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A B S T R A C T   

Enabling non-invasive delivery of proteins across the mucosal barriers promises improved patient compliance 
and therapeutic efficacies. Cell-penetrating peptides (CPPs) are emerging as a promising and versatile tool to 
enhance protein and peptide permeation across various mucosal barriers. This review examines the structural 
and physicochemical attributes of the nasal, buccal, sublingual, and oral mucosa that hamper macromolecular 
delivery. Recent development of CPPs for overcoming those mucosal barriers for protein delivery is summarized 
and analyzed. Perspectives regarding current challenges and future research directions towards improving non- 
invasive transmucosal delivery of macromolecules for ultimate clinical translation are discussed.   

1. Introduction 

The market of protein (comprising 50 or more amino acids) and 
peptide (consisting of 2–50 amino acids) drugs has rapidly grown in the 
recent years [1], with an average annual expansion rate of 20%. This 
growth has surpassed the annual growth rate of 9% for the overall 
pharmaceutical market and is projected to reach a value of $388 billion 
by 2024 [2]. Currently, there are over 500 antibodies and 150 peptides 
undergoing clinical trials, and >70 antibodies and 110 peptides have 
received clinical approvals in the United States [1,3–5]. This growth is 
largely dependent on the increased potency, selectivity and half-life of 
proteins and peptides relative to small molecules, thus bestowing 
inherent benefits to protein drugs such as enhanced efficacy, reduced 
side effects, and decreased dosing frequency [6–8]. However, limited by 
their poor membrane permeability and susceptibility to enzymatic 
degradation in the gastrointestinal tract (GIT), parenteral administra-
tion through the intravenous (IV), intraperitoneal (IP), intramuscular 
(IM), and subcutaneous (SC) routes, remains the prevailing delivery 
approach for protein and peptide drugs [9–13]. The physical discomfort, 
risk of infection, and high cost associated with needle-based parenteral 
administrations also diminishes patient compliance, especially among 
individuals with chronic diseases like diabetes that require frequent 
dosing [14–17]. 

Transmucosal delivery offers a great alternative for delivering pro-
teins [18,19]. By permeating the mucosal epithelium barriers, protein 
and peptide drugs can be absorbed through the underneath micro- 

vessels [19]. Due to its non-invasive nature, transmucosal delivery of-
fers the option for self-administration, significantly improving the 
medication adherence [5]. Exubera® and Afrezza® are inhalable insulin 
approved by the FDA [20]. Intranasal delivery of proteins has been 
widely studied with several clinically approved products and many 
ongoing trials. For example, FluMist Quadrivalent (AstraZeneca) [5], an 
FDA-approved flu vaccine, is a live attenuated viral vaccine vector 
administered via a nasal spray [21]. Desmopressin, a synthetic peptide 
analog of an antidiuretic hormone, is now available in multiple nasal 
spray formulations (Minirin®, Octostim®, and Stimate®) for patients 
with diabetes insipidus [22–24]. Oral-lyn (Generex), an insulin product 
currently in Phase III clinical trial (NCT00668850), is a buccal spray 
formulation administered orally [5]. These transmucosal formulations 
obviates the need for needle-based injections, thereby improving the 
ease and comfort for frequent, repeated dosing. However, both inhalable 
insulin products were withdrawn from the market in 2007 and 2016, 
respectively, due to the poor sales and high costs. Pulmonary delivery of 
insulin also poses risks of chronic airway irritation and lung cancer in-
duction [25–27]. The withdrawals of these two inhalation products have 
impacted research in the field to switch to other sites of transmucosal 
delivery. Therefore, this review will focus on intranasal, buccal, sub-
lingual, and oral routes. 

Despite these aforementioned successful examples, challenges asso-
ciated with transmucosal delivery remain. For intranasal delivery, pro-
teins must survive degradation by enzymes in the nasal cavity and rapid 
cilia clearance before they can penetrate the mucus and epithelium into 
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the lamina propria for systemic absorption [28]. Additionally, the 
limited volume for nasal administration (25–250 Ll) restricts the dose 
that can be delivered through the nasal route [29]. The buccal and 
sublingual routes are limited by the small absorption surface areas and 
the salivary washout that shortens the residence time for the mucosal 
absorption [30,31]. For oral delivery, the low pH in the gastric envi-
ronment (pH ~1–2), enzymatic digestion, and layered mucosal barrier 
hinder the absorption of protein drugs, thus resulting in low bioavail-
ability (typically <1%) [12,32]. Efforts to enhance the mucoadhesion or 
penetration of proteins have prompted the development of various 
nanoparticles, microneedles, electroporation, viral-based vectors, and 
smart devices [33–39]. However, these methods have been associated 
with either low specificity, high toxicity, low efficiency, the possibility 
to trigger immune response, or discomfort [40–42]. Alternatively, cell- 
penetrating peptides (CPPs) have been shown to transport cargos into 
cells through direct translocation or various endocytosis pathways with 
minimal cytotoxicity [43]. More recently, CPPs have been widely 
investigated towards facilitating transmucosal drug delivery [44,45]. In 
this review, we first analyze major challenges associated with the de-
livery of protein and peptide drugs through intranasal, buccal, sublin-
gual, and oral routes. We then discuss advantages of using CPPs to 
address various barriers for transmucosal delivery of proteins. Knowl-
edge and research gaps in CPP-based drug delivery are identified and 
future research directions that will advance this field are discussed. 

