stabilization of the cargo protein’s structure.

Protease inhibitors. Ingested proteins are rapidly sub­
jected to proteolytic degradation by proteases in the 
gastrointestinal tract. These enzymes recognize specific 
sequences of amino acids and hydrolyse (cleave) the pep­
tide bonds between them, thereby reducing the amount 
of active protein available to be absorbed67. As a result, an 
enteric coating alone will not be sufficient to protect the 
drug cargo once it is released in the gut lumen. Protease 
inhibitors can be mixed with protein drugs to dampen 
this enzymatic activity. The choice of protease inhibitor 
depends on the amino acid sequence of the drug being 
delivered, as proteases are sequence specific68. Small-​
molecule enzyme inhibitors bind reversibly or irrevers­
ibly to the target enzyme, inactivating it and, therefore, 
promoting survival of the protein cargo.

Several groups have used protease inhibitors to 
improve the bioavailability of orally administered 

proteins. For instance, coadministration of calcitonin 
and the protease inhibitor aprotinin resulted in reduced 
calcitonin degradation in the colon. However, the addi­
tion of this protease inhibitor did not increase the plasma  
concentration of calcitonin in treated patients69. Several 
small-​molecule inhibitors, including camostat mesylate, 
bacitracin, soybean trypsin inhibitor and aprotinin, 
have been investigated to determine whether they 
might influence the intestinal metabolism of insulin. 
Of note, camostat mesylate and bacitracin improved 
the bioavailability of insulin only in the large intestine, 
and none of the molecules tested improved the absorp­
tion of insulin in the small intestine70. The activity of 
these inhibitors might be impaired by rapid dilution, 
low potency, digestion and absorption. Although these 
factors might be overcome by the use of high inhibitor 
doses to elicit a therapeutic effect, such high doses also 
pose substantial safety concerns, including pancreatic 
hypertrophy and hyperplasia71,72. Some small-​molecule 
inhibitors, including bacitracin, have also been linked 
to nephrotoxicity73. One explanation for the observed 
lack of benefit is that the pancreas readily compensates 
for the presence of inhibitors by activating a feedback 
loop that increases the secretion of proteases74. As these 
inhibitors also prevent the degradation and absorption 
of other proteins besides the drug cargo, thereby altering 
the metabolism within the gastrointestinal tract, the use 
of protease inhibitors should be localized to the specific 

Table 2 | Current clinical trial status of particulate, macroscopic and other materials for oral administration

Drug name (manufacturer) active ingredient Delivery technology Notable clinical trials

Phase setting trial registration 
number

Biopolymers

AMT-101 IL-10 TRANSINT (IL-10 fusion) Phase 1a Ulcerative colitis Unknown (Europe)

Phase 1b Ulcerative colitis Unknown (Europe)

Particles

Oshadi Icp (Oshadi Drug 
Administration)

Insulin and proinsulin Non-​covalent 
association with silica 
particles

Phase 2 T1DM NCT01973920

Phase 1–2 T1DM NCT01772251

Phase 1 T1DM NCT01120912

HDV-​I (Diasome 
Pharmaceuticals)

Insulin Hepatic-​directed 
vesicle insulin

Phase 2–3 T1DM NCT00814294

Observational T1DM NCT00521378

Macroscopic

RaniPill (Rani Therapeutics) Octreotide Robotic pill Phase 1 Acromegaly NCT03798912

LYN-​PLT (Lyndra) NA (prototype) Poly (ε-​caprolactone) 
scaffold

Phase 1 Gastric retention NCT03718390

Chemical or other modification

DDAVP (Ferring) Desmopressin acetate Tablet Marketed Central cranial diabetes 
insipidus; primary 
nocturnal enuresis

NA

Tregopil, formerly IN-105 
(Biocon)

Insulin prodrug Tablet Phase 2–3 T2DM NCT03430856

Phase 1 T2DM NCT03392961

Phase 1 T1DM NCT01035801

TTP273 (vTv Therapeutics) Non-​peptide GLP-1 
receptor agonist

Tablet Phase 2 T2DM NCT02653599

DDAVP, 1-deamino-8-D-​arginine vasopressin; GLP-1, glucagon-​like peptide 1; IL-10, interleukin 10; NA , not applicable; T1DM, type 1 diabetes mellitus; 
T2DM, type 2 diabetes mellitus.
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site of action. One possible method of localizing pro­
tease inhibitors would be to incorporate them into a 
mucoadhesive system. However, as yet, no commercial 
products have used this approach.

Acidity modifiers. Enzyme inhibition can also be 
achieved by using agents that alter the pH of the local 
microenvironment. For example, an oral delayed-​release 
formulation of recombinant salmon calcitonin (TBRIA) 
has been developed for the treatment of postmenopausal 
osteoporosis. This enterically coated tablet is formulated 
with citric acid, such that the active agent is released at 
a pH of 5.5 in the duodenum. The citric acid lowers the 
local pH on release of the drug, which inhibits proteases 
that perform optimally in the neutral to basic pH range75.

Citric acid is also thought to act as a chelating agent 
that sequesters calcium ions (Ca2+) from the tight-​
junction complexes of the gut epithelial lining, thereby 
promoting paracellular transport. Similarly to ethylen­
ediaminetetraacetic acid (EDTA, discussed in the next 
section), this citric-​acid-mediated depletion of extra­
cellular Ca2+ activates protein kinase C, which, in turn, 
decreases junctional integrity between adjacent cells, 
thereby increasing paracellular transport76. However, 
contradictory evidence indicates that, although citric 
acid inhibited the degradation of insulin at acidic pH, 
no enhancement in permeability was observed in 
Caco-2 cell monolayers, a human intestinal epithelium 
model77. Other types of acidity modifiers that have been 
used to change the pH of the local environment include 
fumaric, itaconic and tartaric acids78,79.

The presence of acidity modifiers can affect the deliv­
ery vehicle and drug formulation itself. Care should be 
taken when using acid modifiers in conjunction with 
pH-​sensitive materials.

Chelating agents. These small-​molecule ligands have the 
ability to form two or more coordinate covalent bonds 
with metal ions in solution. This category includes 
EDTA80, diethylenetriaminepentaacetic acid (DTPA)81 
and ethylene glycol tetraacetic acid (EGTA)82. Chelating 
agents such as EDTA are thought to increase paracellular 

transport by depleting extracellular Ca2+, which is 
required for formation of the tight junctions and api­
cal junctional complexes needed to maintain epithelial 
barrier function80. DTPA, similarly to EDTA, has been 
shown to inhibit intestinal proteases while also disrupt­
ing tight junctions by non-​specifically chelating divalent 
metal ions, including Ca2+, Mg2+ and Zn2+ (ref.81). EGTA 
is similarly useful for promoting paracellular transport82 
but has a greater affinity for Ca2+ ions than the other 
chelators81.

In practice, the use of chelating agents alone as 
enzyme inhibitors is not realistic. For example, 7.5% 
(weight/volume) of EDTA was ineffective for inhibit­
ing purified trypsin, a calcium-​dependent enzyme83, 
perhaps because high concentrations of calcium ions 
(0.50–0.75 mM) are present in vivo84. Similarly, the 
calcium-​dependent enzymes trypsin, α-​chymotrypsin 
and elastase were not inhibited by treatment with 
EDTA conjugated to a chitosan backbone; however, this 
chelating agent had a strong inhibitory effect on zinc-​
dependent proteases, including carboxypeptidase A and 
aminopeptidase N85. The challenge in vivo would be to 
maintain a high enough concentration of the chelating 
agent to achieve sufficient protease inhibition without 
dilution in the gastrointestinal tract, generation of cyto­
toxic effects or excessive reductions in levels of trace 
elements86,87.

