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Abstract

Biological barriers such as the gastrointestinal tract, skin and 
blood–brain barrier inhibit the permeation of drugs such as 
peptides, proteins and nucleic-acid-based therapeutics, resulting 
in poor bioavailability, side effects and limited clinical efficacy 
via non-invasive routes. Permeation enhancers are materials or 
technologies that increase drug flux by modulating the barrier 
structure, ideally temporarily and reversibly. Although many 
permeation enhancers have been introduced in the literature, only 
a few, for example, salcaprozate sodium used in oral semaglutide 
for managing type 2 diabetes, have reached the market. Permeation 
enhancers could help to support the continued expansion of 
the clinical use of biologics and meet the growing demand for 
patient-centric, non-invasive therapies. This Perspective examines 
the physiological barriers to drug delivery, the mechanistic strategies 
underpinning permeation enhancers and the current state of their 
preclinical and clinical development. We also consider regulatory 
hurdles and safety concerns associated with the clinical adoption 
of these materials and technologies and discuss the possibility of 
developing permeation enhancers that work for multiple biological 
barriers. This Perspective aims to inform future strategies to bridge 
the translational divide and advance the clinical deployment of 
permeation enhancers across diverse therapeutic classes.
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addressing the cross-barrier applicability of permeation enhancers 
and their potential to facilitate systemic delivery across diverse bio-
logical environments5,14,15,17. It is unclear to what extent permeation 
enhancers — or strategies of enhancers — can be applied across different 
biological barriers. Therefore, a multiroute perspective is needed to 
identify shared principles and key differences that govern permeation 
enhancement across diverse physiological environments.

In this Perspective, we discuss progress towards the clinical trans-
lation of permeation enhancers and strategies to address the remaining 
challenges. First, we discuss different types of biological barriers and 
the key principles for designing drugs and permeation enhancers to 
overcome these barriers. Next, we outline the different types of per-
meation enhancers, the molecular mechanisms through which they 
operate and their clinical status and translational progress. We also 
discuss the possibility of generalizing permeation enhancers for mul-
tiroute applications, key safety considerations and remaining barriers 
to clinical translation. Finally, we offer insight into future directions 
for the rational design of next-generation permeation enhancers that 
could expand the therapeutic landscape for hard-to-deliver drugs.

Design principles for permeation enhancement
Drug transport across biological barriers is a challenge in the develop-
ment of effective medicines. These barriers arise at multiple biological 
interfaces, including the gastrointestinal tract18, skin19, lungs20, brain21 
and even cells22 (Fig. 1). Physiological barriers differ in structure, com-
position and function, imposing distinct constraints on drug delivery. 
To achieve clinical translation, drug developers must design formula-
tions that overcome or bypass these obstacles, often using permeation 
enhancers, protective carriers or targeted delivery strategies. Over-
coming these obstacles requires a coordinated strategy: designing 
the drug candidates for optimal stability, solubility, permeability and 
pharmacokinetics — with formulation approaches that exploit chemi-
cal, mechanical or biological mechanisms to enhance transport across 
specific barriers. This section examines key biological barriers and 
illustrates how rational drug and formulation design, including the use 
of permeation enhancers, can enable effective delivery across these 
interfaces. Representative clinically translated and late-stage examples 
of permeation enhancers are summarized in Table 1.

Gastrointestinal barriers
Drugs delivered orally face substantial obstacles within the gastroin-
testinal tract owing to its sophisticated multilayered barrier system, 
which generally restricts efficient systemic absorption to molecules 
with physicochemical properties close to the classical ‘rule of five’ 
space23. Consequently, the oral delivery of peptides, proteins and other 
highly polar macromolecules, which are often in the ‘beyond rule of five’ 

Introduction
Clinical effectiveness of many therapeutics is limited by their poor 
permeation across biological barriers such as the mucosal surfaces 
(intestinal epithelium), skin and blood–brain barrier (BBB). These 
biological barriers serve important protective functions but often 
restrict the absorption and bioavailability of compounds outside the 
traditional small molecule drugs, especially macromolecules such 
as peptides, proteins and nucleic-acid-based therapeutics1. Various 
strategies have been developed to overcome these barriers, including 
chemical modification of drugs, physical delivery methods and the 
use of permeation enhancers. Permeation enhancers are materials or 
technologies that increase drug flux across epithelial or endothelial 
barriers, ideally through transient and reversible modulation of barrier 
properties, increase drug availability at the absorption site or both2–6. 
Permeation enhancers act via diverse mechanisms, such as modulat-
ing tight junctions and reversibly perturbing or increasing solubility 
across lipid bilayers7–9 (Fig. 1).

Permeation enhancers facilitate non-invasive delivery of therapeu-
tics, including peptides, proteins and nucleic acids, which traditionally 
require parenteral administration10. The role of biologic therapies 
in modern therapeutics is expanding; for example, peptide-based 
modalities accounted for ~15% of all new molecular entities approved 
by the FDA in 2023 (ref. 11). Permeation enhancers are increasingly 
required to support this shift. Salcaprozate sodium (SNAC; sodium  
N-[8-(2-hydroxybenzoyl)amino] caprylate) enables oral semaglutide 
absorption by generating a transient alkaline microenvironment 
around the tablet in the stomach12. SNAC protects semaglutide from 
proteolytic degradation, improving its local solubility and facilitating 
mainly transcellular passage across gastric epithelial cells. The effect 
depends on close spatial and temporal co-dissolution of SNAC and 
semaglutide and produces low but therapeutically sufficient systemic 
exposure. This technological breakthrough has translated into sub-
stantial clinical success12,13. Building on the success of SNAC, emerging 
permeation enhancers are now being investigated to improve drug 
delivery across various biological barriers including nasal, pulmo-
nary and BBBs. However, the development and clinical translation 
of permeation enhancers are limited by the trade-off between their 
biological potency and toxicity, complex barrier-specific physiology, 
safety concerns and regulatory challenges14,15.

Permeation enhancers are increasingly being explored across 
multiple administration routes. However, biological barriers differ 
substantially in their structural organization, permeability charac-
teristics and physiological constraints, meaning that strategies that 
are effective in one context might not directly translate to another1,16. 
Although numerous studies have focused on individual barriers or 
specific drug candidates, there is a lack of comprehensive analysis 

Fig. 1 | Physiological barriers and representative permeation strategies. 
a, The gastrointestinal barrier restricts the diffusion of macromolecules and 
exposes drugs to enzymatic degradation. Strategies to enable drug molecules 
(red circles) to penetrate the barrier (red arrow) include local pH protection 
to reduce acid-mediated and pepsin-mediated degradation (for example, 
salcaprozate sodium (SNAC)), mucolysis to facilitate mucus penetration, 
transcellular absorption enhancement, and reversible tight-junction 
modulation (for example, sodium caprate (C10). b, The dermal barrier limits 
the permeation of large or hydrophilic drugs. Lipid fluidization, hydration and 
transient disruption techniques (for example, dimethyl sulfoxide (DMSO) or 
microneedles) are used to enhance penetration by transiently loosening the 
compact lipid–protein architecture of the stratum corneum. c, The blood–brain  

barrier (BBB) has high electrical resistance and selective permeability. 
Transient and localized modulation using hyperosmotic or receptor-mediated 
approaches (for example, mannitol and bradykinin analogue RMP-7, shown in 
inset) facilitates brain drug delivery. d, The alveolar epithelial barrier restricts 
macromolecular transport in the lungs. Particle engineering strategies are 
used to optimize aerodynamic deposition, enhance dissolution in the epithelial 
lining fluid and improve epithelial drug absorption. e, The cellular barrier 
limits intracellular access through endocytosis and endosomal sequestration. 
Receptor-targeted uptake and pH-responsive endosomal escape systems 
(for example, GalNAc–small interfering RNA conjugates and ionizable lipid 
nanoparticles) enable cytosolic delivery of biologics.
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a Gastrointestinal barrier Blood–brain barrier

b Dermal barrier

d Pulmonary barrier

e Cellular barrier

Key features
Single epithelial layer sealed by tight junctions, covered by 
mucus, exposed to digestive enzymes

Main obstacle
Mucus entrapment, enzymatic degradation and low 
paracellular permeability

Strategy
pH protection, mucopenetration and reversible tight-junction 
modulation (SNAC, C10, ionic liquid, silica nanoparticles)

Key features
Endothelial cells with claudin-5 and occludin tight junctions 
and astrocyte coverage (~99%)

Main obstacle
Extremely high transendothelial electrical resistance (~104 � cm2) 
and e�lux transporters restrict most drugs (>400 Da)

Strategy
Transient, localized and reversible opening with safe enhancers 
(mannitol, RMP-7, nanoparticles)

Key features
Large surface area (~100 m2), thin alveolar epithelium 
and mucus-covered airways

Main obstacle
Limited permeability of the alveolar epithelial barrier and 
restricted transport of macromolecules

Strategy
Particle engineering and formulation strategies are used to 
enhance deep lung deposition, dissolution and transcellular 
absorption (Technosphere microparticles)

Key features
Endocytosis limits cytosolic access; internalized drugs trapped 
in endosomes

Main obstacle
Endosomal entrapment preventing cytoplasmic delivery

Strategy
Particle engineering for receptor-targeted uptake and pH 
endosomal escape (GalNAc, ionizable lipid nanoparticles)

Key features
Stratum corneum (15–20 µm) with dense lipid–protein matrix 
and low hydration (~20%)

Main obstacle
Highly ordered lipids block hydrophilic or large molecules 
(>500 Da)

Strategy
Lipid fluidization, hydration and localized reversible disruption 
(DMSO, microneedle, ionic liquid)
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(bRo5) chemical space23–26, is particularly challenging. Most passively 
absorbed drug-like molecules with molecular weights up to ~500 Da 
cross the intestinal epithelium transcellularly, whereas larger and more 
polar compounds show markedly reduced permeability23,25. In addition, 
the luminal environment contains proteolytic enzymes, which can rap-
idly degrade peptide drugs, further limiting their oral bioavailability. 
Together, these constraints create a highly selective environment, for 
large, polar or bRo5 compounds to achieve oral bioavailability23,26,27. 
Increasing gastrointestinal permeation and bioavailability therefore 
requires an integrated formulation strategy that combines protec-
tion from degradation, navigation of pre-epithelial barriers, tran-
sient and reversible epithelial modulation, site-specific co-release of 
drug and enhancer and an acceptable safety and manufacturability  
profile6 (Fig. 1a).