2. Mucosae barriers 

The mucosal interface is comprised of epithelial cell layers overlaid 
by a mucus stratum, and interspersed across the mucosal interface are 
degradative enzymes that serve to minimize macromolecule permeation 
[46–48]. These components collectively constitute the primary physical 
and biochemical barricades of mucosal environments. The mucus layer 
is mostly produced by goblet cells, functioning akin to a hydrogel, pri-
marily consists of negatively charged glycoproteins and water. It acts as 
a filter that impedes the vertical passive diffusion of macromolecules 
towards the epithelial surface. The mucus can also interact with drug 
payloads through non-covalent binding, resulting in trapping of the 
drugs in the mucus layer. The role of the mucus matrix for perpetually 
clearance of the epithelial surface through enzymatic digestion and 
mucus shedding constitute the fundamental barrier for drug delivery 
[49]. Beneath the mucus layer is the epithelial tissue, which is 
comprised of a continuous sheet of tightly packed epithelial cells that 
can adopt shapes of varying complexity (from polyhedral to scutoidal to 
punakoidal) [50,51]. Epithelia are usually separated from the underly-
ing tissues by an extracellular fibrous basement membrane [52]. 
Epithelia of different mucosal barriers adopt different tissue structures. 
For instance, epithelium at the upper respiratory tract is described as 
pseudostratified columnar epithelium, which is comprised of a single 
layer of cells but nuclei appearing at different heights, suggesting a 
stratified structure [53,54]. Mouth mucosae, on the other hand, is 
stratified epithelium that is made of multiple layers of cells [55]. 
Regardless of the epithelium structure, they typically have little inter-
cellular space. The apical layer of epithelium can also be parakeratinized 
[56,57]. Additionally, cellular junctions, particularly tight junctions, 
serve as barriers to the paracellular route, making the epithelium sub-
stantially impermeable [58]. 

The epithelium absorbs molecules through passive diffusion or 
receptor-mediated uptake. Solely lipophilic compounds exhibit the 
ability to passively diffuse across the epithelial layers through direct 
translocation across cells, and paracellular permeation is largely limited 
to water and minute solutes [59–61]. On the other hand., larger mole-
cules such as proteins and peptides encounter formidable hindrance 
[62]. This challenge is exacerbated by their hydrophilic nature and 
substantial molecular weight (>1000 Da), both of which restrict 
permeation through the tight and highly impermeable epithelium 
[63–65]. 

3. CPPs as a minimally disruptive strategy to cross the mucosal 
barriers 

Strategies for enhancing transmucosal delivery of proteins and pep-
tides can be categorized into two primary approaches: (a) Increasing the 
mucosal retention and permeability and (b) Reducing drug degradation. 
Utilization of bio-adhesive materials, such as chitosan (CS), Zein, CS-N- 
arginine/alginate, and microneedles extends the drug residence on the 
mucosal surface for improved absorption [66–69]. However, these ma-
terials could induce mucosal irritation and mechanical damage in 
epithelium layers [70–73]. Incorporation of penetration enhancers, such 
as surfactants, in drug formulations is another common approach to 
enhance drug permeation through mucosae. Nonetheless, safety con-
cerns arise as such surfactants may cause irreversible disruption of tight 
junctions [74,75]. Covalent modification strategies such as functional-
ization with polyethylene glycol (PEG) and fusion-protein designs have 
been explored to increase the stability and solubility of therapeutic 
proteins. Yet, these modifications carry the risk of altering the payload’s 
activity [76–79]. Smart devices, such as luminal unfolding microneedle 
injector (LUMI) [80], have also been developed for protein drugs de-
livery, but such devices are constrained to the oral delivery route as the 
nasal, buccal and sublingual space may be too small to host these de-
vices. In addition, orally administered smart devices designed to pene-
trate the gastric mucosa could induce physical defects in the 
gastrointestinal track (GIT), risking infections and GI ulceration [81]. 
Nanocarriers present an intriguing option by encapsulating cargos and 
shielding them from enzymatic digestion. Various nanocarrier formu-
lations offer means to bolster the retention and penetration of drugs 
[82,83]. However, efficient drug release from these nanocarriers poses a 
complex challenge that necessitates further optimization [84–86]. 
Notably, while a substantial body of literature addresses the potential of 
nanocarriers for protein and peptide delivery, translation of these 
findings into clinical practice has not been proportionally aligned with 
the volume of research. 

Cell-penetrating peptides (CPPs), encompassing up to 35 amino 
acids, offer distinct advantages in terms of biocompatibility, membrane 
permeability, minimal toxicity and reduced immunogenicity compared 
to other cationic polymers [87,88]. >1850 different CPPs are disclosed 
in the CPPsite 2.0 database [89] and can be categorized as cationic, 
amphipathic and hydrophobic peptides [90]. CPPs have become an 
attractive delivery system due to their high tissue penetration activity 
for gene and drug delivery via a non-disruptive mechanism. One of the 
most extensively used CPPs is Polyarginines (Rx), which have been 
shown to deliver protein drugs, such as R8 for insulin delivery and R7 for 
cyclosporine A delivery [87,91,92]. 