Surfactants. Surface-​active agents, also known as sur­
factants, are amphipathic small molecules that are clas­
sified as anionic, cationic, non-​ionic or zwitterionic, 
depending on the nature of the hydrophilic component. 
Surfactants have a variety of applications as dispersants, 
detergents, emulsifiers and protein stabilizers, and 
are often used to improve the dissolution of lipophilic 
drugs in aqueous solutions. Because of their amphi­
philic nature, surfactants partition at oil–water and air–
water interfaces, which lowers the surface tension of 
the liquid. As the concentration of surfactant increases, 
these molecules begin to aggregate to form micelles or 
other structures generated as a result of their hydro­
phobic moieties condensing inward and away from the  
surrounding water88.

In the pharmaceutical industry, non-​ionic surfactants 
are generally used as excipients owing to their low toxicity 
and low reactivity with other ionic species89. Surfactants 
have been shown to prevent the formation of protein 
aggregates (which can alter the overall protein structure 
and reduce its biological activity), while also inhibit­
ing key intestinal enzymes such as α-​chymotrypsin90. 
The inclusion of surfactants in drug formulations can 
also lead to increased permeation owing to partition­
ing of the surfactant into the cell membrane, which 
disrupts the structural organization of the lipid bilayer. 
This disruption causes a loss of barrier integrity and a 
subsequent increase in permeability and membrane 
fluidity91. Many surfactants have been used in orally 
delivered drugs, such as sodium dodecyl sulfate92,93, 
sodium taurodihydrofusidate and polyoxyethylene  
ethers, in combination with other carriers94.

Medium-​chain to long-​chain fatty acids are also 
categorized as surfactants. Capric acid (decanoic acid) 

Box 2 | experimental methods and considerations

the materials discussed throughout this review share the same goal of enabling the 
oral delivery of proteins and peptides. accordingly, the same standard experimental 
techniques and model drugs have been used throughout the literature for initial 
validation of the material.

insulin and salmon calcitonin are typically used because patients with diabetes  
and those with disorders of bone metabolism, respectively, require frequent infusions 
of these molecules. Oral versions with good bioavailability would, therefore, greatly 
improve the socioeconomic burden associated with these widely prevalent diseases. 
insulin, moreover, is a fairly modestly sized protein (5.8 kDa) in comparison to most 
peptides (typically 1–4 kDa) and antibodies (which are much larger, ~150 kDa)291.  
as an inexpensive and widely available prototypic protein drug, the pharmacokinetic 
and pharmacodynamic profile of insulin is well documented. Many assays exist  
to easily quantify its oral bioavailability and its therapeutic effect, including 
measurements of blood glucose levels and drug quantification using enzyme-​linked 
immunosorbent assays, high-​performance liquid chromatography or radiolabelling 
techniques57,292. Hence, materials for drug delivery are often benchmarked using 
insulin to facilitate comparisons of the properties of different materials and their  
drug-​delivery capacity.
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and caprylic acid (octanoic acid) have both been used 
in oral formulations for protein-​drug delivery, typi­
cally as the sodium salts sodium caprate and sodium 
caprylate, respectively. Sodium caprate chelates divalent 
cations, which transiently increases paracellular trans­
port owing to transient dilatation of tight-​junction com­
plexes. Sodium caprate displaces tight-​junction proteins 
from lipid rafts95 and translocates tight-​junction com­
plexes into the cytoplasm as granular structures96. This 
surfactant might also improve transcellular transport 
by destabilizing and solubilizing cell membranes and 
inhibiting efflux mechanisms such as P-​glycoprotein. 
Non-​covalent interactions of monomeric, micellar or 
vesicular sodium caprate with the protein might also 
improve drug absorption97.

Combinations of medium-​chain fatty acids with 
lipoidal excipients such as Labrasol (a self-​emulsifying 
mixture of caprylocaproyl polyoxyl-8 glycerides) further 
enhance molecular transport98. Gastrointestinal perme­
ation enhancement technology (GIPET), developed by 
Merrion Pharmaceuticals, has been licensed to Novo 
Nordisk for use in the oral delivery of insulin and GLP-1 
analogues99. GIPET is composed of medium-​chain fatty 
acids (capric and caprylic acids), their derivatives and 
microemulsion systems based on medium-​chain fatty 
acid glycerides and is formulated either as enteric-​coated 
tablets or capsules. GIPET has also been used to deliver 
alendronate (a treatment for osteoporosis), desmopres­
sin (used to treat diabetes insipidus and bed-​wetting) 
and low-​molecular-weight heparin (an anticoagulant)100. 
In a phase 2 trial, oral insulin 338 (I338) formulated with 
GIPET safely improved glycaemic control in patients 
with T2DM; however, this project was discontinued 
because the doses of I338 needed to achieve the desired 
therapeutic effect were too high (an estimated 58 times 
the dosage of insulin glargine)101, which rendered the 

production of I338 not commercially viable102. Caprylic 
acid is another medium-​chain fatty acid that improves 
transport across the epithelial lining103. Transient 
Permeability Enhancer (TPE), developed by Chiasma, 
comprises a proprietary combination of excipients 
including sodium caprylate, which creates a lipophilic 
suspension of hydrophilic particles in a hydrophobic 
medium. This technology has been used in Mycapssa 
(oral octreotide, a treatment for acromegaly)104. Similarly 
to capric acid and its derivatives, the mechanism of 
sodium caprylate is still not fully elucidated, although it 
is thought to induce paracellular transport through the 
opening of tight junctions and to increase transcellular 
transport through the epithelial lining105.

Eligen (manufactured by Emisphere) uses vari­
ous benzoyl and salicyloyl derivatives of caprylic acid, 
butanoic acid, capric acid and their salts to enable oral 
delivery of proteins: N-(8-[2-hydroxybenzoyl]-amino) 
caprylic acid, also known as salcaprozate sodium 
(SNAC), N-(5-chlorosalicyloyl)-8-aminocaprylic acid 
(5-CNAC), 4-([4-chloro-2-hydroxybenzoyl]-amino) 
butanoic acid (4-CNAB) and N-(10-[2-hydroxybenzoyl]-
amino) decanoic acid (SNAD). Eligen is designed to 
weakly interact with and non-​covalently bind to the 
protein target, thereby increasing the cargo’s lipophilic­
ity. The resulting complex remains insoluble at low pH, 
which prevents its degradation by surrounding pepti­
dases. The complex then disassembles on reaching the  
small intestine, where the pH is above 7.0 (ref.106).  
The cargo protein is believed to be chaperoned across 
the epithelial lining by the transcellular route, but the 
precise mechanism remains unclear. Emisphere has 
successfully marketed an oral vitamin B12 supplement 
incorporating Eligen107. However, a phase 3 trial of oral 
5-CNAC salmon calcitonin failed to meet its primary 
endpoint108. By contrast, a similar trial of oral SNAC 
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semaglutide tablets successfully met its predefined pri­
mary endpoints, and bioavailability of the oral treatment 
was similar to that of the conventional injected drug109,110. 
Clinical and preclinical studies have demonstrated that 
absorption of oral semaglutide SNAC takes place in the 
stomach and is confined to the region where the tablet 
interfaces with the stomach lining111. SNAC and sodium 
caprate have been reviewed in depth elsewhere112.

Nausea is a known adverse effect of SNAC when 
given in the high doses needed for oral protein deliv­
ery in humans113. In the PIONEER 4 trial, patients 
receiving oral semaglutide were slightly more likely 
than those receiving subcutaneous liraglutide to expe­
rience adverse events (56 versus 51 events); the most 
frequent adverse events were mild-​to-moderate and 
transient nausea, followed by diarrhoea114. More patients 
withdrew prematurely from the trial in the oral semaglu­
tide group (11%) than in the liraglutide group (9%)114. 
In 2019, this oral SNAC semaglutide formulation 
(Rybelsus) was the first oral GLP-1 treatment for T2DM 
to be approved by the FDA58.