Strategies to protect the drug from enzymatic degradation 
include protease inhibitors, encapsulation in pH-responsive carriers 

and molecular design such as cyclization. Cyclization can increase 
conformational rigidity and metabolic stability, but permeability 
often requires retained conformational adaptability. Cyclosporin A 
illustrates this balance: despite being a large undecapeptide (1.2 kDa), 
it shows high oral bioavailability (≥ 60%) linked to solvent-dependent 
flexibility28–31. For larger peptides (1–5 kDa), however, molecular design 
alone is often insufficient, and protective formulation strategies 
combined with localized microenvironment control and permeation 
enhancement are typically required to achieve therapeutic exposure. 
For example, SNAC-based formulations (Rybelsus and Wegovy) address 
the limited oral bioavailability of semaglutide, which is caused by 
rapid proteolysis and poor epithelial permeability, through transient 
modulation of the gastric environment to enhance epithelial transport 
and elevate local pH to reduce acid-catalysed degradation and enzy-
matic activity12,13,32. Thus, SNAC contributes to improved stability of  
semaglutide before absorption.

Table 1 | Examples of clinically translated and late-stage permeation enhancers

Route or barrier Product or programme 
(drug)

Permeation 
enhancer (type)

Key materials 
characteristics

Formulation 
architecture and 
release control

Clinical status, 
constraints

Lesson learned

Gastrointestinal 
(stomach)220–222

Rybelsus (oral 
semaglutide; 
approved 2019)

SNAC (small 
molecule)

Amphiphilic aromatic 
caprylate enables local 
pH and microenvironment 
control for high local 
exposure

Gastric-retentive 
tablet; colocalizes 
drug and enhancer; 
formulation evolution 
reduced SNAC dose 
from 300 mg to 100 mg

Requires fasting 
(≥30 min before 
food)

Localized 
microenvironment and 
synchronized release 
can reduce enhancer 
dose while maintaining 
exposure

Gastrointestinal 
(upper small 
intestine)135,136,199

Mycapssa (oral 
octreotide; approved 
2020)

TPE, an MCFA- 
based system 
(small molecules)

Amphiphilic 
medium-chain 
excipients; transient 
epithelial modulation 
under controlled local 
concentration

Oily suspension in 
enteric capsule; 
targeted release of 
solubilized drug and 
enhancer in upper 
intestine

Meal-timing 
label (≥1 h 
before or ≥2 h 
after meals)

Formulation 
architecture (enteric 
and liquid) improves 
site control and 
reproducibility

Gastrointestinal 
(upper small 
intestine)223,224

MK-0616 (enlicitide 
decanoate; late-stage 
clinical development)

C10 with or without 
caprylocaproyl 
polyoxyl-8 
glycerides 
(Labrasol; small 
molecules)

Chain-length-dependent 
amphiphilicity; 
paracellular 
enhancement with 
dose-limited exposure

Clinical titration of 
excipient or enhancer 
achieved comparable 
efficacy when C10 
dose was reduced 
from 360 mg to 180 mg

Food effect 
reported 
(~40% reduction 
in systemic 
exposure after 
low-fat breakfast)

Human PK-guided 
dose optimization and 
food-effect mitigation 
are central to translation

Gastrointestinal 
(small 
intestine)125,126

Insulin Tregopil (IN-105; 
clinical; development 
paused)

C10 (small 
molecules)

Amphiphilic fatty acid; 
transient tight-junction 
modulation

Oral peptide 
formulation 
requiring sufficient 
local enhancer 
concentration

Modest overall 
glucose control 
in trials; not 
approved

Variability, tolerability 
window and practical 
dosing constraints can 
limit translation even 
with strong mechanistic 
rationale

Nasal mucosa90 Intravail platform 
in FDA-approved 
intranasal products 
(approved 2019–2023): 
Tosymra (sumatriptan), 
Valtoco (diazepam), 
Opvee (nalmefene)

Dodecyl maltoside 
(alkylsaccharide; 
surfactant)

Non-ionic amphiphile 
tuned for mucosal 
interaction with reversible 
modulation

Intranasal spray 
for rapid systemic 
or central nervous 
system exposure 
(acute indications)

Approved for 
acute use

For acute dosing, 
rapid and reversible 
mucosal modulation 
with established safety 
precedent is clinically 
acceptable

Lung88,225 Afrezza (inhaled 
insulin; approved 
2014)

Technosphere 
microparticles 
(FDKP; piperazine 
derivative)

pH-dependent self- 
assembly and dissolution;  
particle engineering for 
deposition and rapid 
dissolution

Dry powder inhaler; 
microparticles deposit 
in deep lung and 
dissolve quickly

No intentional 
barrier 
disruption

Materials and particle 
engineering can bypass 
chemical barrier opening 
while enabling rapid 
systemic absorption

Skin226,227 Pennsaid (topical 
diclofenac; approved 
product)

DMSO (solvent) Polar aprotic solvent; lipid 
extraction or fluidization 
and altered drug 
partitioning

Topical solution (~45% 
DMSO) enables dermal 
permeation

Irritation and 
tolerability 
limits at high 
concentrations

Potency must be 
balanced with chronic 
safety and patient 
acceptability

C10, sodium caprate; DMSO, dimethyl sulfoxide; FDKP, fumaryl diketopiperazine; GIPET, gastrointestinal permeation enhancement technology; MCFA, medium-chain fatty acid; PK, 
pharmacokinetics; SNAC, salcaprozate sodium; TPE, transient permeation enhancement.
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In the gastrointestinal tract, the mucus layer constitutes a dynamic,  
size-dependent and interaction-dependent barrier that can delay or 
prevent epithelial access of drug molecules and delivery systems. Its 
continuous renewal further reduces effective drug residence time 
at the absorptive surface33,34. This barrier impedes diffusion, espe-
cially for large or charged molecules, through steric hindrance and 
electrostatic binding. Therefore, advanced formulations use surface 
modifications — such as with polyethylene glycol (PEG), known as 
PEGylation, or zwitterionic coatings — to reduce mucoadhesion and 
increase penetration34–37. Some systems incorporate mucolytic agents 
that transiently reduce mucus viscosity, allowing more drug to reach 
the epithelial surface25,37–40. These physicochemical constraints that 
limit transport through mucus in the gastrointestinal tract are shared, 
to varying degrees, with other mucosal tissues (Box 1).

Transient and reversible modulation of epithelial barriers is a core 
strategy for enhancing drug absorption through the gastrointestinal 
epithelium. The intestinal barrier consists of a regulated monolayer of 
epithelial cells connected by tight junctions with high transepithelial 
electrical resistance, which restrict the paracellular passage of large or 
hydrophilic molecules. Permeation enhancers such as sodium caprate 
(C10), propylene glycol monocaprylate (C8), medium-chain fatty acids, 
piperazine derivatives and nanoparticles such as silica can transiently 
disrupt tight junction complexes and/or modulate membrane order, to 
enable temporary paracellular or transcellular transport, ideally with 
rapid recovery of barrier function after exposure41–44.

Clinically effective gastrointestinal permeation enhancers must 
combine reversible and controlled barrier modulation, minimal toxic-
ity and scalable formulation. Although clinically translated systems 
illustrate the potential to broaden oral delivery for peptides and 

small molecules, oral delivery of complex therapeutics such as mRNA 
antibodies remains challenging35,45–47.

Dermal and transdermal barriers
Human skin, the largest organ of the body, provides a surface area of 
~2 m2 (ref. 48). The barrier to transdermal drug delivery is dominated 
by the stratum corneum, which prevents water loss and restricts the 
diffusion of exogenous molecules through a highly ordered lipid 
matrix interwoven with a dense keratin network (Fig. 1b). Variations in 
the thickness and water permeability of the stratum corneum across 
the body affect how drugs penetrate the epidermis49. Additionally, the  
stratum corneum exhibits high electrical impedance, consistent  
with its strong barrier properties50. Passive skin permeation is there-
fore generally favoured for relatively small molecules (typically 
<500 Da) with suitable lipophilicity, although ionization, solubil-
ity, hydrogen-bonding capacity and melting point also influence 
permeation4,17,51–53. Collectively, these features explain why permea-
tion enhancers are often required to achieve meaningful transdermal 
drug delivery54. Several core design principles guide the develop-
ment of effective permeation enhancers for dermal and transdermal 
barriers54.

First, the physicochemical environment of the stratum corneum 
can be modified to increase the solubility and partitioning of the drug 
into this lipid-rich layer. By transiently increasing the lipid-chain mobil-
ity within the stratum corneum, permeation enhancers such as ethanol 
can enhance drug permeation across the skin54,55. However, the reper-
toire of clinically acceptable chemical enhancers remains limited by 
irritation and toxicity constraints56,57, highlighting the importance of 
dose control and reversible, localized action58.

Box 1 | Mucus barrier design rules
 

Across both gastrointestinal and pulmonary routes, mucus acts 
as a pre-epithelial barrier that can prevent drugs and carriers 
from reaching the epithelial surface. This box outlines the shared 
principles that govern transport through mucus in both tissues, 
despite the differences in composition and clearance mechanisms.

Mucus forms a size-restrictive, viscoelastic mesh
In the intestine, the mucus layer is composed primarily of mucins 
such as MUC2 and forms a dense, viscoelastic mesh with reported 
pore sizes around 20–200 Å (2–20 nm)248,249. In the airway, the mucus 
gel is composed chiefly of water (over 90%), yet its minor solid 
fraction — dominated by fibrous mucin glycoproteins — imparts 
viscoelasticity and enables mucociliary transport80,250. In both 
settings, this mesh can sterically hinder diffusion of large particles 
and macromolecules.

Electrostatic and hydrophobic interactions promote 
nonspecific trapping
In both the gastrointestinal tract and the lung, mucins contain 
negatively charged glycans and hydrophobic protein domains 
that can interact nonspecifically with drugs and delivery systems 
through electrostatic and hydrophobic interactions. In the intestine, 
these interactions can limit the diffusion of orally administered 
particles and macromolecules, whereas in the airway they hinder the 
penetration of inhaled therapeutics. Larger particles with adhesive 

tendencies are more likely to be trapped owing to increased contact 
area20,25,38,250–252.

Disease-associated mucus changes exacerbate transport 
barriers
In pathological states such as inflammatory bowel disease in the 
gastrointestinal tract and cystic fibrosis in the lung, altered mucus 
concentration and rheology further reduce effective pore size 
and slow diffusion, amplifying steric and adhesive barriers to drug 
delivery253,254.

Successful formulations minimize mucoadhesion while 
preserving tolerability
Common strategies include neutral, hydrophilic surface 
modifications to reduce adhesive interactions and clinically 
established mucolytics (for example, N-acetylcysteine) to transiently 
reduce mucus viscosity and enhance penetration in mucus-rich 
disease states253,255,256.

Translatable designs favour localized and transient mucus 
modulation
Approaches that balance mucus penetration with epithelial safety, 
manufacturability and regulatory precedent are more likely to 
translate clinically, particularly when mucus-altering effects are 
short-lived and spatially confined253,254,257,258.
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Second, skin permeability can be increased by enhancing skin 
hydration. Elevated water content in the keratinocytes causes them 
to swell and disrupts hydrogen bonding within the lipid and protein 
matrix, loosening the compact architecture of the stratum corneum54. 
Thus, humectants such as glycerol and propylene glycol and occlu-
sive formulations can complement chemical enhancers by increasing 
hydration and loosening the lipid–protein matrix to facilitate drug 
diffusion59.