4. Mechanisms of CPPs translocation across epithelia 

The negatively charged character of the mucus establishes an op-
portunity for electrostatic engagement by positively charged CPPs, 
thereby extending the retention period of CPP-functionalized cargoes. 
Due to their high degree of positive charges from the guanidinium 
groups, polyarginines effectively bind with the negatively charged 
oligosaccharide chain of mucins or proteoglycan constituents (e.g. gly-
cosaminoglycans (GAGs) and sialic acids) of the plasma membrane 
[93,94]. Cellular uptake pathways for CPPs or CPP/cargo complexes are 
generally divided into paracellular delivery and transcellular delivery 
[95,96]. For paracellular delivery, CPPs have been shown to open 
cellular junctions, tight junctions, and adhesion junctions by regulating 
key proteins such as claudins, cadherins, and desmosomes, allowing for 
direct diffusion of cargos [10,97–99]. Transcellular delivery can be 
categorized into direct translocation and endocytosis (Fig. 1). CPPs can 
directly translocate into cells upon contact through electrostatic inter-
action or hydrogen bonding between CPPs or CPP/cargoes and the cell 
membrane. These processes can mediate pore formation or membrane 
destabilization, permitting for subsequent cargo ingress [100,101]. 
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Notably, the mechanisms behind the direct translocation by CPP- 
mediated transcellular delivery has been delineated in three distinc-
tive models: (a) CPP-mediated membrane translocation. (b) CPP- 
mediated membrane pore formation. (c) CPP-mediated endocytosis. 
Some CPPs are associated with amphiphilic properties that allow them 
to insert into the lipophilic cell membranes, thereby allowing for direct 
translocation across the membrane barrier [102,103]. In addition, 
transient disruption of the lipid layer allows CPPs and associated cargoes 
to translocate through the compromised cell membrane barrier through 
passive diffusion [102,104]. Furthermore, CPPs or CPP/cargoes have 
also been shown to access cellular interior through endocytosis. Notably, 
energy-dependent endocytosis pathways, such as micropinocytosis, 
caveolin-mediated endocytosis, and clathrin-mediated endocytosis, 
predominantly govern the cellular uptake of bulkier CPPs or CPP/cargo 
assemblies. Among these, macropinocytosis, rooted in receptor- 
independent and lipid raft-dependent mechanisms, emerges as a 
favored endocytic avenue for CPPs in tandem with substantial cargoes 
[102,105]. 

5. CPP-mediated delivery of protein drugs 

CPPs offer a versatile approach for enhancing delivery of peptides 
and proteins across biologically impermeable barriers. CPPs can be 
linked to various drugs through covalent or non-covalent associations, 
enabling them to facilitate the crossing of cellular membranes via 
mechanisms described above [106,107]. CPPs, when conjugated to 
macromolecules, have been shown to enhance the membrane perme-
ability of the associated cargo. For instance, an 11-amino acid, positively 
charged peptide sequence derived from the transactivator of transcrip-
tion (TAT) protein of HIV-1, has been engineered with various peptides 
and proteins to enhance their cellular penetration [108–110]. A notable 
example lies in D-penetratin mixed with insulin, which has been 
demonstrated to cross the GI mucosa and elevate the bioavailability of 
orally administered insulin [111]. Similarly, L-penetratin-insulin, 
administered intranasally, has been shown to overcome the nasal 
epithelium barrier to exert insulin’s activity in blood glucose (BG) 

control [112]. Some CPP sequences have been identified to target spe-
cific sites, such as RGD for targeting αvβ3 integrin widely expressed on 
tumor cells [113]. As covalent linking of CPPs and cargoes could 
potentially disrupt the drugs’ inherent functions, payload incorporation 
through physical mixture with CPPs has been explored for transmucosal 
delivery. Cargo association with CPPs during physical mixing is 
dependent on intermolecular interactions, such as hydrophobic and 
electrostatic interactions and hydrogen bonding [114,115]. Numerous 
studies have demonstrated in vivo transmucosal delivery of proteins 
admixed with CPPs. The efficacy of absorption is influenced not only by 
the binding efficiency between CPP and cargo but also by other factors 
such as the internalization efficiency of CPPs [90,116]. Fusion of CPPs 
with therapeutic proteins has also shown promise. Researchers have 
fused paraoxonase1 (PON1) proteins with a cell permeable peptide 
(PEP-1), which facilitates the cellular transduction to counteract 
oxidized-LDL-associated inflammation, a hallmark of Parkinson’s dis-
ease [117]. However, the fusion method usually requires sophisticated 
biochemistry process [118]. 

The realm of nanocarriers has also been harnessed for peptide and 
protein delivery, capitalizing on their ability to shield encapsulated 
therapeutics from enzymatic and chemical degradation for sustained 
release. Incorporating CPPs onto the surface of nanocarriers enhances 
their interactions with mucus or epithelial layers, thus extending their 
retention time. For instance, Keum et al. [119] have employed CPP- 
decorated liposomes to bolster drug absorption across the buccal mu-
cosa. CPPs can be physically combined with nanocarriers and protein 
complexes via layer-by-layer complexation. Typically, cationic CPPs 
would be deposited at the outermost layer to facilitate nanoparticulate 
penetration into cells [120,121]. Recent advances with specific exam-
ples are discussed in the following section. 