Zwitterionic small molecules have also been used in 
a variety of protein oral delivery applications. For exam­
ple, acylcarnitines are esters of L-​carnitine and fatty acids 
containing a quaternary ammonium group and a car­
boxyl group. These zwitterionic compounds transport 
activated long-​chain fatty acids into mitochondria for 
subsequent β-​oxidation to create the energy needed 
for cellular activities115. Lauroylcarnitine and palmi­
toylcarnitine are two zwitterionic excipients included 
in the Peptelligence technology developed by Enteris 
BioPharma116. Here, these molecules act as permea­
tion enhancers — by increasing paracellular transport  

through tight junctions while also increasing the 
solubility of the peptide cargo117. Another zwitterionic 
compound, palmityl-​dimethyl ammonio propane-​
sulfonate (PPS, also known as 3-[N,N-​dimethyl(3-pal­
mitoylaminopropyl)ammonio]-propane-​sulfonate), 
contains a quaternary ammonium group and a sulfate 
group. This molecule has been shown to have good 
intracellular delivery in  vitro118 and to enable the 
oral delivery of protein compounds such as salmon  
calcitonin in vivo119.

Bile salts. Bile, a complex fluid secreted by the liver con­
taining bile acids, cholesterol and other components, 
aids in the digestion of lipids in the small intestine. Bile 
acids are synthesized in hepatocytes from cholesterol 
and exist as ionic, amphiphilic molecules with a ster­
oid backbone. The vast majority of bile acids are conju­
gated to glycine or taurine to form monovalent bile salts, 
which act as amphipathic, steroidal biosurfactants. Bile 
salts are the major route of elimination of cholesterol 
from the body; they solubilize lipids in the gut, increase 
their proteolytic cleavage and aid in their absorption. 
Thus, several bile salts (sodium deoxycholate120, sodium 
taurocholate121, sodium glycodeoxycholate122 and 
sodium taurodihydrofusidate123) have been used as per­
meation enhancers to improve drug absorption across 
various biological barriers, including the intestine. Bile 
salts increase paracellular transport by opening up tight 
junctions; they can also improve drug stability against 
enzymatic activity and fluidize cell membranes of the 
intestinal epithelium124. Sodium taurodeoxycholate has 
been used in the oral delivery of salmon calcitonin122 and 
sodium glycocholate has been used in the oral delivery of 

Table 3 | Characteristics of small-​molecule materials for oral protein and peptide delivery

type advantages limitations examples

Protease 
inhibitors

Protect protein cargo from enzymatic 
degradation

Rapid dilution, low potency, digestion and 
absorption; high doses can elicit cytotoxic effect

N-​acetylcysteine68, camostat 
mesylate70, soybean trypsin 
inhibitor317, aprotinin318,319

Acid pH 
modifiers

Inhibit local proteases owing to pH change, 
might act as chelating agent to enhance 
paracellular transport

Can influence dissolution of enteric coating; 
shifts in pH could alter cargo contents

Citric acid75,78,79, fumaric acid78,79, 
itaconic acid79, tartaric acid78

Chelating 
agents

Sequester metal ions to enhance paracellular 
transport and inhibit proteases

Dilution in vivo can render chelators ineffective; 
might reduce trace-​element levels

EDTA80, DTPA81, EGTA82

Surfactants Can prevent formation of protein aggregates, 
inhibit intestinal enzymes and enhance 
intestinal permeation

Can cause nausea in high concentrations; high 
concentrations might be needed to elicit the 
desired effect

SDS92,93, SNAC109,110,113, PPS118,119, 
palmitoylcarnitine116

Bile salts Naturally produced by the body to eliminate 
cholesterol, increase paracellular transport and 
protect against enzymatic degradation

Can cause irreversible membrane damage, 
irritation and haemolysis

Sodium deoxycholate120, 
sodium taurocholate121,  
sodium glycodeoxycholate122, 
sodium taurodihydrofusidate123

Aromatic 
alcohols

Enhance transcellular transport; used as 
antioxidants

Chronic exposure shown to be carcinogenic Propyl gallate129, butylated 
hydroxytoluene129, butylated 
hydroxyanisole129

Piperazine 
derivatives

Transiently enhance transport, enhanced 
permeation when colocalized with protein 
of interest

Potential for psychoactivity 1-phenylpiperazine134,135, 
1-methyl-4-phenylpiperazine137, 
1-(4-methylphenyl)piperazine137

Ionic liquids Can protect protein from enzymatic 
degradation, enhance solubility, reduce mucus 
viscosity and enhance intestinal permeation

Contaminants could disrupt intermolecular 
forces in ionic liquids

Choline and gernanate142, 
nicotinic acid and trigonelline144

DTPA , diethylenetriaminepentaacetic acid; EDTA , ethylenediaminetetraacetic acid; EGTA , ethylene glycol tetraacetic acid; PPS, palmityl-dimethyl ammonio 
propanesulfonate; SDS, sodium dodecyl sulfate; SNAC, N-(8-[2-hydroxybenzoyl]-amino) caprylic acid, also known as salcaprozate sodium.
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insulin125. However, bile salts can cause irreversible dam­
age to cell membranes126, irritation127 and haemolysis,  
which has limited their clinical applications128.

Aromatic alcohols. Aromatic alcohols are another class 
of small molecules used as permeation enhancers and 
solubilizers to enhance transcellular transport of orally 
delivered proteins. For example, aromatic alcohols are 
included in the Axcess drug-​delivery system129 devel­
oped by Proxima Concepts and licensed to its subsidi­
ary Diabetology130. Axcess technology is used in several 
oral antidiabetic drugs, including Capsulin (for T2DM), 

Capsulin IR (insulin replacement; for T1DM), Combulin 
(for T2DM) and an oral GLP-1 analogue (for T2DM)131. 
Other applications for this technology include the oral 
delivery of anticancer agents, vaccines and treatments 
for infectious diseases132. In addition to several aromatic 
alcohols (such as propyl gallate, butylated hydroxy­
toluene, butylated hydroxyanisole and derivatives 
thereof), Axcess includes a biguanide to increase the sol­
ubility of the aromatic alcohol in aqueous media. These 
aromatic alcohols are commonly used as antioxidants in 
both the pharmaceutical and the food industries and do 
not pose a health hazard at their administered doses133. 

Table 4 | Characteristics of polymeric, particulate and macroscopic materials for oral protein and peptide delivery

type advantages limitations examples

Polymers

Enterotoxin peptide 
derivatives

Reversibly modulate paracellular 
permeability

Readily degraded without protection Zona occludens toxin148,149, 
Clostridium perfringens 
enterotoxin peptide151

Anionic polymers Soluble at basic pH (intestine), mucoadhesive, 
inhibit proteolytic enzymes, modulate 
paracellular transport

Non-​ionized (insoluble) at acidic pH, 
not suitable for stomach delivery

Carbopol154, Eudragit 
L100159,160, HPMCAS161

Cationic polymers Soluble at acidic pH (stomach), can undergo 
transcellular transport, mucoadhesive

Non-​ionized (insoluble) at basic pH; 
peptide-​based polymers can be readily 
cleaved by enzymes

Penetratin162, TMC171,172, 
MCC174

Thiolated polymers Mucoadhesive, inhibit gastrointestinal 
CYP450 enzymes, form covalent linkages  
to mucus

Must remain protected to reduce 
likelihood of oxidation or use 
preactivated thiomers

Chitosan–TGA175, 
PAA-​cys-2MNA179

Particles

Polymeric Biocompatible, tunable release profile Protein instability on loading and release PLGA185, PL A186, PEA187, PCL188

Inorganic Biocompatible, thermally stable, stable in 
acidic and enzymatic environments

Must be cleared from the body Aluminium oxide194, gold195–197, 
silica200

Micelles Hydrophobic core acts as a reservoir 
for lipophilic compounds, can be 
stimuli-​responsive

Must exist above the critical micelle 
concentration to form particulates

Pluronics207, TPGS206, OACS210

Liposomal carriers Biocompatible, inherently non-​immunogenic, 
easily scalable, provides protection of cargo