Third, disruption or fluidization of the intercellular lipid matrix 
enables transient increases in skin permeability. Chemical enhanc-
ers such as ethanol, oleic acid and surfactants integrate into or 
extract lipids from the stratum corneum, loosening its dense lamel-
lar structure54,57. Some formulations also use lipid-based carriers or 
nanoparticles that fuse with skin lipids, allowing drugs to bypass the 
barrier through both transcellular and intercellular pathways60,61. This 
targeted disruption enhances drug flux but demands precise dosing 
to minimize irritation.

Fourth, permeation enhancers must act only on the superficial 
layers of the stratum corneum and for a limited duration, allowing the 
stratum corneum to rapidly restore its integrity after dosing. Advanced 
formulation technologies, such as controlled-release patches or 
prodrugs, help to achieve this spatial and temporal precision. For 
instance, microneedle-based patch Qtrypta (containing zolmitriptan 
for migraine treatment) uses solid titanium microneedles to create 
microchannels through the stratum corneum, enabling rapid drug 
absorption. These microchannels are confined to the superficial skin 
layer and naturally reseal within hours, minimizing the risk of systemic 
barrier compromise62. However, despite promising phase III efficacy 
data, Qtrypta failed to gain FDA approval owing to variability in phar-
macokinetic profiles, underscoring the critical need for consistent and 
reproducible drug delivery from transdermal systems63,64.

Blood–brain barrier
The BBB is one of the most restrictive physiological barriers, tightly 
controlling what substances can enter the central nervous system 
(CNS)65–68. The BBB forms a large, highly selective interface with tight 
junctions and transport systems that strongly restrict entry of most 
large or hydrophilic drugs (Fig. 1c). Passive diffusion is therefore largely 
limited to small molecules (often <400 Da). The structural integrity of 
the BBB is reflected by its very high transendothelial electrical resist-
ance values of ~1,000–20,000 Ω cm² (refs. 65,69). Consequently, many 
therapeutics fail to achieve meaningful brain exposure, and treatment 
options for many brain disorders remain limited70. This challenge has 
driven efforts to develop BBB permeation enhancers. However, clini-
cally viable approaches must balance efficacy with safety through 
coupled design requirements, including temporally controlled per-
meability, spatial specificity, biocompatibility with neural tissue and 
mitigation of efflux transport.

Temporal control is a central design requirement for safe and 
effective BBB permeation enhancement, requiring permeability 
increases to be brief and self-limiting with rapid recovery of barrier 
integrity. Hyperosmolar agents such as mannitol can induce rapid 
endothelial cell shrinkage and transient loosening of tight junc-
tions, creating a narrow therapeutic window (within ~10 min)71 for 
hydrophilic delivery while minimizing the risk of prolonged barrier 
compromise. Additionally, receptor-activated vasoactive peptides 
(for example, bradykinin-pathway agonists) can trigger reversible 
signalling that increases paracellular permeability and then resolve 
rapidly72–74.

Spatial precision complements this transient action. Many 
enhancers lack intrinsic selectivity for diseased regions; therefore, 
uncontrolled BBB opening raises concerns about off-target expo-
sure and neurotoxicity. Regional delivery strategies can help to con-
fine barrier modulation to targeted vascular territories, reducing 
off-target exposure compared with systemic delivery75. Additionally, 
intranasal approaches have been explored to exploit olfactory and 
trigeminal pathways for more localized brain access75–79, although 
these approaches remain in early stages.

Pulmonary barriers
The large absorptive surface area (~80–100 m2), thin alveolar epithe-
lium and extensive vascularization of the lungs make pulmonary drug 
delivery an attractive route for both local and systemic therapies80. 
These features theoretically support rapid and efficient absorption into 
the systemic circulation. However, delivery is constrained by airway 
mucus and the alveolar epithelial barrier80,81 (Fig. 1d). Mucus can trap 
inhaled particles and remove them via mucociliary clearance before 
epithelial contact, and tight junctions between type I and type II pneu-
mocytes maintain the air–blood barrier and restrict the transport of 
larger solutes81.

Accordingly, effective pulmonary drug delivery systems must 
be rationally designed with specific permeation strategies. Particle 
engineering has a foundational role in effective pulmonary delivery. 
The aerodynamic diameter of particles must ideally be within 1–5 µm 
to ensure deposition in the lower respiratory tract82–84. Larger particles 
are often trapped in the upper airways, whereas smaller particles can 
be exhaled. Techniques such as spray drying and nanoprecipitation are 
commonly used to tailor particle size and dispersibility83–86.

Mucus penetration is a key design consideration, particularly 
in diseases such as cystic fibrosis in which thickened mucus further 
reduces epithelial access20,80. In the pulmonary system, mucus and 
mucociliary clearance act together to rapidly clear inhaled materi-
als, limiting the time available for epithelial interaction82,87. In addi-
tion, adhesive interactions with mucin networks can reduce deep 
lung penetration and increase variability in deposition. These shared 
mucus-related constraints form a common set of design considerations 
with the gastrointestinal tract, despite differences in composition and 
clearance kinetics (Box 1).

These design principles are reflected in clinically translated 
pulmonary and nasal systems. For instance, Afrezza (FDA-approved 
in 2014) delivers inhaled insulin using Technosphere microparticles 
that rapidly dissolve in the lung fluid, bypassing enzymatic degrada-
tion and facilitating systemic absorption88 without requiring any 
chemical modification of the insulin. Fumaryl diketopiperazine 
(FDKP) — the core excipient in the Technosphere particles — is bio-
compatible, non-toxic and cleared renally. It enhances permeation 
by optimizing particle deposition, solubility of the drug and drug 
release kinetics in the deep lung. By contrast, Intravail, a permeation 
enhancer made of alkylsaccharide dodecyl maltoside, improves drug 
absorption across the nasal mucosa89,90 by temporarily loosening 
tight junctions between epithelial cells and boosting transcellu-
lar transport. Intravail is a permeation enhancer for sumatriptan 
(Tosymra91, approved 2019) for migraine, diazepam (Valtoco92, 
FDA-approved in 2020) for seizure clusters and nalmefene (Opvee93, 
FDA-approved in 2023) for opioid overdose reversal. These treat-
ments leverage Intravail technology to deliver rapid systemic and 
CNS effects, offering effective, non-invasive alternatives to injectable  
options.
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Cellular barriers
At the cellular level, drug molecules — especially nucleic acids and 
proteins — face two major challenges: entering cells and escaping endo-
somal compartments (Fig. 1e). Most biologics cannot readily cross 
the plasma membrane because of their large size, hydrophilicity or 
negative charge. Furthermore, after cellular uptake by endocytosis, 
many therapeutics become trapped within endosomes and are ulti-
mately trafficked to lysosomes for degradation unless they escape 
into the cytosol. Materials strategies that enable cell entry include 
ligand–receptor targeting and high-density nucleic-acid nanostruc-
tures that can exploit scavenger receptors for internalization94,95. These 
approaches emphasize surface chemistry and ligand presentation 
as key design variables for cellular permeation. Endosomal escape is 
commonly achieved using pH-responsive or ionizable materials that 
remain relatively neutral in extracellular environments yet become 
protonated in the acidic endosome, destabilizing the membranes94–97.

Rationally designed delivery systems can overcome intrinsic cellu-
lar barriers. One clinically validated strategy to enhance cellular entry 
is the use of GalNAc-conjugated small interfering RNA, exemplified 
by Givosiran (Givlaari)98,99. This drug targets the asialoglycoprotein 
receptor on hepatocytes, promoting receptor-mediated endocytosis 
and enabling precise delivery of small interfering to liver cells98,99. 
Additionally, mRNA vaccines, such as those developed for COVID-19,  
use ionizable lipid nanoparticles to encapsulate and protect the 
mRNA, facilitating cellular uptake and timely endosomal escape, 
allowing genetic instructions to reach the cytoplasm and be trans-
lated into proteins96,97,100. Such strategies are now being broadly 
applied in gene therapies101 and RNA-based treatments100,102,103, intra-
cellular biologics104,105, marking a pivotal shift towards non-invasive, 
cell-targeted drug delivery.

Types of permeation enhancer
The complexity of biological barriers necessitates tailored permeation 
enhancer design to balance efficacy with safety. Accordingly, a broad 
range of materials has been explored each with distinct physicochemi-
cal mechanisms and considerations for clinical translation. Five key 
principal strategies have been used and validated: solvents, which 
were the first enhancers to be explored and are mainly used in trans-
dermal delivery; small molecules, including fatty acids and surfactants 
applied across skin, intestinal and mucosal barriers; peptides, which 
are bioinspired sequences that promote macromolecular transport; 
polymers, such as PEG and chitosan derivatives offering mucoadhesion 
and hydration; and ionic liquids, a newer class of tuneable, biocompat-
ible solvents with broad applicability (Fig. 2). This section discusses 
each strategy in detail, outlining their mechanisms, representative 
examples and translational relevance. Although their mechanisms 
often overlap, this classification emphasizes key physicochemical 
and translational considerations. It should be noted that mechanistic 
descriptions such as tight junction modulation, paracellular perme-
ability enhancement and transient junctional opening are often used 
interchangeably in the literature and represent a continuum of related 
effects rather than distinct mechanisms.

Solvents
Solvent-based permeation enhancers have been foundational in the 
development of drug delivery systems, serving both as practical excipi-
ents and mechanistic benchmarks that have informed how membrane 
lipid packing, protein conformation and hydration contribute to bar-
rier function106–108. Dimethyl sulfoxide (DMSO) was identified for its 

membrane-penetrating properties in the 1960s106,109. Over time, the 
class expanded to include ethanol107,110, diethylene glycol monoethyl 
ether (Transcutol)111, glycerol112–114 and propylene glycol112–114, each 
selected for their ability to modulate barrier permeability while increas-
ing the solubilization of the active pharmaceutical ingredient (API). 
Mechanistically, solvents can extract or fluidize barrier lipids; interact 
with structural proteins and alter drug partitioning into and across 
membranes106,110. Solvents can also act synergistically with surfactants 
or fatty acids, producing permeation enhancement beyond what single 
agents achieve106,110. In many cases, the permeability-enhancing effects 
of solvents are transient, with barrier function recovering within hours 
after removal of the enhancer. Propylene glycol, for example, is widely 
used in oral syrups and topical formulations (for example, paracetamol 
suspensions) to increase solubility and bioavailability114.