6. CPPs for intranasal delivery 

6.1. Nasal structure 

The nasal cavity encompasses three distinct regions: the vestibular 

Fig. 1. Schematic representation of proposed mechanisms of CPP internalization.  
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region, respiratory region, and olfactory region. These segments are 
responsible for filtration, humidification, temperature regulation, and 
olfaction [122]. In humans, the vestibular region spans approximately 
0.6 cm2, the respiratory region occupies an extensive area of 150 cm2, 
and the olfactory region covers around 10 cm2 [123]. The substantial 
surface area, coupled with the presence of vascularized subepithelial 
tissues, facilitates absorption of molecules into the systemic circulation 
[124]. The nasal route features an intranasal pathway characterized by a 
pH range of 4 to 6.5 and avoids the first-pass metabolism, thus ampli-
fying the bioavailability of drugs [125,126]. An additional advantage of 
the nasal route is its high accessibility, enabling patients to engage self- 
medication [127]. 

6.2. Advantages of nasal delivery for protein and peptide drugs 

Utilizing the nasal route for the delivery of protein and peptide drugs 
holds the advantage for achieving a more rapid onset of action, typically 
within minutes, compared to other non-parenteral administration 
methods [129]. The respiratory mucosa is highly vascularized with a 
large surface area and permeable thickness (0.3-5 mm) [130], which are 
conducive to drug absorption. Lower enzymatic degradation in the nasal 
cavity compared to GIT also makes nasal route attractive for biologics 
delivery [131]. In addition, intranasal delivery enhances patients’ 
satisfaction to increase medical adherence and serves as a viable for drug 
delivery to the brain (Fig. 2) [132]. Studies have shown that CPP- 
mediated intranasal delivery results in higher bioavailability of pro-
tein drugs and can be achieved with no toxic effects on biological 
membranes [133]. For instance, L-penetratin is a widely adopted CPP 
for intranasal delivery, which has been demonstrated to improve the 
bioavailability of insulin, glucagon-like-peptide-1 (GLP-1), and exendin- 
4 [112,134,135]. 

6.3. Intranasal barriers for drug delivery 

Transmucosal delivery of protein and peptide drugs via the nasal 
route is faced with several formidable barriers inherent to the nasal 
epithelium. Firstly, the mucus layer (10–15 μm thick) presents a sub-
stantial obstacle by filtrating protein and peptide drugs, impeding their 
journey towards the intended site [136]. Although degradative enzy-
matic activity within the mucus is less than that in the GIT, it remains a 
non-negligible factor that compromises drug integrity [137]. In addi-
tion, the epithelial cells on the nasal surface bear hair-like cilia that 
undergo rhythmic movements, a process termed mucociliary clearance 

with a half-life of approximately 7–15 min. This dynamic clearance 
mechanism results in the significant loss of administered drugs 
[138,139]. The limited physical space in the nasal cavity also imposes a 
constraint on the applicable drug dosing [140,141]. Beyond these initial 
challenges, a multilayered epithelium awaits [141,142]. Proteins and 
peptides must traverse through either the transcellular or paracellular 
pathways in order to reach the ultimate destination, lamina propria, for 
systemic absorption. 

6.4. CPP-mediated intranasal delivery of protein and peptide drugs 

Intranasal delivery of peptide and protein drugs via nasal spraying 
has emerged as a viable and effective therapeutic approach for various 
medical conditions, such as diabetes insipidus, osteoporosis, and central 
precocious puberty [143–145]. To amplify the efficiency of intranasal 
delivery, CPPs have been integrated to serve as facilitators for enhanced 
penetration of peptide and protein drugs across mucosal layers. A va-
riety of CPP-based delivery technologies have been developed for 
intranasal delivery of proteins. For instance, Akita et al. [146] demon-
strated that CPP conjugation effectively safeguards GLP-2 from degra-
dation, expediting its transit from the nasal route to the brain. Driven by 
the versatility of nanoparticles for payload incorporation and surface 
functionalization, researchers have employed nanoparticles to enhance 
the protection, solubility, stability, and bioavailability of peptide and 
protein drugs. CPPs have been linked to the surface of a broad variety of 
nanoparticles, including liposomes, polymeric nanoparticles, and mi-
celles, to augment the mucus-penetrating capability. Eliete et al. [147] 
demonstrated that the CPP-modified liposome-encapsulated peptide 
drugs exhibited a prolonged release profile, and this coupling notably 
bolstered nanoparticle absorption. Despite the advantages offered by 
nanocarrier designs, physically mixing CPP with cargo remains the 
preferred approach because of formulation simplicity and minimal 
payload alteration. By mixing CPP with insulin, Bae et al. [148] show-
cased effective intranasal absorption of insulin, resulting in significant 
reduction in BG levels in diabetic rats. Khafagy et al. [149] demon-
strated that the co-administration of CPP with leptin through the nasal 
route notably amplified the leptin concentrations both in the systemic 
circulation and within the anterior brain. Other peptides, such as 
exendin-4 and GLP-1 have been delivered through a physical mixture 
with CPPs. Examples of intranasally administered CPPs include TCTP- 
PTD, penetratin, and their variants [112,150,151]. A summary of 
intranasal formulations involving CPPs is shown in Table 1. It is noted 
that additional procedures to animals were required in these studies 