Can have poor shelf life, poor stability , 
low encapsulation efficiency , 
rapid clearance

siRNA lipid nanoparticles216, 
HDV-​I320

Drug crystals No excess carrier polymer or surfactant, high 
drug loading, protection from enzymatic 
degradation

Can inactivate protein in the process 
of crystallization, might require a large 
excess of protein to crystallize

Crystalline lipase235

Nanofibres High loading efficiency , high surface area to 
volume ratio, ease of manufacturing

Not all polymers will form fibres, unclear 
how to orally deliver

Fish sarcoplasmic protein 
fibres241, hyaluronic acid 
nanofibres242

Macroscopic

Mucoadhesive patches Enable local, sustained release of a drug cargo Size of patch determines the amount 
of drug that can be loaded

Insulin–PPS patches245

Microneedles Direct insertion of drug cargo into the 
stomach or intestinal mucosa

Amount of drug that can be loaded 
per microneedle

RaniPill256,257, SOMA258

Polymeric scaffolds Ultra-​long sustained drug release, 
biocompatible

Amount of drug that can be loaded and 
consistently released

Star-​shaped PCL scaffold259–261

Hydrogels Biocompatible, stimuli-​responsive, high  
drug loading

Swelling dependent on diffusion of water PMMA-​based264,265, alginate-​
based266, chitosan-​based267,268 
hydrogels

Microfabricated devices Precise architecture can be designed and 
created, increased bioadhesive ability with 
textured surface

Might undergo burst release, inefficient 
drug loading, matrix degradation

Microfabricated devices 
with engineered surface 
roughness278

CYP450, cytochrome P450; HDV-​I, hepatic-​directed vesicle insulin; HPMCAS, hydroxypropyl methylcellulose acetate succinate; MCC, mono-​N-carboxymethyl 
chitosan; MNA , mercaptonicotinic acid; OACS, N-​octyl-N-​arginine chitosan; PAA , poly(acrylic acid); PCL , poly-​ε-caprolactone; PEA , poly(ester amide); PL A , 
poly(lactic acid); PLGA , poly(lactic-​co-glycolic acid); PMMA , poly(methyl methacrylic acid); PPS, palmityl-​dimethyl ammonio propanesulfonate; siRNA , small 
interfering ribonucleic acid; SOMA , self-​orienting millimetre-​scale applicator ; TGA , thioglycolic acid; TMC, N,N,N-​trimethyl chitosan chloride; TPGS, tocopheryl 
polyethylene glycol succinate.
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However, chronic exposure to elevated levels of these 
compounds is carcinogenic133.

Piperazine derivatives. Piperazines are molecules with 
a fully saturated, six-​membered ring with nitrogen 
atoms at positions 1 and 4. After screening >50 poten­
tial small-​molecule permeation enhancers, piperazine 
derivatives were identified as offering an unusual com­
bination of good permeation-​enhancing ability and low 
cytotoxicity134. The permeation-​enhancing efficacy of 
1-phenylpiperazine was confirmed in an ex vivo study, 
which suggested that its paracellular permeability-​
increasing effect is mediated by an interaction with 
serotonin (5-hydroxytryptamine) receptor 4, which is 
present on the apical epithelial surface. This interaction 
is thought to cause a cascade of events leading to mod­
ulation of tight-​junction complexes134,135. Subsequently, 
additional piperazine derivatives, including 1-methyl-4- 
phenylpiperazine and 1-(4-methylphenyl)piperazine, 
were identified as permeation enhancers with lower tox­
icity than 1-phenylpiperazine136,137. With regard to safety 
considerations, some piperazine derivatives (including 
1-benzylpiperazine), although not those identified as 
permeation enhancers, can elicit psychoactive effects138.

Piperazines have also been incorporated into protein– 
polymer conjugates used for oral delivery of protein 
drugs. Conjugates synthesized from bovine serum 
albumin and piperazine-​containing monomers facili­
tate colocalization of the permeation enhancer with the 
protein drug. Use of such conjugates increased transepi­
thelial protein transport by up to 35-fold compared with 
the modest permeation improvements observed for the 
coadministered, small-​molecule, calcein. These data sug­
gest that piperazine-​containing protein–polymer con­
jugates selectively increase protein permeability, which 
could mitigate the unwanted transepithelial transport  
of other molecules in the gut lumen139.

Ionic liquids. Ionic liquids comprise loosely coordinated 
anions and cations, which provide their unique solvating 
and permeation-​enhancing properties. Various cations 
(such as quaternary ammonium, imidazolium, pyrro­
lidinium, pyridinium, cholinium and guanidinium) have 
been used together with various anions (such as carboxy­
late, alkyl sulfate, dicyanamide and bistriflimide) in ionic 
liquid formulations140–143. For example, treatment with 
insulin in a choline and geranate (CAGE) ionic liquid 
demonstrated considerable lowering of blood glucose 
when delivered via oral gavage142. This ionic liquid pos­
sesses mucolytic activity resulting from decreased mucus 
viscosity, inhibits intestinal enzymes such as trypsin and 
directly enhances permeation across the epithelial lining 
with minimal toxicity. CAGE also offers long-​term stabil­
ity of the protein both at room temperature and at 4 °C142.  
Ionic liquids composed of nicotinic acid and its metab­
olite, trigonelline (N-​methylnicotinic acid) have also 
demonstrated utility in the oral delivery of poorly 
water-​soluble drugs144. However, the presence of addi­
tional ions, solvents and water molecules in formulated 
drugs might alter important intermolecular properties 
(such as viscosity and electrostatic forces) of pure ionic 
liquids; currently, it is unknown how such alterations 

might affect the overall permeation-​enhancing capacity 
of the agent145,146.

Natural and synthetic biopolymers
Naturally derived and synthetic biopolymers have been 
extensively used for oral drug delivery, both as indi­
vidual molecules and as building blocks for use in the  
macroscopic systems discussed later in this article.

Enterotoxin peptide derivatives. Toxins produced by 
bacteria and multicellular organisms have been used to 
develop permeation enhancers derived from specific 
purified toxin peptides. For instance, Vibrio cholerae is 
a Gram-​negative bacterium that induces severe diar­
rhoea when ingested in contaminated food or water. 
On attaching to the intestinal lining, this bacterium 
produces cholera toxin, which enters enterocytes and 
causes a dramatic dehydrating efflux of ions and water 
from these cells147. Other virulence factors are also 
secreted by V. cholerae, such as cholix toxin and zona 
occludens toxin (Zot)148,149. Zot is a bacterial surface 
protein that, along with its synthetic mimic AT1002 
(ref.150), reversibly increases paracellular permeability 
by activating intracellular signalling pathways lead­
ing to modulation of actin polymerization148,149. Other 
enterotoxin peptides and their derivatives include the 
Clostridium perfringens enterotoxin peptide151 and 
melittin, which is found in the venom of European 
honey bees152. The TRANSINT permeability enhancer 
developed by Applied Molecular Transport targets the 
local intestinal submucosa and gut-​associated lymphatic 
tissue153, presumably using cholix-​toxin-derived fusion 
molecules. This truncated exotoxin-​based technology 
enables the successful transcellular transport of protein 
molecules such as IL-10, which is used in the treatment 
of inflammatory bowel disease. Notably, these peptides 
and their derivatives require additional protective meas­
ures to prevent them from being subjected to proteolytic 
degradation.

Anionic polymers. Anionic (negatively charged) polymers 
such as polyacrylic acid or cellulose have frequently been 
used to deliver small-​molecule drugs. Anionic polymers 
can exhibit mucoadhesive properties, inhibit proteolytic 
enzymes and/or modulate intestinal transport by chelat­
ing extracellular calcium ions from the surrounding envi­
ronment154–156. Carbopol polymers, for instance, inhibit 
the degradation of insulin, calcitonin and insulin-​like 
growth factor I by inactivating trypsin and chymotrypsin 
in the gut lumen154. Enteric coatings157,158 consisting  
of anionic copolymers, such as methacrylic acid and 
methyl methacrylate159,160 or hydroxypropyl methylcel­
lulose acetate succinate161, facilitate the release of a drug 
at a desired pH.