However, depending on solvent type, concentration, duration 
of exposure and formulation context, solvent-based enhancers can 
still cause irritation, membrane damage or cytotoxicity107,115,116. Regu-
latory thresholds constrain the use of ethanol (≤0.5–5% in paediat-
ric patients)107,116 and propylene glycol (≤25%)108,115. Consequently, their 
clinical use has largely shifted towards controlled or co-formulated 
systems in which solvents are combined with other excipients to bal-
ance potency and tolerability. Within this context, clinically approved 
products such as Pennsaid (which uses ~45% DMSO) and Aczone (which 
uses Transcutol) illustrate how solvents developed specifically for topi-
cal delivery achieve permeation enhancement within acceptable safety 
margins117,118. Despite the limitations, solvents remain foundational 
in understanding permeation mechanisms and continue to serve as 
benchmark agents for evaluating newer enhancer classes.

Small molecules
Small-molecule permeation enhancers represent one of the most 
diverse and mechanistically rich classes of absorption promoters. Early 
work on surfactants, fatty acids and esters established the principle 
that transient disruption of lipid and protein domains within biological 
barriers can increase drug flux119,120. These agents act more selectively 
than solvent systems, modifying membrane order, extracting lipids 
or loosening tight junctions in a controlled manner. Chelating agents 
(for example, EDTA, ethylenediaminetetraacetic acid and sodium 
citrate) increase paracellular permeability by sequestering extracel-
lular calcium ions required for tight junction stability15. By contrast, 
medium-chain fatty acids such as C10 act primarily through reversible 
modulation of tight-junction protein complexes (including claudins 
and occludin), coupled with activation of intracellular signalling path-
ways (such as protein kinase C (PKC) and myosin light-chain kinase) 
that promote actin–myosin contraction and barrier opening15,121–123. 
Membrane fluidization might contribute as a secondary effect32,124.

Medium-chain fatty acids are among the most extensively charac-
terized small-molecule permeation enhancers and have demonstrated 
clear translational relevance in oral peptide delivery. Molecules such 
as C10 and SNAC enable epithelial transport of hydrophilic macro-
molecules by transiently increasing paracellular permeability. For 
example, SNAC enabled the development of semaglutide (Rybelsus, 
Novo Nordisk, 2019) — the first approved oral glucagon-like peptide-1 
(GLP1) receptor agonist for managing type 2 diabetes13. The use of SNAC 
exemplifies how permeation enhancers can overcome physiological 
barriers in the upper part of gastrointestinal tract, offering a blueprint 
for the oral delivery of biologics.

Despite its potency, the clinical use of C10 has been limited 
by concerns over mucosal irritation at high concentrations15,121. 
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In addition, patient compliance poses a challenge, as many indi-
viduals find it difficult to adhere to administration requirements 
such as fasting for a specified time125,126. Nevertheless, its mechanism 
of action — direct modulation of tight-junction protein dynamics — 
positions C10 as a prototypical example of paracellular permeation 
enhancer design. This mechanism is demonstrated in the ultra-fast 
onset, short-acting oral insulin analogue — Insulin Tregopil (IN-105) —  
in which C10 enables gastrointestinal absorption of the peptide by 

disrupting tight junctions125–127. Several clinical trials (NCT04141423, 
NCT03392961 and NCT03430856) have demonstrated the clinical 
viability of tight-junction modulation with Tregopil as a delivery 
strategy for oral peptides. Although early results from these trials 
showed promising postprandial glucose control, its overall effect on 
post-meal glucose control was modest125,126. Consequently, Tregopil 
has not yet achieved regulatory approval and is under a development 
pause.

a

b
Mechanisms for permeation 
enhancementExamples

Type of
permeation enhancer

Solvents • Lipid extraction or fluidization
• Protein conformational change
• Drug partitioning into lipid-rich layers

• DMSO
• Ethanol
• Diethylene glycol monoethyl ether
• Propylene glycol
• Glycerol

Small molecules • Tight-junction modulation
• Membrane fluidization
• pH microenvironment control (SNAC)

• Sodium caprate
• Laurate
• EDTA
• Azone
• SNAC

Peptides • Transcellular uptake
• Reversible tight-junction reorganization
• Mucus penetration
• Enzymatic degradation protection

• TAT
• Penetratin
• Oligo-Arg (R8–R15)
• AT1002
• C-CPE fragments

Polymers • Solubilization of insoluble drugs
• Mucoadhesion
• Hydration and/or swelling
• Mild tight-junction opening 
 (for example, chitosan)

• Chitosan
• Carbopol
• Zwitterionic polymer

Ionic liquids • Tunable polarity and hydrophobicity
• Lipid fluidization or extraction
• Paracellular modulation
• Drug solubilization and stabilization

• Choline geranate (CAGE)
• Choline oleate
• Choline lactate
• Choline citronellate
• Choline decanoate

 Choline-based ionic liquids

Transcellular uptakeTight-junction openingMembrane fluidization Endosomal escape

1950–1970:
solvent-based enhancer
(DMSO, ethanol, 
propylene glycol)
Foundational era of 
solvent-based 
permeation enhancers

2019:
Rybelsus (SNAC–semaglutide)
First oral GLP1 receptor agonist

2020:
MYCAPSSA (C10 + C12)
First oral octreotide capsule

2021:
mRNA vaccines 
Comirnaty and 
Spikevax (lipid 
nanoparticle platform)
E�icient cytosolic 
mRNA delivery for 
COVID-19 vaccines

2019–2023:
Intravail platform for Tosymra, 
Valtoco and Opvee (dodecyl 
maltoside)
Nasal alkylsaccharide-based 
permeation system enabling rapid 
CNS delivery

2014:
Afrezza (FDKP)
First inhaled protein
therapeutic approved

2000–2010:
Small-molecule permeation 
enhancers
(GIPET, C10, SNAC)
Expansion of medium-chain
fatty acid enhancers 
for oral peptide delivery
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Fig. 2 | Mechanisms and clinical evolution of permeation enhancers. 
a, A timeline of the historical and translational milestones of permeation 
enhancers and the penetration mechanisms used (coloured dots): solvent-based 
enhancers; small-molecule permeation enhancers; Afrezza88; Rybelsus201,222; 
Intravail platform90; Mycapssa199; lipid nanoparticle-based mRNA vaccines100. 
b, The five categories of permeation enhancers, examples of each and the 

key mechanisms for permeation enhancement. C10, sodium caprate; C12, 
sodium laurate; CAGE, choline and geranic acid; C-CPE, C-terminal fragment 
of Clostridium perfringens enterotoxin; CNS, central nervous system; DMSO, 
dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; FDKP, fumaryl 
diketopiperazine; GIPET, gastrointestinal permeation enhancement technology; 
GLP, glucagon-like peptide; SNAC, salcaprozate sodium.
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Mechanistic studies challenge the classical view of permeation 
enhancers as simple barrier disruptors32,124,128,129 (Fig. 3). Although 
medium-chain fatty acids have traditionally been associated with 
tight-junction modulation, both caprate (Fig. 3b) and SNAC (Fig. 3a) 
reduce the free energy barrier to membrane permeation through 
distinct pathways. Caprate primarily promotes permeability via 
paracellular effects (Fig. 3g), whereas SNAC facilitates transcellular 
transport through localized increases in membrane hydration and 
transient drug–excipient interactions (Fig. 3f), while also influencing 
interactions with the mucin network that can increase drug access to 
the epithelial surface32,129 (Fig. 3h). Collectively, these findings sup-
port a nuanced view in which permeation enhancers operate along a 
mechanistic continuum spanning paracellular modulation and tran-
scellular, energetics-driven transport processes124,128,129. For instance, 
structure–activity studies show that fatty acid enhancers from  
C8 (caprylate) to C12 (laurate) share a multimodal mechanism — 
combining tight-junction modulation (via MLCK activation and Ca2+ 
signalling) with membrane fluidization — but differ in potency and 
tolerability. C12 is the most potent in reducing transepithelial electri-
cal resistance and increasing permeability owing to its stronger lipid 
interactions, yet its low solubility and higher cytotoxicity limit use130–133. 
C8 is more soluble but less effective, whereas C10 offers an optimal 
balance of efficacy, solubility and safety.

Future success in the use of caprate-based permeation enhanc-
ers will likely depend on careful optimization of formulation, dose 
and safety profile, particularly for long-term use in chronic therapies. 
For example, the GIPET (Gastrointestinal Permeation Enhancement 
Technology) system uses a 1:2 mixture of C10 and C12, which balances 
potency and solubility, to achieve reproducible intestinal perme-
ability enhancement in formulations such as Oramed’s oral insulin 
(currently in phase III clinical trials, NCT06731075). Its Transient Per-
meation Enhancement (TPE) system — an oily suspension of C8, poly-
vinylpyrrolidone (PVP), polysorbate 80 and glycerol monocaprylate 
within enteric-coated capsules — achieves targeted jejunal release 
and transient modulation of epithelial tight junctions134. The resulting 
size-selective, reversible opening of junctions enables paracellular 
uptake of macromolecules below ~10 kDa and rapid recovery of barrier 
integrity134,135. Clinically, this platform underpins Mycapssa, the first 
FDA-approved oral octreotide capsule (2020), which demonstrates 
reproducible bioavailability and safety under chronic dosing135,136. 
GIPET exemplifies a shift from empirical excipient use towards rational, 
mechanism-driven permeation design, in which spatial and temporal 
control of epithelial interactions expands the frontier of oral biologic 
delivery134,137.

In addition to caprate-based enhancers, piperazine derivatives 
have also been tested as versatile modulators of biological barri-
ers (Table 2). Compounds such as 1-phenylpiperazine (PPZ) and its 
methylated analogues (Fig. 3e) demonstrate reversible tight junc-
tion modulation, enhancing paracellular transport of peptides and 
hydrophilic molecules in vitro and ex vivo without causing substantial 
histological damage138–140 (Fig. 3g). By contrast, FDKP exemplifies a 
mechanistically distinct approach: it self-assembles into microspheres 
in acidic conditions and dissolves rapidly at the neutral pH of the lung, 
facilitating efficient pulmonary deposition (~59% of the dose) and 
rapid systemic absorption, without interacting with tight junctions 
or causing pulmonary toxicity. These derivatives, including FDKP 
and piperazine-2,5-diones, act via complementary mechanisms such 
as particle dissolution or transdermal tissue modification, highlight-
ing the structural and functional diversity of piperazine scaffolds 

in permeation enhancement138,141. Piperazine-based enhancers can 
therefore be used as a mechanistic alternative or supplement to C10 
and SNAC for increasing the oral or mucosal absorption of therapeutic 
peptides and proteins; however, it is important to consider potential 
off-target pharmacological effects.

Peptides
Peptides are short chains of amino acids that function as hormones, 
signalling molecules or therapeutics. Their hydrophilicity, suscep-
tibility to enzymatic degradation and limited ability to cross lipid 
membranes make oral or mucosal delivery challenging. Unlike 
small-molecule permeation enhancers, which primarily act on the 
barrier itself, peptide-based permeation enhancers modulate bar-
rier function or support cellular, tissue or mucus-associated deliv-
ery of therapeutic cargo, often with concurrent cargo-stabilizing 
effects142–144.