Fig. 2. Schematic representation of various possible mechanisms involved in intranasal delivery and direct nose-to-brain drug transport from the olfactory re-
gion [128]. 
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involved with intranasal delivery to enhance the absorption. Animals 
were anesthetized during the drug administration to transiently block 
swallowing and removal of drug formulation through nasal exhalation, 
allowing prolonged nasal retention and increased delivery to the lower 
respiratory tract, such as lungs [152]. To further increase the nasal 
retention of the drug formulations, the trachea and esophagus were 
cannulated during the nasal administration. These procedures cannot be 
translated clinically, and the need of them reflects the suboptimal effi-
ciency of these CPP formulations. Very recently, Wu et al. [10] 
demonstrated that protamine, a clinically used arginine-rich peptide as 
an antidote for heparin overdose, facilitated systemic absorption of 
bovine serum albumin (BSA) and insulin by nasal administration using 
the physical mixing formulation in conscious animals, without any 
additional procedures. This formulation effectively reduced the BG in 
diabetic mice 0.5 h after administration, and the effect lasted for ~6 h, 
comparable to s.c. injected insulin at the same dose. This is a significant 
breakthrough in this field, and the promising results may be due to that 
protamine could bypass the cellular lysosomal degradation [10], while 
payloads delivered by other CPPs such as R8 were mostly trapped in the 

lysosomes. 
In summary, the integration of CPPs into intranasal drug delivery 

strategies stands as a promising avenue to amplify the permeation of 
peptide and protein drugs across the mucosal layers. These techniques, 
as exemplified by the aforementioned studies, hold potential to optimize 
therapeutic outcomes and broaden the spectrum of treatable conditions. 

6.5. Challenges and future prospect of CPP-mediated intranasal delivery 

Despite the promise presented in multiple preclinical studies, it 
should be noted that the nasal cavity is a highly sensitive area that can 
rapidly accelerate mucus build-up and shedding upon irritation. Such 
alteration can vastly impact the pharmacokinetic of intranasally 
administered drugs, and the interplay between drug dosing and nasal 
irritation should be carefully examined. In addition, the aforementioned 
barrier factors can be complicated by the influence of nasal pathologies 
such as rhinitis and the common cold. Potential efficacy reduction 
among subjects with respiratory illness should be carefully assessed for 
CPP-formulated intranasal proteins. More efforts should be made to 

Table 1 
Intranasal formulations of CPP-containing protein drugs in preclinical research.  

Cargo CPPs Methodology Extra procedure for intranasal 
delivery 

Results Reference 

dnRas TAT fusion 
protein 

nasal catheter insertion to increase 
pulmonary delivery and reduce 
dosage clearance through nasal 
exhalation 

TAT-dnRas effectively reduces eosinophil migration, 
airway inflammation, and hyperresponsiveness in immune- 
sensitive mice. 

[153] 

insulin TCTP-PTD 13 simple 
mixing 

anesthesia Enhances nasal insulin absorption with a relative 
pharmacological bioavailability (BA) of 21.3% (compared 
to s.c.) without causing mucosal damage. 
BG control for ~2 h 

[150] 

insulin TCTP-PTD 13 
M2 

simple 
mixing 

anesthesia Enhances intranasal insulin delivery with a relative BA of 
37.1% (compared to s.c.). 
BG control for ~4 h. 

[154] 

insulin L-penetratin simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 

Improves nasal insulin absorption with up to 76.7% 
pharmacological availability (PA) and 50.7% BA 
(compared to s.c.). 
BG control for ~2 h. 

[112] 

insulin shuffle (R, K fix) 
2 

simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 

Enhances nasal insulin absorption by 1.85-fold compared to 
the original penetratin. 
BG control for ~2 h 

[155] 

insulin penetraMax simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 

Achieves almost 100% relative BA (compared to s.c.). 
No BG results reported. 

[151] 

insulin protamine simple 
mixing 

no additional procedure required Promotes intracellular uptake, directs the cargo to nuclei 
instead of lysosomes. The BA is 28.6% compared to s.c. 
BG control for ~6 h 

[156] 

exendin-4 TCTP-PTD 13 
M2, 
TCTP-PTD 13 
M3, penetratin, 
shuffle (R, K fix) 
2 

simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 
micropipette insertion 

Penetratin increases the nasal absorption of exendin-4 
(7.7% BA) more than the intestinal (1.8% BA) absorption. 
Shuffle (R,K fix) 2 significantly enhances nasal absorption 
of exendin-4 compared to L-penetratin. 
TCTP-PTD 13 M2 shows the highest exendin-4 uptake in 
normal rats, and decreases BG levels by 43.3% (compared 
to exendin-4 alone) and by 18.6% (compared to exendin-4 
plus TCTP-PTD 13) in diabetic mice. 

[134,135,157] 

GLP-1 penetratin, 
shuffle (R, K fix) 
2 

simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 
micropipette insertion 

Penetratin significantly increases the nasal absorption of 
GLP-1 (15.9% BA) more than the intestinal (5% BA) 
absorption. 
Shuffle (R,K fix) 2 significantly enhances nasal absorption 
of GLP-1 compared to L-penetratin. 

[134,135] 

GLP-2 R8 fusion 
protein 

anesthesia PAS-CPP-GLP-2 prevents degradation of GLP-2, enhances 
cellular uptake and efficiently delivers to the CNS, 
demonstrating rapid antidepressant-like effects comparable 
to i.c.v. administration in mice. 

[158] 

recombinant 
influenza 
hemagglutinin 
(HA) 

CPE covalent anesthesia Conjugating CPE to recombinant HA induces increased 
mucosal IgA responses in mice but does not affect the 
systemic IgG responses. 