Cationic polymers. Natural and synthetic, positively 
charged (cationic) polymers are used in oral drug deliv­
ery, including as cell-​penetrating peptides (CPPs), chi­
tosan and chitosan derivatives. CPPs are rich in the two 
basic amino acid residues arginine and lysine, which 
are positively charged and, therefore, facilitate electro­
static interactions with negatively charged cell surfaces 
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and drug molecules. CPPs also contain hydrophobic 
domains from amino acids such as tryptophan, which 
promote membrane translocation of the CPP through 
the lipid bilayer. The amphipathic CPP penetratin and its 
analogue PenetraMax both increase intestinal permeation 
of insulin on coadministration162–164. Use of a medium-​
chain fatty acid–CPP hybrid both reduced the cytotoxic 
effect associated with the medium-​chain fatty acid and 
enhanced the transport of insulin glulisine165. However, 
similarly to enterotoxins, CPPs can be cleaved by intes­
tinal proteases, which inactivates their permeation-​
enhancing activity166. Strategies to reduce this degradation 
(such as altering the amino acid stereochemistry from  
L to D) also reduce their efficacy167.

Chitosan improves paracellular transport by opening 
tight junctions168. This polysaccharide consists of copoly­
mers of glucosamine and N-​acetylglucosamine, which 
are insoluble at neutral and alkaline pH, but form salts 
with inorganic and organic acids. Chitosan is generally 
regarded as non-​toxic, biocompatible and biodegradable 
and is used as a food additive169. Chitosan absorbs water 
from its local microenvironment and, in its swollen state, 
has demonstrated excellent mucoadhesive properties, 
resulting in its capacity for repeated adhesion events, 
during which positively charged amino groups in the 
chitosan bind to negatively charged moieties in mucin 
glycoproteins170. However, drug-​delivery approaches 
based solely on mucoadhesion can have several indirect 
drawbacks, including potential shifting or dislodgment 
of the material from the mucosal lining owing to mucus 
turnover or physical disruption.

The quaternized chitosan derivative N,N,N-​trimethyl 
chitosan chloride has been used in targeted intestinal 
delivery. This quaternized chitosan shows higher aque­
ous solubility than chitosan, in much broader pH and 
concentration ranges, without affecting its cationic 
nature. As the primary amine has been substituted with 
methyl groups, hydrogen bonds cannot form between 
this amine and the hydroxyl groups of the chitosan 
backbone, which promotes increased absorption of 
hydrophilic compounds at pH values similar to those 
found in the jejunum171,172. Other derivatives, such as 
acrylated173 and mono-​carboxymethylated174 chitosan, 
have also been used as paracellular absorption enhanc­
ers to deliver molecules such as low-​molecular-weight  
heparin174. These chitosan derivatives feature moieties 
bearing carboxyl groups, which yield polymers with 
strong mucoadhesive and polyampholytic properties.

Thiolated polymers. Thiolated polymers, or thiomers, 
have thiol side chains that are responsible for these 
agents’ mucoadhesive and permeation-​enhancing 
properties. Thiomers enable controlled drug release 
through the inhibition of gastrointestinal enzymes and 
P-​glycoprotein efflux pumps.

One major impediment to oral drug administration 
is the superfamily of haem-​thiolate cytochrome P450 
(CYP450) enzymes, which contribute to oxidative 
metabolism of administered drugs. Thiolated poly­
mers can inhibit the activity of both CYP450 enzymes 
and active P-​glycoprotein efflux pumps. Thiomers 
exist in both cationic (chitosan-​derived175) and anionic 

(with carboxylic acid side groups) forms176–179; both 
are suggested to form covalent disulfide bonds with 
cysteine residues of mucin and CYP450 enzymes, 
which eliminates the reducing environment and inac­
tivates the enzyme180. As the thiol groups of unstabi­
lized polymers are susceptible to early oxidation at pH 5  
or greater, the enzyme-​inhibiting activity of unpro­
tected thiomers can be severely reduced175. Poly(acrylic 
acid)-cysteine-2-mercaptonicotinic acid conjugates179 
and other preactivated thiomers have been developed, 
which have enhanced stability and mucoadhesive and 
cohesive properties because they contain disulfide 
linkages that cannot oxidize further at high pH181,182.

Particle-​based systems
The advent of the nanomedicine revolution led to the 
development of an entire host of systems based on nano­
particles or micrometre-​sized particles to enable the 
oral delivery of drugs. Owing to limitations of space, we 
cannot include an extended discussion of every particle 
system developed to date within this Review29,183; how­
ever, we highlight the predominant classes of particulate 
materials used for oral drug delivery.

Polymeric particles. A widely used class of particles 
for oral drug delivery is derived from biocompatible 
and biodegradable polymers. These polymers undergo 
hydrolysis, driven by pH, temperature and other envi­
ronmental factors, which cause them to break down 
at the desired location and release their drug payload. 
Poly(lactic-​co-glycolic acid) is a commonly used bio­
degradable polymer that produces lactic and glycolic 
acids on being hydrolysed. These by-​products are 
readily metabolized via the Krebs cycle and conse­
quently yield minimal systemic toxicity184,185. Other 
biodegradable polymers used in oral delivery include 
poly(lactic acid)186, poly(ester amide)187 and poly(ε-​
caprolactone)188. Poly(fumaric-​co-sebacic anhydride)189, 
polyglycerol esters of fatty acids190 and other similar 
biodegradable polymers possess strong mucoadhesive 
properties owing to hydrogen bonding, polymer entan­
glements with mucins, hydrophobic interactions or any 
combination of these mechanisms, which all increase 
drug retention time at the epithelial lining30,191,192. 
Nanoparticles made of these polymers (including those 
derived from the cationic biopolymer chitosan, dis­
cussed above) can also be coated with CPPs to further 
improve drug delivery across the intestine163. Challenges 
associated with the use of biodegradable polymeric 
nanoparticles include protein instability resulting from 
loading and release, denaturation and aggregation of  
the cargo protein as a result of the acidic microenviron­
ment created by polymer degradation, and the potential 
for burst release193.

Inorganic particles. Inorganic nanoparticles have been 
used for the oral delivery of peptides and proteins. Key 
advantages of inorganic nanoparticle systems include the 
wide variety of core materials available, biocompatibil­
ity, thermal stability, responsiveness to specific stimuli 
and the potential for monodisperse production. Unlike 
their biodegradable counterparts, inorganic particles 
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remain stable in acidic and highly enzymatic environ­
ments, where they continue to provide protection to 
their protein cargo. As a result, additional components, 
such as enteric coatings or protease inhibitors, might not 
be necessary.

Aluminium oxide194, gold195–197, selenium198,199, silica200 
and zirconium phosphate201–203 have been used to deliver 
proteins orally. Oshadi Drug Administration has devel­
oped an oral insulin formulation containing insulin and 
proinsulin C-​peptide in Oshadi carrier (Oshadi Icp), in 
which the cargo protein is non-​covalently associated with 
silica nanoparticles. Oshadi Icp has recently completed 
phase 2 clinical trials204. As inorganic nanoparticles are 
not biodegradable, care must be taken to ensure these 
particles are completely cleared and/or excreted without 
accumulating anywhere within the body or eliciting an 
immune response.

Micelles. In an aqueous solution, surfactant molecules 
can aggregate and self-​assemble into dynamic 20–100 nm 
particles termed micelles. The hydrophilic moieties form 
the corona of the particle and the hydrophobic moieties 
form the core, which acts as a reservoir that protects 
lipophilic compounds from the aqueous environment. 
Amphiphilic copolymers are frequently used in drug 
delivery because they form micelles spontaneously in 
water and these micelles remain stable before dilution 
in the gastrointestinal tract205. On PEGylation (that is, 
conjugation with poly(ethylene glycol), PEG), the lipo­
philic vitamin α-​tocopherol forms micelles consisting of 
tocopheryl polyethylene glycol succinate, which provide 
water-​solubility and surfactant properties206.