The development of peptide-based permeation enhancers was 
inspired by studies on naturally occurring cell-penetrating pep-
tides (CPPs) in the 1990s, which showed that sequences such as the 
HIV-derived TAT peptide can cross cellular membranes145. Penetratin, 
derived from the Drosophila Antennapedia homeodomain, similarly 
demonstrated that short cationic peptides (Fig. 3d, left) could deliver 
cargo into cells146. These discoveries established the principle that pep-
tides themselves could serve as transport-promoting motifs, inspiring 
the development of synthetic derivatives with increased stability and 
barrier activity142,145,146 (Supplementary Table 1).

Mechanistically, peptide-based permeation enhancers act 
through multiple complementary pathways. These systems combine 
cargo-associated transport functions with local barrier interaction, 
while also offering proteolytic protection and modularity for mucus 
penetration, making them a promising complementary strategy to 
small-molecule permeation enhancers1. Although CPPs primarily 
enable cellular internalization, certain peptide-based systems extend 
this concept to traverse multicellular physiological barriers such as 
epithelia, endothelium or mucus layers. For example, lipidated or 
amphiphilic peptides (Fig. 3d, right) can interact with the mucus 
layer, prolonging residence time or facilitating diffusion through 
the mucus mesh to reach underlying epithelia143,147,148. Peptides such 
as the C-terminal fragment of Clostridium perfringens enterotoxin 
(C-CPE) and Zot-derived derivatives AT1002 and AT3227 transiently 
open tight junctions via protein–protein disruption or proteolytic 
cleavage, enhancing permeability while maintaining overall barrier 
integrity149–151. Transcellular CPPs — including TAT, penetratin and 
oligoarginine derivatives — interact with lipid membranes to promote 
uptake, provide proteolytic protection and enhance diffusion through 
mucus layers142,144,152,153.

Clinical and translational studies indicate that peptide-based 
transport systems can enhance tissue access, cellular uptake or barrier- 
associated delivery in selected contexts; however, direct evidence for 
peptide-mediated permeation across classical epithelial and mucosal 
barriers remains route-dependent and system-dependent (Table 3). 
For example, the Tat-NR2B9c (nerinetide) peptide penetrated neu-
ronal membranes to disrupt coupling between N-methyl-d-aspartate 
receptors and postsynaptic density protein 95 (PSD-95) in ischae-
mic stroke, demonstrating safety in phase II–III trials154. Similarly, 
brimapitide (XG-102) and delcasertib (KAI-9803) have progressed into 
phase II clinical studies in ocular inflammatory disease and cardiac 
ischaemia–reperfusion injury, respectively, confirming acceptable 
safety and reversible cellular effects155,156. In oncology, p28 and CEND-1 
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(iRGD) exploit tumour-selective permeability mechanisms to enhance 
delivery of cytotoxic agents; both have shown tolerability in early-phase 
trials157,158. Collectively, these trials highlight that peptide-based per-
meation approaches can be clinically safe, but their translational per-
formance is highly context-dependent, relying on barrier type, disease 
state and formulation strategy.

More than 1,800 CPPs have been identified, and several have 
entered early-phase clinical trials (Table 3), predominantly for intracel-
lular delivery or oncology indications, yet no peptide-based enhancer 
has achieved regulatory approval for barrier permeation enhance-
ment in humans144. Most clinical development to date has focused 

on barrier-modulated delivery to the CNS, cardiovascular system or 
tumours rather than enteral absorption, reflecting both safety con-
siderations and disease-specific delivery opportunities. Key chal-
lenges include absorption variability, formulation complexity, immune 
responses and the potential for unintended bystander absorption. 
Many candidate enhancers superficially abrade epithelial surfaces, 
but rapid barrier recovery and high enterocyte turnover mitigate pro-
longed damage159–162. Nevertheless, the limited human safety data 
underscore the translational gap and reinforce the appeal of simple, 
well-characterized excipients or modular peptide-based enhancers 
for further development.
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Polymers
Polymers have emerged as versatile and mechanistically sophisti-
cated permeation enhancers, capable of modulating drug solubility, 
residence time and, in some cases, barrier interaction. Since the 1970s, 
polymers have been used to increase the solubility and bioavailability of 
poorly water-soluble drugs, such as oral and parenteral formulations of 
antifungals such as VFEND163. Compared with alcohol-based solubiliz-
ers such as ethanol or propylene glycol, cyclodextrins typically exhibit 
lower irritation potential, supporting their use in chronic and sensitive 
delivery routes, including ocular and nasal administration164,165.

Although some permeation enhancers directly modulate epi-
thelial barriers to transiently increase drug permeability, a comple-
mentary strategy involves prolonging the residence time of the drug 
at the absorption site. Residence-time enhancing systems, such as 
hydrogel-based formulations, increase local drug concentration pri-
marily through mucoadhesion without directly disrupting or mod-
ulating epithelial barrier integrity166. Mucoadhesive agents adhere 
to mucins or epithelial glycocalyx in oral, nasal or gastrointestinal 
sites, anchoring the drug locally and slowing washout. Mucoadhe-
sive polymers such as chitosan and Carbopol (polycarbophil) have 
been used since the 1980s as versatile tools to prolong drug residence 
at mucosal surfaces, thereby increasing local absorption indirectly 
without actively disrupting epithelial barriers. For instance, mucoad-
hesive buccal films — such as Onsolis (fentanyl buccal BioErodible 
MucoAdhesive (BEMA) bilayer delivery technology) — provide a clini-
cally approved demonstration that mucoadhesive polymers (for exam-
ple, polycarbophil) can anchor a drug to the oral mucosa, resist saliva 
washout and enable rapid, efficient systemic absorption167. The BEMA 
bilayer delivery technology in Onsolis achieves ~51% buccal absorption 
of fentanyl and higher systemic exposure than transmucosal formula-
tions, confirming that mucoadhesion can translate into robust clinical 
pharmacokinetics168.

Additionally, next-generation polymer engineering has 
been reported for systemic delivery of macromolecules such as 
insulin through intact skin169. A polyzwitterion, poly[2-(N-oxide-
N,N-dimethylamino)ethyl methacrylate] (~4.5 kDa, terminal 
amine-labelled for tracking), demonstrated exceptional skin per-
meability through a pH-responsive charge-switch: cationic at the 
acidic surface (pH ~5) to engage intercorneocyte lipids in the stra-
tum corneum and neutral at near-physiological pH to diffuse through 
para-corneocyte spaces into the viable epidermis and dermis169. 

Membrane ‘hopping’ — a process in which a polyzwitterionic polymer 
transiently interacts with successive cell membranes without intracel-
lular uptake, facilitating migration through the epidermis and dermis —  
enabled polymer–insulin conjugates to bypass cells and enter lym-
phatic capillaries, allowing insulin to permeate across the skin into the 
blood circulation. This hybrid zwitterionic–cationic design establishes 
a mechanistically sophisticated platform for non-invasive transdermal 
delivery of macromolecular therapeutics169. Together, these advances 
highlight polymers as adaptable, mechanistically programmable tools 
that expand the design space for safe and effective drug delivery across 
diverse biological barriers.

Ionic liquids
Ionic liquids are salts that exist in the liquid state at room tempera-
ture, composed primarily of organic cations and various counteri-
ons. Their physicochemical properties — such as polarity, viscosity, 
hydrogen-bonding strength and hydrophobicity — can be precisely 
tuned to optimize drug solubility and barrier interaction41,43,170–173. This 
versatility makes ionic liquids powerful chemical enhancers capable of 
facilitating drug permeation especially across skin and mucosal tissues.

Ionic liquids such as those made with choline and geranic acid 
(CAGE) have emerged as next-generation enhancers with low toxic-
ity, tuneable permeability and high solubilization43,58,170,174 (Fig. 3c). 
Macromolecules even up to 150 kDa can be delivered transdermally 
when solvated in ionic liquids such as CAGE175. CAGE has been evalu-
ated in phase I and II trials for several skin conditions, such as atopic 
dermatitis (NCT05487963), rosacea (NCT04886739) and onycho-
mycosis (NCT05202366), demonstrating acceptable tolerance and 
efficacy, including a successful phase IIb study in atopic dermatitis 
(NCT06810050). CAGE has also achieved commercial translation in the 
hand gel ionSURE, which provides long-lasting antimicrobial protec-
tion and moisturization, making it the first clinically translated ionic 
liquid for skin application58.

Beyond these applications, ionic liquids can act via multiple, 
complementary mechanisms to enhance drug permeation. Hydro-
philic ionic liquids preferentially target protein-rich regions and 
tight junctions, transiently widening paracellular pathways, whereas 
hydrophobic ionic liquids partition into lipid membranes to facili-
tate transcellular transport42,43,170. Ionic liquids can also extract lipids 
or fluidize the stratum corneum, creating defects that allow poorly  
soluble or high-molecular-weight drugs to diffuse efficiently176.

Fig. 3 | Representative chemical structures and barrier-modulating 
mechanisms of permeation enhancers. a–e, Chemical structures of key 
permeation enhancers: salcaprozate sodium (SNAC, molecular weight 
(MW) = 301.3 Da, pKa = 5.0), sodium caprate (C10, MW = 194.3 Da, pKa = 5.0), 
choline geranate (CAGE), cationic (MW = 439.6 Da for 1:2 ratio) and amphipathic 
cell-penetrating peptides (CPPs) and 1-phenylpiperazine (PPZ, MW = 162.2 Da, 
pKa ~8.7) with functional groups colour-coded according to their dominant 
physicochemical character and text labels indicating chemical identity. For 
simplicity, CAGE is shown as a cholinium–geranate ion pair, although it also 
contains neutral geranic acid in the commonly used 1:2 formulation. In the TAT 
(47–57) peptide sequence, arginine (R) and lysine (K) residues are coloured 
pink, glutamine (Q) green and tyrosine (Y) blue according to their dominant 
physicochemical character, whereas glycine (G) is unshaded because its side 
chain lacks a dominant charged, polar or hydrophobic character. f–h, Examples 
of the dominant penetration-enhancing mechanisms used by the representative 
permeation enhancers from parts a to e; however, these molecules are not 
restricted to a single mechanism and most operate through multiple primary 

and secondary pathways whose relative contributions depend on concentration, 
formulation context, cargo and barrier type. f, A hydrophobic domain can 
partition into lipid bilayers and increase membrane fluidity, thereby facilitating 
transcellular transport. Additionally, SNAC is a transcellular permeation 
enhancer that promotes drug solubilization and membrane interaction to 
facilitate epithelial uptake. g, Medium-chain fatty acids such as C10 are tight-
junction-modulating agents: C10 can activate phospholipase C (PLC)-dependent 
signalling, increase intracellular Ca2+, stimulate calmodulin and myosin light-
chain kinase (MLCK) activity and promote actomyosin contraction, resulting in 
reversible opening or reorganization of intercellular junctions and enhanced 
paracellular transport. PPZ is a paracellular permeability enhancer that increases 
intracellular contractile signalling and reversibly disrupts epithelial barrier 
integrity. h, CAGE operates through a multifunctional ionic liquid mechanism, 
combining mucus modulation, lipid interaction and enhanced epithelial 
transport (predominantly paracellular, but context-dependent). Additionally, 
SNAC elevates the local pH, reducing acid-catalysed peptide degradation and 
pepsin activity while promoting transcellular absorption.
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The field of ionic liquid-based permeation enhancers is advancing 
from empirical formulation to rational, mechanism-driven design. 
Molecular modelling and high-throughput screening enable system-
atic tuning of cation–anion combinations to optimize solubility, bar-
rier interaction and cytocompatibility for specific drugs and target 
tissues177. Formulation innovations, including ionic liquid-in-oil and 
ionic liquid-in-water, allow spatial and temporal control of enhancer 
and drug exposure, maximizing local permeability while minimizing 
off-target effects58,172,178–180. Together, these developments position 
ionic liquids not merely as passive solvents but as programmable chem-
ical platforms, expanding the reach of oral, transdermal and mucosal 
drug delivery and opening new directions for therapeutic design.