[159] 

leptin penetratin simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 
micropipette insertion 

Intranasal coadministration of leptin with L-penetratin 
efficiently delivers leptin to the brain, reducing appetite, 
body weight gain, and plasma triglyceride levels in rats. 

[160] 

IFN-beta penetratin simple 
mixing 

anesthesia and cannulation of 
trachea and esophagus 
micropipette insertion 

Penetratin increases the nasal absorption of IFN-beta 
(11.1% BA) more than the intestinal (0.17% BA) 
absorption. 

[134]  
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simplify the intranasal delivery procedure to improve patient compli-
ance and reduce efficacy variation. 

7. CPP for buccal and sublingual delivery 

7.1. Buccal and sublingual mucosa structure 

The epithelial composition of the oral mucosa varies by regions of the 
mouth. Approximately 40% of the surface area of the oral cavity consists 
of keratinized squamous epithelium, which covers the hard palate and 
gingiva and is tightly bound to the bone underlying these tissues 
[161–164]. In these regions, squamous cells in the apical stratum cor-
neum layer possess a proteinaceous coating reinforced by the keratin 
filaments they are linked to, which creates a more rigid layer designed to 
protect the underlying tissue. Beneath the basement layer of this kera-
tinized epithelium sits the loose areolar connective tissue of the lamina 
propria, containing capillary loops that drain into the jugular vein 
[165,166]. 

The stratified, non-keratinized epithelium of the buccal and sublin-
gual mucosa makes up the remaining 60% of the cavity’s surface area. In 
these regions, permeation is much more feasible due to the lack of 
keratin barrier. These areas are therefore highly suited for drug ab-
sorption and present an intriguing delivery route of choice [167,168]. 

Although their epithelium is quite similar, the buccal and sublingual 
mucosa differ in size and thickness: the buccal epithelium is generally 
400–700 μm thick spanning 40–50 cell layers, totaling roughly 50 cm2 of 
surface area [164]. Meanwhile, the sublingual mucosa is thinner, 
averaging only 100–200 μm thick across 8–12 cell layers, comprising 
roughly 27 cm2 of surface area [166] (Fig. 3 and Table 2). 

7.2. Advantages of buccal and sublingual delivery of protein and peptide 
drugs 

There are several advantages that buccal and sublingual delivery 
methods offer over other routes of administration due to the physiology 
of the oral cavity. The pH of this environment generally ranges from 6.5 

to 7.5, which protects proteins from acid-catalyzed denaturation. 
Combined with the decreased presence of enzymes that may degrade the 
cargo being delivered, the buccal and sublingual routes offer a desirable 
environment for drugs than typical oral administration that subjects 
biologic payloads to the gastric cavity [164]. 

Absorption of drugs across the buccal and sublingual mucosa is also 
aided by the high level of vascularity in these tissues. The vast capillary 
beds of this region that drain into the jugular vein offer quick access to 
systemic circulation. This direct entry to the bloodstream allows drugs to 
bypass first-pass metabolism to maximize bioavailability [166,169]. 

The quick absorption and low degradation presented by these routes 
is particularly useful for a wide array of applications, including 
administration of drugs required in emergent situations. Furthermore, 
due to the non-invasive nature of the buccal and sublingual routes, 
administration of protein-based vaccines via non-invasive buccal and 
sublingual routes could lead to higher rates of acceptance and coverage 
[164]. Mucosal vaccination also induces mucosal immunity, which of-
fers improved protection against pathogens invading through the 
mucosal route [167,170]. 

7.3. Buccal and sublingual barriers to drug delivery 

Although the non-keratinized epithelium of the sublingual and 
buccal mucosa is more conducive to drug absorption, several layers of 
barriers remain for proteins to move from the oral cavity into the sys-
temic circulation. In order to reach the capillary beds in the lamina 
propria, drugs must be able to traverse the mucosal layer through either 
transcellular or paracellular mechanisms [171]. In particular, para-
cellular routes require drugs to overcome anchoring junctions, such as 
adherens junctions and desmosomes, that tightly bind cells in the su-
perficial layers of the epithelium. Since these junctions are highly pre-
sent in tissues that undergo frequent and significant mechanical stress, 
this issue is particularly relevant to the mobile epithelium of the buccal 
and sublingual regions [172,173]. Additionally, washout from salivary 
secretion can significantly limit the residence time of drugs in the oral 
cavity. In general, saliva is secreted at a rate of 0.5–2.0 L per day, with 
roughly 1 mL being maintained in the oral cavity at all times [174,175]. 
This frequent refreshment of saliva poses challenges to adhesion and 
retention for molecules that are larger and less lipophilic, limiting their 
ability to be absorbed into the mucosal layer before being diluted in new 
saliva and swallowed. In addition to this, although the buccal surface 
area is larger than that of the sublingual region, the decreased drug 
retention in this area due to salivary dilution and swallowing poses an 
additional challenge to drug delivery [176]. 