The use of pH-​sensitive polymeric micelles might 
minimize unwanted burst release in the acid conditions 
of the stomach while also promoting mucoadhesion and 
increasing the gut residence time of the micelles. Pluronic 
block copolymers — hydrophilic poly(ethylene oxide) 
and hydrophobic poly(propylene oxide) blocks arranged 
in a three-​block (ABA) configuration — have also been 
used to create micelles that solubilize and enhance drug 
transport across the intestinal lining207,208. Glucose-​
responsive micelles have also been developed based on 
phenylboronic acid-containing block copolymers, such 
as poly(ethylene glycol)-b-​poly(aspartic acid-​co-aspart­
amidophenylboronic acid), and a glycopolymer, such as 
poly(aspartic acid-co-aspartglucosamine)209. N-​octyl- 
N-​arginine chitosan also readily forms micelles and has 
been used for the oral delivery of insulin. These micelles 
combine the CPP characteristics of the arginine resi­
dues with the mucoadhesive and permeation-​enhancing 
properties of the chitosan210.

Liposomal carriers. Liposomes are spherical vesicles 
with an aqueous internal core encapsulated by a lipid 
bilayer. They can range in size from 25 nm up to 2.5 μm, 
depending on the preparation method211,212. Liposomal 
carriers protect drugs and proteins from enzymatic 
degradation and have the advantages of minimal toxic­
ity, biocompatibility, biodegradability, easy scalability, 
reproducibility and inherent non-​immunogenicity213–215. 
Liposomal formulations have been widely used for oral 
delivery of molecules such as small interfering RNAs216, 

insulin, calcitonin, ciclosporin and gonadorelin217. 
However, liposomal drug-​delivery systems are limited by 
poor shelf life, poor stability, low encapsulation efficacy 
and rapid clearance by the reticuloendothelial system218.

Although some liposomes are broken down in the 
stomach, a variable proportion (influenced by factors 
such as size, composition and drug cargo) will tran­
sit intact to the small intestine to deliver their cargo. 
Different mechanisms have been suggested to account 
for the oral-​bioavailability-enhancing property of 
liposomes, including absorption in the small intestine 
followed by transit either to the liver (via the hepatic 
portal vein) or via the lymphatic route, bypassing the 
liver altogether219. When administered orally, liposomes 
are broken down by lipases. The presence of lipids in 
the small intestine also stimulates the secretion of bile 
salts, phospholipids and cholesterol, which form a vari­
ety of vesicles and micelles that then undergo absorp­
tion220. Other proposed mechanisms of liposome-​related 
increases in oral bioavailability of the protein cargo 
include the increased solubility of hydrophobic drugs, 
enhanced particle stability, shielding of the drug cargo 
from enzymatic activity, prolonged retention in the 
gastrointestinal tract, improved mucus-​penetrating 
ability, the potential for receptor-​mediated uptake and 
improved shuttling via M cells221.

The use of exosomes for oral drug delivery is attract­
ing increased interest. Exosomes are extracellular 
vesicles 40–100 nm in diameter that are secreted by  
cells and thought to be vital for intercellular communi­
cation and trafficking of molecules, including proteins, 
lipids and nucleic acids222. Exosomes are thought to be 
released as a result of fusion events involving organ­
elles and the cell membrane, although exosome bio­
genesis is a complex process that continues to be 
heavily investigated223. Depending on their source and 
structure, exosomes can be immunogenic224 or non-​
immunogenic225. Naturally occurring exosomes isolated 
from cow milk have been used as vehicles for oral drug 
delivery226,227 and for oral delivery of microRNA228. The 
stability, scalability and reproducibility of exosome-based 
oral delivery systems remain to be characterized.

Drug crystals. Most drugs have poor aqueous solubility, 
low physiochemical stability, a short half-​life and low 
bioavailability. To overcome these hurdles, researchers 
have created a number of pharmaceutical nanocrystal 
products containing minimal amounts of surfactants for 
stabilization. As the drug and the carrier are one and the 
same, high drug loads can be achieved (>200 mg/ml)229. 
Crystalline drugs can exhibit reduced physical and 
chemical degradation, including that caused by lysoso­
mal proteases230. Of note, a process to create cross-linked 
enzyme crystals231 and cross-​linked protein crystals232 
was initially developed by Altus Pharmaceuticals 
(successively acquired by Althea Technologies233 and 
Ajinomoto Company234). These methods involve batch 
crystallization of the protein of interest and cross-​linking 
of the resulting crystalline particle, which has been used 
to create crystalline forms of proteases, lipases and 
esterases232,235. Although crystallization can improve the 
overall solubility of a drug, the crystallization process 
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itself might inactivate the protein232. How much protein 
is needed to induce crystallization and whether this pro­
cess would be readily scalable for any protein of interest 
remain unclear.

Nanofibres. Polymers can be spun, extruded or pre­
pared to form long, continuous nanofibres236,237 with 
a high drug-​loading efficiency, a high surface area to 
volume ratio and various surface functions resulting in 
rapid dissolution rates238,239. Electrospinning is a com­
mon nanofibre-​manufacturing method in which electric 
fields are used to draw out charged threads with diam­
eters on the order of a few hundred nanometres from 
polymer solutions238. Nanofibres can be formed contin­
uously from a single polymer solution or can be co-​spun 
from mixtures of polymers237,240. Electrospun nanofibres 
derived from a solution of water-​soluble fish sarcoplas­
mic proteins and insulin have been used for the oral 
delivery of insulin. Fish sarcoplasmic protein nanofibres 
are insoluble in aqueous media but are readily degraded 
in the presence of proteolytic enzymes. Fish sarcoplas­
mic protein nanofibres also exhibit inhibitory effects on 
dipeptidyl peptidase 4, and this bioactive material has 
been used in the development of treatments for T1DM 
and T2DM241. Hyaluronic-​acid nanofibres have been 
loaded with the antidiabetic drug metformin, which has 
low oral bioavailability due to poor intestinal absorp­
tion. In this study, however, the apparent permeability 
coefficient for a solution of metformin was 2–4 times 
higher than for metformin-​loaded nanofibres in Caco-2 
monolayers242.

Macroscopic systems
Macroscopic materials (>0.1 mm) are often classified 
as medical devices and have been used extensively in 
the oral-​drug-delivery field. Some macroscopic oral-​
drug-delivery systems comprise combinations of the 
materials previously discussed.

Mucoadhesive patches. Inspired by transdermal patch 
technology, intestinal mucoadhesive patches aim to 
overcome the disadvantages of traditional oral deliv­
ery of protein drugs. By creating a drug reservoir that 
releases a drug at a specific location and in only one 
direction, mucoadhesive patches minimize the dilution 
effects experienced by other oral-​delivery strategies.

Intestinal patches consist of several layers: a water-​
impenetrable backing layer (typically ethylcellulose or 
cellulose acetate) that promotes unidirectional release, 
a mucoadhesive layer (such as Carbopol and pectin) that 
promotes adhesion to the intestinal lining and an enteric 
coating (such as Eudragit L or Eudragit S) that prevents 
premature drug release and proteolytic degradation 
in acidic environments243. The drug or protein reser­
voir can be mixed into the adhesive layer or included 
as a separate layer. Intestinal patches have been used to 
deliver insulin244–248, salmon calcitonin249, exenatide244, 
interferon-​α250, erythropoietin251 and human granu­
locyte colony-​stimulating factor252. Early versions of 
intestinal patches had a simple layered construction that 
resulted in drug leakage from the open sides; in later ver­
sions, an impenetrable liquid coating on all sides except 

for the mucoadhesive region substantially reduced this 
phenomenon253. The addition of permeation enhanc­
ers such as PPS to an oral mucoadhesive patch for oral 
delivery of insulin resulted in a 30% drop from baseline 
in blood glucose levels in diabetic rats245. Similar patch 
architecture has also been used in conjunction with ion­
tophoresis, a procedure extensively used to transport 
drugs across biological barriers such as the skin254.