Multiroute potential of permeation enhancers
The development of permeation enhancers has traditionally been 
segmented by delivery route or target tissue, with different biological 
barriers such as the gut, skin, lung and brain often treated as distinct 
challenges. However, many enhancers operate through conserved 
biophysical and biochemical mechanisms — tight junction modula-
tion, membrane fluidization and transcytosis engagement — that 
are shared across epithelial and endothelial tissues (Fig. 3f–h). The 
mucus-related design principles (Box 1) further illustrate pre-epithelial 
barriers as a shared limiting interface across gastrointestinal and pul-
monary routes, reinforcing their role as determinants in multiroute 

permeation enhancer design. This mechanistic overlap supports a 
shift from tissue-specific strategies towards a mechanism-first design 
philosophy.

Some existing strategies already exemplify the potential for mul-
tiroute permeation enhancers. Piperazine derivatives demonstrate 
how enhancers developed for one tissue can be applied to others by 
targeting shared cellular mechanisms, streamlining drug delivery 
development across oral, pulmonary and dermal barriers via con-
served mechanisms (Table 2). Additionally, nanoparticles, which are 
traditionally recognized as passive drug carriers, are increasingly 
being explored for their active role as versatile permeation enhancers 
by triggering cytoskeletal changes that lead to the redistribution of 
tight-junction proteins. For example, silica nanoparticles transiently 
modulate tight junctions and enhance paracellular permeability across 
multiple biological barriers, including the BBB, gastrointestinal barrier 
and skin3,181–185. The barrier typically recovers within hours, making 
these systems potentially safe for repeated use.

Ionic liquids also exemplify a versatile approach to multiroute 
permeation enhancement170,172,186,187. The tuneable physicochemical 
properties of ionic liquids enable modulation of solubility, membrane 
interactions and paracellular or transcellular transport, allowing trans-
port across diverse physiological barriers, including skin, buccal and 
intestinal barriers (Table 4). For example, CAGE has been applied across 
gastrointestinal and dermal barriers, enhancing oral peptide absorption, 

Table 2 | Piperazine-based permeation enhancers

Piperazine 
derivative

Drug or compound 
delivered

Barriers Mechanism of action and constraints Lesson learned Clinical status

PPZ, 1-4-MPPZ 
and 1-M-4-PPZ228

Paracellular 
marker — calcein

Oral Tight-junction modulation, reversible 
transepithelial electrical resistance 
(TEER) drop

Hydroxyl or amine substitutions increase 
toxicity, whereas methyl (aliphatic) substitutions 
(for example, 1-4-MPPZ) retain permeability 
enhancement with lower cytotoxicity

In vitro 
(Caco-2 
monolayers)

PPZ229 FITC-dextran 
(4–10 kDa)

Oral Tight-junction modulation, reversible 
TEER drop, enhances paracellular 
permeability

Size-limited permeability (≤10 kDa), whereas 
comparator sodium deoxycholate enables 
transport of larger macromolecules in vivo (up 
to 70 kDa)

In vitro 
(Caco-2 
monolayers), 
In vivo (mice)

PPZ140 [14C]mannitol and 
FITC-dextran 4 kDa

Oral PPZ substantially and reversibly increased 
the apparent permeability of marker 
compounds such as [14C]mannitol 
and FITC-dextran (4 kDa)

Potential for modulating intestinal epithelial 
permeability

Ex vivo (rat 
intestinal 
tissues: ileum 
and colon)

PPZ, 1-4-MPPZ 
and 1-M-4-PPZ139

[14C]mannitol, [3H]
octreotide

Oral PPZ and 1-4-MPPZ substantially enhanced 
paracellular permeability by reducing 
TEER and increasing [14C]mannitol 
transport; only 1-4-MPPZ increased the 
absorption of the peptide [3H]octreotide 
and showed no histological damage; 
1-M-4-PPZ had no substantial effect on 
permeability or barrier function

Effective peptide permeation enhancement 
requires balancing tight-junction opening with 
epithelial safety; 1-4-MPPZ achieved the best 
efficacy-to-toxicity profile

In vitro 
(Caco-2 cells) 
and ex vivo 
(isolated 
rat colonic 
mucosae)

FDKP141 Insulin Lung 
inhalation

Physical enhancement via particle 
dissolution

FDKP-based dry powder carrier technology 
enables rapid deep-lung delivery and fast 
systemic peptide absorption as a practical 
alternative to injectable meal-time insulin

Clinically 
approved 
(Afrezza, FDA 
2014)

FDKP230–233 Treprostinil Pulmonary 
(dry powder 
inhaler)

Facilitates deep lung deposition, 
dissolves rapidly for systemic absorption

FDKP-based dry powder inhaler systems can 
improve deep-lung deposition, usability, 
patient adherence and clinical acceptance 
while maintaining comparable efficacy and 
safety to nebulized formulations

Clinically 
approved 
(Tyvaso, FDA 
2009)

Piperazine-
2,5-diones230–233

Theophylline Skin Mechanism of action unknown Cyclic piperazine scaffolds might function as 
skin permeation enhancers, but mechanistic 
understanding is limited

Ex vivo (pig 
ear skin — 
Franz cell)

1-4-MPPZ, 1-methyl-4-phenylpiperazine; 1-M-4-PPZ, 1-(4-methylphenyl)piperazine; FDKP, fumaryl diketopiperazine; FITC, fluorescein isothiocyanate; PPZ, 1-phenylpiperazine.
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Table 3 | Translational progress of barrier-permeating peptides in clinical trials

Peptide name Drug delivered Physiological 
barrier

Mechanism of 
action

Model or system Clinical status and 
constraints

Lesson learned

Tat-NR2B9c (NA-1; 
nerinetide)154

NCT00728182

Nerinetide  
peptide (PSD-95 
PDZ2 inhibitor; 
Tat-fused)

CNS (blood– 
brain barrier 
or neuronal 
membranes 
during 
ischaemia)

Disrupts  
NMDAR–PSD-95–
nNOS coupling; 
reduces  
excitotoxic  
signalling

Human phase II  
randomized 
controlled trials 
(ENACT) during 
endovascular 
aneurysm repair

Phase II; safe; primary 
end point not met; moved 
to phase III, which was 
overall neutral; benefit 
signal in the no-alteplase 
subgroup

Cell-penetrating neuroprotective 
peptides might show measurable 
CNS biological activity in 
humans, but efficacy depends 
strongly on the chosen outcome 
measure and still requires 
confirmation in larger trials

Brimapitide 
(d-JNK-I-1; XG-102/
AM-111)156,234

Brimapitide  
peptide  
(JNK inhibitor)

Eye and inner 
ear tissues

Blocks  
JNK-mediated 
inflammatory  
and apoptotic 
signalling

Human phase II 
randomized 
controlled trials 
in postoperative 
ocular inflamma
tion; trials also in 
sudden hearing loss

Phase II; single 
subconjunctival dose; 
non-inferior to dexa
methasone; comparable  
safety

Localized peptide delivery 
enables safe and effective 
treatment with minimal systemic 
exposure; however, efficacy 
might depend on disease context 
(for example, severity in inner ear 
injury) rather than delivery alone

Delcasertib  
(KAI-9803; 
δV1-1–Tat)155

NCT00093197

Delcasertib  
peptide (δPKC 
inhibitor)

Heart and 
myocardium

Cell-permeable  
δPKC inhibition  
to limit  
ischaemia– 
reperfusion injury

In-human dose 
escalation during 
primary PCI for 
STEMI (DELTA-MI)

Phase I–IIa; adjunct to 
primary PCI in STEMI; 
acceptable safety; 
exploratory efficacy 
trends only; advanced 
to phase IIb

Safe translation is feasible, 
but efficacy in acute 
ischaemia–reperfusion injury 
is highly dependent on timing 
and patient heterogeneity

KAI-1678 
(εV1-2–Tat)235

NCT01106716 
(PHN), 
NCT01135108 
(postoperative pain)

KAI-1678 peptide 
(εPKC inhibitor)

Peripheral 
neurons

Cell-permeable  
εPKC inhibition  
for analgesia

Human phase II 
crossover trials: 
post-herpetic 
neuralgia; 
postoperative pain

Phase II; well tolerated; 
mixed clinical efficacy 
compared with lidocaine 
and placebo

Safe and mechanistically 
rational peptides might still lack 
clinical efficacy, emphasizing 
the gap between preclinical 
target modulation and human 
pain outcomes

PZ-128 (PAR1 
pepducin)236

NCT01806077; 
NCT02561000 
(TRIP-PCI)

PZ-128  
peptide (PAR1 
intracellular 
antagonist)

Platelets and 
vascular cells

Pepducin  
allosteric  
inhibition of PAR1  
via inner-leaflet  
GPCR signalling

In-patient phase 
I dose-escalation 
infusion; later 
TRIP-PCI phase II 
during PCI

Advanced from phase I to II;  
intravenous infusion; 
dose-dependent platelet 
inhibition (≥80–100% at 
1–2 mg kg–1); reversible; 
no excess bleeding

Membrane-permeable peptides 
can achieve rapid, potent and 
reversible target-specific effects 
in humans with favourable 
safety, demonstrating 
successful clinical translation of 
intracellular GPCR modulation

p28 (azurin-derived 
peptide)237,238

NCT00914914; 
NCT01975116

p28 peptide  
(tumour- 
penetrating; 
p53-stabilizing 
therapeutic  
peptide)

Tumour cell 
membranes

Preferential 
tumour cell  
entry; binds  
and/or  
stabilizes p53

Phase I in adults 
with p53 and solid 
tumours; phase 
I in paediatric 
recurrent 
CNS tumours 
(PBTC-041)

Adults: phase I; maximum 
tolerated dose not 
reached; complete 
response 1, partial 
response 3, stable disease 
maximum tolerated dose 
7/15; low immunogenicity. 
Paediatrics: phase I;  
tolerated at adult 
recommended phase II  
dose; no objective 
responses; some durable 
stable disease