7.4. CPP-mediated buccal and sublingual delivery of protein and peptide 
drugs 

Since salivary washout significantly limits the time available for drug 
absorption across the sublingual and buccal mucosa, enhancing quick 
absorption is key to shuttling proteins and peptides across these oral 
mucosal barriers. CPPs have been found to dramatically elevate the 
bioavailability of drugs delivered through this route, as they allow for 
significantly increased penetration of cargo through mucosal barriers to 
the underlying blood vessels. For instance, Xu et al. [177] explored the 
ability of insulin-conjugated low molecular weight protamine for buccal 
uptake in rabbits, finding that the hypoglycemic effect was significantly 
increased with the conjugate as compared to the group treated with 
buccal insulin alone. In another example, Keum et al. [119] examined 
CPP-mediated buccal absorption with penetratin, conjugating the CPP 
to phospholipids and forming liposomes to deliver salmon calcitonin 
(sCT). It was found that their liposomal formulation increased sCT 
permeation across the porcine buccal tissue by 92-fold, highlighting 
CPP-functionalized carriers as a valuable strategy for increasing buccal 
uptake. Fig. 3. Sketch map of the oral mucosa.  
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7.5. Challenges and future prospect of CPP-mediated buccal and 
sublingual delivery 

Facilitating quick absorption to overcome the frequent refreshment 
of saliva is the primary challenge facing transmucosal delivery in the 
oral cavity, and CPPs offer a promising avenue to increase absorption of 
drugs. Covalent linkage of CPPs to payloads as well as to biologic-loaded 
nanocarriers have been shown to increase buccal uptake [178,179]. The 
field of CPP-mediated transmucosal delivery in the oral cavity remain 
relatively underexplored, and significant potential remains. Because of 
the quick absorption associated with the buccal and sublingual routes, 
this mode of delivery may be tailored for emergency syndrome such as 
acute allergy reaction. 

8. CPP for oral delivery 

8.1. Oral route structure 

The stomach, small intestine, and colon are the main locations in GIT 
that absorb orally ingested protein. The length of human GIT can be up 
to 9 m, containing segments with large variations in object transit time, 

pH, degradative enzymes, and mucosal layer composition (Fig. 4) 
[180–182]. These variations and complexities present design challenges 
for orally ingested drug formulations. In a healthy adult, the transit time 
in the stomach is around 1 h, and the environment is highly acidic (pH 
1–2), rich in gastric enzymes, and surrounded by thick mucus layer with 
relatively low surface area (0.05m2) [183–185]. The stomach is char-
acterized by fast epithelial regeneration and it is a rapidly accessible site 
[38,186]. The small intestine has the highest surface area in the GIT (32 
m2), averaging 6 m in length, and is rich in microvilli structures 
[187,188]. Its near-neutral pH of 6.5–7 and long turnover time (4–6 h) 
establish it as the primary organ for drug and nutrient absorption [189]. 
Furthermore, the thickness of mucus in the small intestine varies from 
15 to 450 μm [28], which provides a lot of flexibility for oral formulation 
designs. Lastly, the colon is the final absorption segment in the GIT. It 
has a pH of 5–7 and a surface area of 2 m2. Due to its long transit time 
(~20 h), lower fluid volume, and minimal digestive enzymes, the colon 
is another major target for oral drug absorption [189]. 

8.2. Advantages of oral delivery for protein and peptide drugs 

The convenience of oral drug delivery makes this route particularly 

Table 2 
Characteristics of buccal and sublingual mucosa [166].  

Tissues Keratinization degree Thickness/ μm Surface area/cm2 Permeability Residence time Blood flow velocity/ml*min-1*100 g− 1 

Buccal mucosa Non-keratinization 500–600 50.2 ± 2.9 Medium Medium 20.3 
Sublingual mucosa Non-keratinization 100–200 26.5 ± 4.2 High Low 12.2  

Fig. 4. Schematic illustration of the mucus layers covering GIT. The mucus depth varies with GIT sites. The mucus layer is composed of two layers, including the 
outer mucus layer, which is loosely adherent and the inner mucus layer, which is firmly adherent on epithelia [81]. 
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attractive for patients as compared to parenteral injections. Ouyang 
et al. [28] reported that over 62% of pharmaceutical products in 2018 
are administered via oral route. The recent FDA approval of an oral 
formulation of the glucagon-like peptide 1 (GLP1) receptor agonist 
semaglutide for the treatment of type 2 diabetes (T2D) is a major 
milestone and landmark in orally delivered protein therapeutics. The 
oral protein and peptide therapeutics market is anticipated to grow to 
8233 million USD by 2028 [190]. 

8.3. Oral barriers to drug delivery 

The lining of the GIT has evolved a sophisticated set of cellular and 
mucus barriers to restrict the access of protein drugs. The GIT is char-
acterized by highly denaturing environments, a plethora of digestive 
enzymes, and enteral microbiota and pathogens, which collectively 
make transmucosal biologics delivery challenging [191–194]. In 
particular, unanticipated disruption of the GIT mucosal barrier or 
microbiota can have profound influence on the subject’s health and 
well-being [195,196]. 