As mucoadhesive patches adhere to the intestinal 
lining, patches that are too thick can either cause dis­
ruptions in fluid flow or become dislodged. Patch size 
could be adjusted to accommodate the required amount 
of therapeutic protein. However, if the formulation is 
intended to be released over an extended period of time, 
patches should be designed to have a minimal propensity  
to release the entire payload at once.

Microneedles. Microneedle technology is typically 
implemented as an array of micrometre-​scale needles 
attached to a macroscopic substrate. Microneedles 
were first designed as a minimally invasive procedure 
to deliver drugs across the outermost layer of the skin. 
Their applications have since expanded to include drug 
delivery across a variety of tissue types, including in the 
gastrointestinal tract255. Microneedles are advantageous 
for oral delivery as they enable direct injection of the 
drug cargo into the intestinal wall with minimal percep­
tion of pain. The high turnover of mucus and epithelial 
lining in the gut enables any epithelial disruption caused 
by microneedles to be readily repaired.

The ‘robotic’ RaniPill developed by Rani Therapeutics  
sheds its outer cellulose coating on reaching the intes­
tine (pH 6.5–7.0). Dissolution of the outer coating 
activates chemicals within the capsule that inflate a 
balloon with carbon dioxide, which forces drug-​loaded 
sugar microneedles to pierce the intestinal wall. The 
company’s self-reported data suggest that the RaniPill 
achieves >50% oral bioavailability of insulin and adali­
mumab in pigs. This technology is limited by the small 
drug payloads it can deliver (3–5 mg of drug per pill)256.  
Rani  Therapeutics’ first-​in-human safety study of 
its RaniPill reported no adverse events257.

An ingestible self-​orienting millimetre-​scale appli­
cator (SOMA) inspired by the self-​righting tortoise 
shell has been designed that delivers its payload into 
the stomach lining258. Actuation is triggered by a fluid-​
induced dissolution process, which deploys a stainless-​
steel spring that forces the injection of a pressurized 
insulin-​infused tip fused to a biopolymer shaft. As the 
SOMA delivery vehicles were intragastrically placed in 
these experiments, a greater degree of variation in pay­
load delivery dose could potentially be expected if the 
device was placed in an oral capsule. Animals passed  
the units over a period of a few days and long-​term toxi­
city monitoring is ongoing. The researchers used pay­
loads of up to 0.5 mg insulin per device but suggest that 
payloads >1 mg per device could be attained258.

Polymeric scaffolds. Macroscopic devices made from 
biodegradable polymeric scaffolds can carry high drug 
loads and enable a tailored release profile. Such a device 
was first designed to achieve ultra-​long-lasting delivery 
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(up to 14 days) of ivermectin treatment for malaria259. 
This same approach has been used to deliver oral once- 
weekly HIV antiretroviral therapy260 and oral once-​weekly  
memantine for Alzheimer disease261.

The scaffold developed by Lyndra Therapeutics259 fits 
inside a capsule, which breaks open in the stomach and 
releases a compressed, drug-​infused poly(ε-​caprolac­
tone) polymer structure that self-​expands radially into 
a stellate, or star-​like, architecture. The expanded stellate 
shape of this biopolymer prevents its passage through 
the pylorus until the degradation of pH-​dependent 
linkers incorporated into the appendages. This polymer 
scaffold protects the therapeutic agent in the low-​pH 
gastric environment for an extended duration, while 
also retaining its form259. This technology could also be 
used to deliver protein drugs and other large molecules; 
however, additional components might be required to 
offer additional cargo protection or enhanced perme­
ation across the epithelial lining. Applications of this 
technology are also currently limited with regard to the 
amount and type of compatible drugs. For example, dur­
ing device manufacture, the drug cargo is exposed to 
high temperatures, acidic conditions and high humidity, 
which pose a considerable challenge for the incorporated 
biologic agent. The maximum loading capacity of this 
device is also 10–30% by weight. Thus, this technol­
ogy is best suited to the delivery of very potent com­
pounds, as a fixed amount of the drug is loaded and 
gradually released over an extended period, resulting in 
a low (<50-mg) daily dose. Only four of the many anti-​
HIV agents tested were sufficiently potent to be suit­
able for inclusion in a once-​weekly formulation using  
this device260.

Hydrogels. Hydrogels are a class of large molecules con­
sisting of cross-​linked networks of hydrophilic polymer 
chains. Hydrogels can possess a high water content yet 
remain insoluble and retain their three-​dimensional 
structure. Physical integrity is maintained by physical 
or chemical cross-​links, which yield highly biocompati­
ble materials with a soft consistency and low interfacial 
tension in aqueous media262, properties resembling those 
of tissues.

Hydrogel systems are readily tailored for site-​specific, 
sustained oral drug delivery. For instance, anionic 
hydrogels remain in a collapsed, low-​volume state at the 
pH of the stomach because this pH is below the acid dis­
sociation constant (pKa) of the hydrogel network. This 
collapsed state shields the complexed protein cargo from 
enzymatic degradation and acidic conditions. On reach­
ing the intestine and colon, where the pH is above the 
hydrogel network’s pKa value, the hydrogel becomes ion­
ized, absorbs water and swells, enabling gradual release 
of its drug payload at the desired location in a sustained, 
controlled manner263. Anionic hydrogels consisting of 
poly(methacrylic acid) grafted with PEG, alginate, poly­
acrylic acid or hyaluronic acid have been used to deliver 
insulin264, calcitonin265, interferon-​β265 and heparin266. 
Conversely, cationic hydrogels become ionized and 
swell at pH values below their pKa, such as those found 
in the stomach. This property makes cationic hydrogels 
ideal for stomach delivery. The mucoadhesive nature of 

chitosan-​based cationic hydrogels have led to their use 
in the oral delivery of insulin267 and other proteins268 that 
benefit from prolonged residence in the stomach. One 
limitation of these pH-​responsive hydrogels is the times­
cale over which the hydrogel can fully swell and release 
the drug cargo. Owing to the slow rate of water diffusion 
into the gel, swelling could take tens of minutes269.

Other hydrogels used for oral drug delivery include 
enzymatically degradable scaffolds. A dextran hydrogel 
has been used to deliver salmon calcitonin to the colon, 
where dextranase is readily present and can locally 
degrade the polymeric network270.

Microfabricated devices. Microfabrication techniques 
have enabled the creation of devices with a precise 
geometry and programmable systems to overcome bar­
riers to oral delivery on the macroscopic scale. Similar 
to mucoadhesive patch technology, microfabricated 
delivery systems can be designed to achieve maximal 
drug loading, precise drug unloading at the device–cell 
interface, optimal adhesive ability and to have minimal 
shear disturbance due to their low profile. Bioadhesive, 
multilayered patches constructed using photolithog­
raphy and reactive ion etching can deliver insulin or 
camptothecin encapsulated in a hydrogel to the intes­
tine in a controlled fashion271. These fabricated devices 
were designed to be small enough to fit inside a capsule 
but large enough to resist endocytosis once in contact 
with the intestinal wall. Microfabrication has also been 
used to produce microcontainers (reservoir-based, poly­
meric, cylindrical microdevices having a diameter and 
height of approximately 300 μm) designed to achieve 
unidirectional delivery of a volumetrically large payload 
while protecting the drug cargo from exposure to the 
surrounding environment272–275. Advances in 3D print­
ing have also simplified the creation of microfabricated 
devices. For example, the MucoJet is a 3D-​printed device 
for oral vaccination that uses a high-​pressure liquid jet to 
transport vaccines across the buccal mucosa276.