Tumour-penetrating peptides 
can achieve target engagement 
and favourable safety in 
humans, but robust clinical 
efficacy might remain limited 
despite clear biological activity

CEND-1 (iRGD; 
LSTA1, also known 
as certepetide)239

NCT03517176

Co-administered 
nab-paclitaxel  
and gemcitabine

Tumour 
vasculature 
and stroma

Increases  
tumour tissue 
permeability and  
drug penetration

Open-label 
first-in-human 
phase I in 
metastatic 
pancreatic cancer 
(combined with 
chemotherapy)

Phase I; combined with 
nab-paclitaxel and 
gemcitabine in mPDAC; 
objective response rate 
59% in evaluable patients; 
no dose-limiting toxicities; 
favourable safety

Permeability-enhancing 
peptides can improve 
intratumoural drug delivery 
and enhance the efficacy of 
co-administered therapies, 
supporting their role as adjuncts 
rather than stand-alone agents 
in solid tumours with delivery 
barriers

DTS-108 
(DPV-CPP–SN-38 
prodrug)240

SN-38 (active 
metabolite of 
irinotecan)

Tumour cell 
membranes

CPP prodrug  
improves  
solubility and 
intracellular  
delivery;  
releases SN-38 
inside cells

First-in-human 
phase I dose 
escalation in 
advanced solid 
tumours

Phase 1; dose-escalation; 
maximum tolerated dose 
416 mg m–²; recommended 
313 mg m–² once every 
2 weeks; dose-limiting 
toxicity neutropenia; 
stable disease in a subset

CPP–drug conjugates can 
improve delivery and solubility, 
but payload-related systemic 
toxicity remains a major 
translational constraint
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enabling transdermal delivery of small molecules and improving skin 
uptake of poorly soluble compounds42,43,170. By combining adaptability 
with reversible barrier modulation and maintenance of drug stability, 
ionic liquids highlight the potential of rationally designed systems 
to overcome physiological differences between tissues, advancing  
the goal of unified, cross-barrier drug delivery platforms42,170,172,186.

Although using a single enhancer for multiple routes is appealing, 
the physiological and structural differences between barriers can cause 
an enhancer to be ineffective — or even harmful — without proper adapta-
tion. For example, SNAC promotes the solubilization of the monomeric 
form of semaglutide, while also inducing localized pH modulation and 
providing protection from enzymatic degradation, enabling absorp-
tion across the gastric epithelium13,121,123. However, this mechanism is 
unlikely to be effective outside the acidic gastric environment, limiting 
its utility for transdermal or mucosal routes with markedly different 
pH and enzymatic conditions12,13,121,131. Additionally, although SNAC 
can effectively aid the oral absorption of semaglutide, which is a small 
peptide (4 kDa), larger proteins would likely face challenges crossing the 
intestinal barrier13,188. By contrast, caprylocaproyl polyoxyl-8 glycerides 
(Labrasol) and oleic acid act by disrupting membrane lipid architecture —  
a more generalized mechanism that is applicable to multiple epithelial 
barriers, such as the intestinal and dermal layers122,189,190. However, their 
lack of specificity raises concerns about potential cytotoxicity, particu-
larly with chronic use or high concentrations189. Furthermore, despite 
its wide usage in dermal systems, oleic acid demonstrates variable 
efficacy in intestinal models owing to differences in lipid composition 
and tight-junction dynamics between skin and gut epithelium191–193.

Clinical translation and regulatory considerations
The clinical translation of permeation enhancers represents both a 
scientific milestone and a regulatory challenge. Beyond currently 
approved permeation enhancer systems, future clinical translation 
will depend on addressing key challenges including safety, predict-
ability, patient variability and the development of alternative delivery 
strategies. Although several oral and non-invasive peptide delivery 
systems have made it to market, the journey from preclinical promise 
to clinical approval is fraught with failure, often due to safety concerns, 
limited efficacy or poor reproducibility in humans. The success of a 
permeation enhancer hinges not only on its ability to increase drug 
absorption but also on its tolerability during chronic use, compatibility 
with diverse drug molecules, predictability across patient popula-
tions and — often overlooked — manufacturability. Representative 
approved and late-stage case studies, including dosing strategies and 
label constraints, are consolidated in Table 1. Clinically viable systems 

demonstrate rapid recovery of barrier function, as evidenced by func-
tional and histological assessments, and increasingly rely on biomark-
ers that translate meaningfully from preclinical models to humans194. 
Together, these shared principles underscore that clinical success is 
driven less by the magnitude of barrier disruption and more by precise 
control, reversibility and alignment with human use conditions.

Successful enhancers often work via subtle, localized modulation 
rather than aggressive disruption of epithelial barriers. For example, 
the approval of Rybelsus was backed by extensive safety data showing 
that at clinical doses SNAC did not induce substantial mucosal dam-
age or systemic adverse effects. This favourable safety profile was 
supported by a formulation strategy that maximized local enhancer 
exposure at the absorption site while minimizing unnecessary systemic 
exposure. Rybelsus employs a gastric-retentive formulation that main-
tains a high local concentration of SNAC near the gastric epithelium, 
enabling semaglutide absorption via transient, localized modulation 
of the epithelial barrier195,196. Subsequent formulation optimization 
focused on improving enhancer efficiency while reducing the total 
enhancer burden. The first approved formulation for Rybelsus (R1) 
contained 300 mg SNAC and 3, 7 or 14 mg API. A new formulation (R2) 
was later developed that contains 100 mg SNAC and 1.5, 4 or 9 mg API 
while maintaining equivalent clinical exposure197. This development 
highlights the importance of formulation optimization to reduce the 
total dosage of permeation enhancer by controlling disintegration, 
solubility and colocalization. In 2025, an oral semaglutide formula-
tion for weight management (Wegovy) was introduced, extending the 
clinical application of SNAC-based delivery technology198. Wegovy was 
developed through further optimization of the permeation enhancer 
system together with the ability to administer higher oral doses (25 mg), 
enabling high exposure levels required for obesity management while 
maintaining the same localized, non-destructive mechanism of epi-
thelial modulation198. Together, these advances demonstrate how 
optimization of enhancer efficiency and formulation architecture can 
support higher therapeutic exposure while maintaining a localized, 
reversible and non-destructive mechanism of epithelial modulation.

Approved oral peptide products illustrate the emerging regula-
tory acceptance of permeation enhancer-based delivery systems when 
supported by robust mechanistic and safety data. For example, the 
clinical acceptance of Mycapssa suggests that regulators are open to 
novel enhancer strategies, provided that the molecular mechanism 
is well characterized and the safety profile is rigorously documented. 
Although the specific enhancer system is proprietary, the mecha-
nism is believed to be transcellular in nature, leading to tight-junction 
loosening without causing irreversible epithelial damage135,136,199.  

Peptide name Drug delivered Physiological 
barrier

Mechanism of 
action

Model or system Clinical status and 
constraints

Lesson learned

ANG1005 
(GRN1005; 
angiopep-2–
paclitaxel)241,242

Paclitaxel Blood–brain 
barrier (BBB) 
and tumour 
tissue

Receptor- 
mediated 
transcytosis via 
LRP1; tumour cell 
uptake

First-in-human 
phase I in 
solid tumours; 
subsequent phase 
II in breast cancer 
brain metastases

Transitioning from phase 
I to phase II; crosses 
BBB; manageable safety; 
intracranial responses 
in breast cancer brain 
metastases; negative in 
recurrent high-grade glioma

Receptor-mediated BBB 
transport is clinically feasible, 
but successful brain delivery 
does not by itself ensure 
efficacy across different CNS 
tumour indications

CNS, central nervous system; CPP, cell-penetrating peptide; GPCR, G protein-coupled receptor; JNK, Jun N-terminal kinase; LRP1, low-density lipoprotein receptor-related protein 1; mPDAC, 
metastatic pancreatic ductal adenocarcinoma; NMDAR, N-methyl-d-aspartate receptor; nNOS, neuronal nitric oxide synthase; PAR1, protease-activated receptor 1; PCI, percutaneous coronary 
intervention; PSD, postsynaptic density; STEMI, ST-segment elevation myocardial infarction; δPKC, protein kinase Cδ; PKC, protein kinase Cε.

Table 3 (continued) | Translational progress of barrier-permeating peptides in clinical trials
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Table 4 | Translational progress of ionic liquid formulations as permeation enhancers

Ionic liquid 
composition

Drug or 
compound 
delivered

Physiological 
barrier

Mechanism of action Model or system Clinical status, 
constraints

Lesson learned

CAGE243 Bovine serum 
albumin, 
ovalbumin 
and insulin

Skin 
(transdermal)

Enables transdermal 
delivery of large 
proteins by disrupting 
subcutaneous lipids 
while maintaining protein 
structure

Ex vivo (porcine 
skin), in vivo 
(rat model)

40% glucose drop 
in 4 h, sustained 12 h; 
deep skin penetration 
of proteins up to 
66 kDa

Enables transdermal 
delivery of otherwise 
impermeable 
macromolecules by 
transiently disrupting 
skin barrier lipids while 
preserving protein structure 
and function

CAGE (CGB-500,  
501 CAGE Bio Inc.)244

Clinical trial: 
NCT05487963, 
NCT06810050, 
NCT06923228

Tofacitinib Skin (atopic 
dermatitis, 
alopecia  
areata)

Delivers medication 
directly through the skin 
with minimal systemic 
exposure

Phase I, IIb clinical 
trial

Phase I and phase II 
trials; 59% of patients 
achieved clear or 
almost clear skin; 
71% experienced 
substantial itch 
reduction

Enables locally 
administered therapies 
to achieve high clinical 
efficacy comparable to 
systemic treatments while 
maintaining a favourable 
safety profile

CAGE245

Chinese Clinical 
Trials Registry 
(ChiCTR2000035486)

Ketocon
azole

Skin (tinea 
pedis)

Enhances solubility and 
antifungal activity of 
ketoconazole

Phase I clinical 
trials

47% treatment 
success with ionic 
liquid compared with 
25% with Daktarin; 
lower recurrence rate

Enhances local drug 
delivery and clinical 
efficacy, enabling improved 
therapeutic outcomes even 
at substantially lower drug 
doses

CAGE176 Nobiletin Skin Improves solubility via 
multipoint hydrogen 
bonding; enhances 
transdermal absorption

In vitro (Franz 
diffusion cell), 
in vivo (rat model)

Translational; 
20× higher 
bioavailability than 
oral administration; 
hypoglycaemic effect 
observed

Overcomes poor 
oral bioavailability by 
simultaneously enhancing 
solubility and transdermal 
permeability, enabling 
effective alternative 
delivery routes for poorly 
soluble compounds

CAGE41 Insulin Buccal Mucoadhesive polymeric 
patch with CAGE enhances 
buccal permeation

Ex vivo (porcine), 
in vivo (rats)