The nanoscale surface texture of microfabricated 
devices can dramatically alter the behaviour of cellular 
barriers. Building on the planar, asymmetric device dis­
cussed previously271, the addition of nanostraw structures 
enabled direct loading of the drug of choice in solution, 
increased the bioadhesive ability of the device and 
reduced the influx of molecules from the surrounding 
environment into the drug reservoir277. In an alternative 
approach, altering the surface roughness of microfabri­
cated devices by adding nanoscale structures improved the 
transport of biologics, including bovine serum albumin,  
immunoglobulin G antibodies and etanercept278.

The presence of nanostructures modulates energy-​
dependent (active) transcellular pathways such as trans­
cytosis and transiently disrupts tight junctions, which 
improves (passive) paracellular transport279. However, 
creating devices with microscopic and nanoscopic 
features can be challenging and cost-​prohibitive from 
a manufacturing and scaling perspective. To begin  
to address this issue, several researchers have proposed  
alternative, bottom-​up, layer-​by-layer fabrication 
approaches that enable high drug-​encapsulation effi­
ciency, rapid iteration and optimization and release 
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kinetics that can readily be tuned simply by changing 
the capping material280.

Other design considerations
Several parameters other than the materials used for 
oral drug delivery must be considered, such as the 
device’s drug-loading capacity and release kinetics. 
The functions of the core material, along with those 
of the protein cargo, can also be modified to further 
improve oral drug delivery. In this section, we briefly 
discuss practical limitations and regulatory matters that 
should be considered when designing a system for oral 
delivery of protein-​based therapy.

Drug load, potency and commercial feasibility
Materials for oral delivery of proteins often have an 
upper limit on the amount of protein that can be deliv­
ered. For sustained-​release applications, the precise 
amount of drug needed should be calculated and the 
formulation optimized accordingly by tuning the mate­
rial constituents or encapsulation process. The amount 
of drug required for dosing depends on its potency and 
should be determined early in the product-​development 
process. For example, when comparing semaglutide 
and liraglutide, the less-​potent therapeutic (liraglutide) 
would require over six times the oral dose needed for 
the more-​potent therapeutic (semaglutide) to achieve 
a comparable therapeutic effect when both agents are 
administered using SNAC281. Similarly, a cost–benefit 
analysis should be performed for any new oral formu­
lation, as high costs associated with the manufacture of 
either the drug or the carrier material might render an 
effective therapy not commercially viable.

Release kinetics
The nature of the disease directs the selection of an opti­
mal drug-​release profile. For instance, in a controlled-​
release formulation, a drug might need to be continuously 
released at a predetermined rate. This constant rate of 
release is independent of the drug concentration. By 
contrast, a sustained-​release formulation might imme­
diately deliver an initial dose, followed by the sequen­
tial release of additional doses, which might not be 
maintained at a constant rate. Materials can be tuned to 
exhibit the desired release profile through the incorpo­
ration of coatings, modifying cross-​linking density or 
altering the way the protein is encapsulated. Materials 
can also be combined (for example, nanoparticles can 
be included within a hydrogel) to further fine-​tune  
the desired release profile.

Direct structural modification
The drug itself or the carrier materials (vehicle) can 
be chemically or physically modified to improve drug 
loading or efficacy. Common approaches that have been 
used include the creation of a prodrug, PEGylation to 
evade immune clearance, incorporation of mucus- 
penetrating or mucoadhesive polymers, fusion of short-​
chain glycosphingolipids to enhance transcellular trans­
port through lipid sorting and trafficking282, conjugation 
of trehalose glycopolymers to enhance stability and 
extend the plasma half-​life283, chemical conjugation to 

and/or physical interaction with bile acids284 and other 
alterations to the protein backbone, formulation compo­
nents or vehicle geometry285. For instance, the improved 
efficacy of semaglutide (a long-​acting analogue of human 
GLP-1) results from several structural modifications of 
the native amino acid sequence: replacement of the ala­
nine at position 8 with 2-aminoisobutyric acid, which 
increases its stability against dipeptidyl peptidase 4; 
substitution of the lysine in position 34 with arginine, 
which prevents acylation at this site; and acylation of 
the lysine in position 26 with a spacer consisting of two 
8-amino-3,6-dioxaoctanoic acid groups, a glutamic acid 
and a C18 fatty di-acid, which increases the strength of 
binding to serum albumin. These modifications extend 
the drug’s half-life to approximately 1 week, render­
ing it a prime candidate for oral delivery286. Attempts 
have also been made to render structurally complex 
molecules such as enzymes amenable to oral delivery 
through PEGylation287 and other polymer-conjugation 
techniques that provide protection from peptidases and 
promote permeation288,289.

Practical implications
The practical implications of a therapy should be con­
sidered at the outset of the development of new oral 
formulations. For instance, production of materials 
might need to be scaled up either physically or volu­
metrically when transitioning from in vitro studies to 
larger animal models and humans, or when delivering 
less potent drugs. Care should be taken to determine 
the upper limit of the amount of material that patients 
can reasonably ingest, along with any associated safety 
concerns. Capsules or tablets must be sized appropri­
ately for oral ingestion and able to transit through the 
pyloric sphincter if drugs are to be delivered to the small 
intestine or colon. Additionally, the target population of 
patients must be considered when designing new thera­
peutics or reformulating pre-​existing ones to have new 
modes of administration. For example, young children, 
unlike adults, might not be able to easily ingest large 
capsules. In most preclinical studies, the effect of diet is 
overlooked. Whether the individual is in a fed or fasted 
state could influence the delivery of oral drugs.

Regulatory considerations
To expedite the regulatory approval process, compa­
nies might decide to pursue ‘generally regarded as safe’ 
(GRAS) approval from the FDA to reduce the regula­
tory requirements for drug-​delivery technologies such 
as Eligen SNAC112. Materials that attain this designation 
from the FDA are exempt from premarketing approval 
and review for use as a food additive, on the grounds 
that “the substance is generally recognized, among 
qualified experts, as having been adequately shown to 
be safe under the conditions of its intended use, or unless 
the use of the substance is otherwise excepted from the 
definition of a food additive”290. Similarly, GRAS desig­
nation could help to mitigate perceived safety risks 
associated with these types of materials among inves­
tors and the broader community. As GRAS designation 
does not guarantee either a material’s efficacy or FDA 
approval of the resulting formulation, companies should 
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strive to explore materials beyond those already GRAS-​
designated to be truly innovative and further advance 
the field of oral protein and peptide delivery.

Conclusions and future directions
In the past decade, important oral protein delivery mile­
stones have been achieved thanks to innovative technol­
ogies and materials. First-​generation systems addressed 
only one of the two major barriers to oral protein deliv­
ery: protection of the protein cargo or intestinal perme­
ation enhancement. More recently, we have witnessed 
an influx of potent holistic approaches, including smart 
hydrogels, ionic liquids, and silica nanoparticle systems. 
Additionally, renewed emphasis has been placed on the 
development of cost-​effective, tunable, biodegradable, 
biocompatible and easily scalable materials to accom­
modate the growing pool of biologic therapies. Despite 

these advances, oral delivery of protein-​based drugs 
persists as a formidable challenge, as indicated by the 
small number of FDA-​approved oral biologics and their 
low oral bioavailability (<2%). Inter-​patient variation 
in absorption along the gastrointestinal tract and the 
effects of everyday diet contribute to these low numbers. 
Nonetheless, the future of oral protein delivery is bright, 
given the growing number of materials, combinatorial 
approaches and late-​stage clinical trials. Next-​generation 
materials must achieve oral bioavailability in the double-​
digit range (that is, >10%), be compatible with a wide 
range of proteins, deliver precise and reproducible drug 
doses and cause minimal adverse effects. Such advances 
will break open this field and put protein therapy control 
into the hands and mouths of patients.
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