~7× higher cumulative 
insulin transport 
than the patch 
without CAGE; ~26% 
delivery; 50% glucose 
reduction; no tissue 
damage

Enables buccal delivery of 
biologics when combined 
with mucoadhesive 
systems, where sustained 
residence time and 
enhanced permeability act 
synergistically to improve 
systemic absorption

CAGE42 Insulin Gastro
intestinal  
tract

Enhances oral 
insulin absorption 
by circumventing 
gastrointestinal barriers

In vitro (cell 
studies), in vivo 
(animal models)

Preclinical; stable at 
room temperature for  
2 months and under 
refrigeration for 
4 months

Oral ionic liquid systems 
can overcome multiple 
gastrointestinal barriers —  
mucus, enzymatic 
degradation and epithelial 
permeability — to enable 
biologic delivery, but 
clinical translation remains 
to be established beyond 
promising preclinical 
results

CAGE246 Sorafenib Gastro
intestinal  
tract

Increases solubility 
(>500 mg ml–1), forms 
self-assembled 
nanocomplexes 
enhancing oral absorption; 
alters biodistribution

In vivo (rat oral 
dosing)

Translational 
preclinical;  
2.2× increase in 
maximum plasma 
concentration, 
2× increase in half-life, 
6.2× kidney and 
4.4× lung accumulation 
relative to the control 
formulation

Enhances oral delivery 
of hydrophobic drugs by 
improving solubility and 
forming self-assembled 
structures that alter 
pharmacokinetics and 
tissue distribution

CA2HA247 Abacavir Brain 
(blood–brain 
barrier)

Ionic liquid coating 
enables in situ RBC 
hitchhiking, to enhance 
brain delivery (~48% of 
dose delivered), promotes 
preferential microglial 
uptake and increased 
neural cell uptake

In vivo (rodent, 
intracarotid 
infusion), in vitro 
(human neural and 
immune cells)

Preclinical; retained 
antiviral activity; 
non-cytotoxic

Ionic liquid coatings can 
extend beyond barrier 
penetration to enable 
biodistribution engineering, 
including RBC hitchhiking 
and organ-specific 
and cell-specific brain 
delivery
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Unlike the tablet formulation of Rybelsus, Mycapssa is formulated as 
an oily suspension within an enteric capsule to offer targeted release of 
the already solubilized API and permeation enhancer in the upper small 
intestine. As disintegration and dissolution are not required for their 
liquid formulations, the enteric coating aims to control for variability in 
release and dilution to offer maximum uptake. The investigational oral 
PCSK9 inhibiting peptide enlicitide decanoate (MK-0616) is formulated 
in the clinic with C10 (ref. 200). Initially, the API level was titrated with 
caprylocaproyl polyoxyl-8 glycerides (Labrasol) and then the permea-
tion enhancer level was titrated down to show equal efficacy between 
360 mg and 180 mg of C10, demonstrating that potent enhancers can 
be dose-optimized for safety and effectiveness in humans, which is key 
for regulatory acceptance.

Many permeation enhancers are susceptible to food effects, which 
can substantially modulate drug absorption and create practical chal-
lenges for patients, including strict timing requirements, dietary 
restrictions or gastrointestinal discomfort. From a clinical translation 
perspective, these food-dependent changes in exposure must be care-
fully characterized during development, as they influence dosing rec-
ommendations, pharmacokinetic variability and regulatory assessment 
of oral peptide products. Rybelsus, Mycapssa and enlicitide decanoate 
all report reduction in absorption owing to food. Rybelsus carries a label 
claim “take at least 30 min before the first food of the day” and Mycapssa 
should be taken “at least 1 h before a meal or at least 2 h after a meal”201. 
Dosing of enlicitide decanoate 30 min after a low-fat breakfast resulted 
in a 40–55% reduction in absorption relative to fasting conditions200.

From a regulatory perspective, the bar for permeation enhancer 
approval remains high. Both FDA and EMA expect extensive preclinical 
and clinical safety datasets, supported by mechanistic rationale, par-
ticularly for chronic dosing202–204. In practice, enhancers are typically 
reviewed as part of the drug product within an Investigational New 
Drug (IND) application, which increases development burden because 
the active ingredient and the enhancer must be justified together. 
This regulatory coupling, combined with the cost of late-stage failure, 
has reinforced a pragmatic preference for simple, well-characterized 
excipients, contributing to continued reliance on a small group of 
well-established safe agents (for example, C10, sodium caprylate and 
SNAC) and formulation-led refinement rather than entirely new perme-
ation mechanisms. Although approvals such as oral semaglutide high-
light the potential clinical impact of permeation enhancement, they 
remain exceptional. The FDA introduced the Novel Excipient Review 
in 2021 to enable the evaluation of certain unapproved excipients via 
a staged submission and a comprehensive safety package204,205. How-
ever, permeation enhancer approvals to date have largely proceeded 

through conventional IND application in which the enhancer is assessed 
as a component of the final formulation. Overall, the field continues to 
balance regulatory caution with the need for safer, more predictable 
enhancer technologies that broaden non-invasive delivery.

Some newer therapeutic proteins and peptides such as IL-23 recep-
tor antagonists exhibit intrinsic permeability or can be formulated using 
advanced drug delivery platforms (for example, nanoparticles and 
depot systems) that bypass the need for enhancers altogether. In 2026, 
the FDA-approved icotrokinra (ICOTYDE) — an ~1.9 kDa cyclic peptide 
designed for selective oral IL-23 receptor antagonism206–208 — enables 
pathway-specific inhibition in plaque psoriasis with a once-daily oral 
dosing regimen208–210. Its approval demonstrates that highly engineered 
cyclic peptides can achieve clinically meaningful systemic exposure and 
efficacy in a chronic inflammatory disease setting without relying on 
conventional permeation enhancer-driven absorption strategies207,209,210. 
This development underscores a broader shift towards intrinsic molecu-
lar design and structural stabilization approaches that support oral 
bioavailability while maintaining target specificity. In contrast to tra-
ditional enhancer-based systems, such modalities reduce formulation 
complexity and might improve predictability of exposure across patient 
populations. The approval of ICOTYDE highlights a growing regula-
tory and clinical acceptance of non-biological oral systems capable 
of addressing complex pathways, marking an important expansion of 
therapeutic options beyond injectables and enhancer-dependent oral 
peptides. In such cases, the inclusion of an enhancer might introduce 
unnecessary risk, formulation complexity and label restrictions.

Conclusion and future outlook
Permeation enhancers have catalysed breakthroughs across a range of 
therapeutics, from small molecules to large biologics, yet they remain 
a high-risk, high-reward component of drug development. Their suc-
cess depends on precise barrier modulation, payload protection and 
biological tolerability, all within the evolving framework of regula-
tory expectations. Many permeation enhancers leverage conserved 
mechanisms across biological barriers, raising the possibility that 
agents optimized for one tissue could be repurposed across multiple 
barriers, enabling streamlined, multitissue delivery strategies. Clinical 
translation will require strategies that reconcile the pharmacological 
benefits of enhanced absorption with the biological costs of transiently 
modulating protective barriers, transforming mechanistic insight into 
therapies that are safe and transformative. Future development might 
arise from finely tuned, targetable enhancers or in alternative molecu-
lar formats and delivery routes that circumvent barrier perturbation 
altogether.

Ionic liquid 
composition

Drug or 
compound 
delivered

Physiological 
barrier

Mechanism of action Model or system Clinical status, 
constraints

Lesson learned

C2HA186 PLGA lipid 
nanoparticles 
(nucleic acid 
therapeutics)

Brain 
(blood–brain 
barrier)

The ionic liquid coating 
promotes RBC hitchhiking, 
reduces hepatic uptake, 
extends circulation time 
and enhances uptake 
in brain endothelial and 
neuronal cells compared 
with uncoated lipid 
nanoparticles

In vivo (mouse, 
pharmacokinetics 
and biodistribu
tion), in vitro  
(b.End3 brain 
endothelial, NSC- 
34 neuroblastoma  
cells)

Preclinical; well 
tolerated, no organ 
toxicity, improved 
brain delivery 
compared with 
uncoated lipid 
nanoparticles

Functions as modular 
interfacial coatings for 
nanomedicines, in which 
tuning ionic composition 
can reprogramme 
circulation, reduce hepatic 
uptake and enable brain 
delivery via mechanisms 
such as RBC hitchhiking

CAGE, choline and geranic acid; C2HA, choline trans-2-hexenoate; PLGA, poly(lactic-co-glycolic acid); RBC, red blood cell.

Table 4 (continued) | Translational progress of ionic liquid formulations as permeation enhancers
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Given the safety concerns and nonspecific effects associated with 
permeation enhancers, an alternative strategy is to design drug mol-
ecules that are inherently small and capable of permeating biological 
barriers without enhancers, reducing the risk of mucosal irritation 
or damage. For example, long-acting GLP1 receptor agonists such as 
dulaglutide are formulated as an Fc-fusion peptide and administered 
subcutaneously, achieving a bioavailability of ~47–65% and prolonged 
circulation without requiring epithelial permeation enhancement, 
owing to their molecular design and extended half-life211,212. Similarly, 
lipid nanoparticle formulations, used in mRNA vaccines, use endog-
enous cellular uptake and endosomal escape mechanisms to enable 
efficient intracellular delivery without disrupting epithelial integrity100. 
Together, these approaches highlight a future in which drug delivery is 
guided not by maximal barrier disruption but by rational engineering 
of molecular properties, delivery systems and biological interactions 
to achieve safe and durable therapeutic outcomes.

Although successes with SNAC and C10 illustrate the potential to 
broaden oral delivery for peptides and small molecules, complex thera-
peutics such as mRNA and antibodies remain challenging and rather 
unexplored. Early-stage innovations such as capsule device (RNACap) 
and robotic pill systems (self-orienting millimetre-scale applicator 
(SOMA) and luminal unfolding microneedle injector (LUMI))46,213–215 
demonstrate proof-of-concept for engineered oral delivery, using 
nanoparticles, permeation enhancers and pH-sensitive coatings to 
protect cargo and achieve site-specific release. Although still in early 
stages, these strategies highlight a promising path towards future oral 
biologics capable of delivering complex therapeutics non-invasively.

Beyond these engineered oral delivery platforms, a broader set 
of emerging permeation strategies is being explored. For example, 
stimuli-responsive hydrogels, AI-guided formulation design and bio-
mimetic mucosal systems incorporating glycosaminoglycans216–219 are 
being developed to enable adaptive and context-dependent control 
over epithelial barrier modulation and drug release profiles. However, 
despite increasing mechanistic and materials-level sophistication, 
most of these approaches remain at the preclinical or early transla-
tional stage, with limited clinical or commercial success compared 
with established enhancer systems such as SNAC and medium-chain 
fatty acids. This contrast underscores the continuing gap between 
highly engineered delivery concepts and clinically robust, scalable 
oral formulations suitable for routine therapeutic use.

Published online: xx xx xxxx
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