8.4. CPP-mediated oral delivery of protein and peptide drugs 

Oral delivery strategies for protein and peptide drugs can be divided 
into 3 distinctive categories, including improving the oral route reten-
tion time, enhancing permeation, and combating enzymatic degrada-
tion. Among these strategies, CPPs function primarily by enhancing 
intestinal permeation of protein and peptide payloads. CPPs may 
interact with membrane glycosaminoglycans located on the enterocyte 
surfaces of microvilli, traversing into the cells through endocytic path-
ways, and ultimately delivering their protein cargos to the systemic 
circulation upon exocytosis. Degradation of CPPs and payloads in the 
GIT is the major hurdle when using CPPs to facilitate oral drug ab-
sorption. For example, the stability half-life of penetratin in the rat in-
testinal fluid was only 0.7 min [197]. Therefore, early studies focused on 
direct injection of a mixture of CPPs and payloads into the intestinal 
lumen to enable effective absorption (supplementary table 1). Alterna-
tively, CPPs and their payloads can be encapsulated in nanoparticles or 
specific devices to reduce the degradation and denaturation in the low 
pH gastric fluid before the release in the intestine or colon for absorp-
tion. PEG-modified mesostructured silica nanoparticles have been used 
to protect CPPs and protein payloads while enhancing their retention 
and penetration in the intestinal mucosae [197]. CPPs released in the gut 
lumen can facilitate drug penetration through the mucosae for systemic 
absorption, or nanoparticles may penetrate into the mucosae before 
releasing CPPs and payloads. In another case, Guo et al. [198] encap-
sulated insulin and a CPP in PLGA nanoparticles that were grafted with 
modified chitosan. This formulation survived the environments in the 
stomach and intestine, but was digested by colon flora to release the CPP 
and insulin for systemic absorption, leading to a 40% reduction in BG 
levels. Alternatively, CPPs can be attached to nanoparticle surface, and 
Tan et, al. [197] showed that this approach enhanced the mucus- 
penetrating ability and achieved a 5-fold increase in bioavailability 
following oral delivery. However, it is to be noted that CPPs attached on 
particle surface could be susceptible to degradation by enzymes in the 
GIT [12]. 

Nielsen et al. [111] was the first group showing that a CPP enabled 
oral absorption of a peptide through a physical mixing formulation 
without nanoparticles or any device. They first demonstrated that D- 
penetratin was more stable in the diluted gastrointestinal fluid 
compared to L-penetratin, with a stability half-life of 67 min. D-pene-
tratin bound with insulin via non-covalent intermolecular interactions 
and increased its stability half-life from 25 min to 91 min. However, the 
efficacy was only moderate with a PA of 18.2% compared to s.c. insulin. 
A summary of oral formulations involving CPPs is shown in Table 3. 

8.5. Challenges and future prospect of CPP-mediated oral delivery 

A major challenge in CPP-mediated oral proteins delivery lies in the 
acidic and degradative environment in GIT, to which CPPs are highly 
susceptible. Carrier technologies are often required to shuttle CPP- 
functionalized proteins and peptides past the gastric cavity, and sus-
tained release in the small intestine or colon allows CPPs to mediate 
enhanced cargo transcytosis. Although significant efficacy has been 
demonstrated with the above approach, optimization of drug loading 
and release kinetics remains to be a major task. The success of LNP in 
COVID-19 mRNA vaccine delivery is speeding up the developmental 
efforts in nanocarrier engineering. Combining carrier technologies with 
CPPs for oral biologics delivery presents a promising prospect for future 
translation. CPP formulations based on physical mixing is preferable; 
however, this approach tends to only facilitate absorption of payloads 
that have strong interactions with CPPs. It is possible that payloads 
could dissociate from the complexes with CPPs in the presence of food 
and electrolytes [111], and this is yet to be examined. CPP stability in 
the GIT can be improved through sequence optimization, which is 
crucial to enable efficient oral absorption. 

8.6. Immunological issues of CPPs 

Most of the research on CPPs conducted in laboratory settings indi-
cated their general nonimmunogenicity and low toxicity [202]. How-
ever, a more thorough investigation, especially involving in vivo, is 
necessary due to the positively charged nature and origin of most CPPs, 
which may impact cell membrane integrity and potentially trigger im-
mune responses. The immunogenicity of CPPs can be influenced by 
various physicochemical properties, including molecular weight, 
charge, amino acid sequence, hydrophilicity, morphology, and the type 
of conjugated cargo [202]. 

In rare occasions, the immune response to CPPs may occur when they 

Table 3 
Oral formulations of CPP-containing protein drugs in preclinical research.  

Cargo CPP Methodology Results Reference 

insulin polyarginine 
[R]6 

P(MAA-g-EG) 
microparticles 

These hybrid 
hydrogels efficiently 
load insulin and R6, 
show rapid release 
properties at pH 7.4, 
and cause a 
substantial 
hypoglycemic 
response when 
administered in rat 
ileal segments. 

[199] 

insulin SAR6EW 
chitosan (CS)- 
based 
nanocarriers 

Orally administered 
SAR6EW/CS/insulin- 
NPs exhibit superior 
hypoglycemic effects 
compared to CS/ 
insulin-NPs in 
diabetic rats. 

[200] 

insulin LMWP mucoadhesive 
NPs (MNPs) 

MNPs loaded with 
Insulin-LMWP 
conjugates 
demonstrate a long- 
lasting hypoglycemic 
effect with a faster 
onset and a PA of 
17.98% (compared to 
s.c. insulin injection) 
in diabetic rats. 

[201] 

insulin D-penetratin simple mixing 

A PA of 18.2% is 
achieved in mice 
dosed with insulin 
and D-penetratin. 

[111]  
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are recognized as antigens and taken up by immune cells, such as den-
dritic cells (DC) [203]. Most well-characterized CPPs consist of posi-
tively charged amino acid sequences, and under normal conditions, their 
electrostatic interaction with GAGs facilitates the internalization of 
cargo into the cytoplasm [204]. This process, along with the toxicity of 
CPPs, is dependent on the dosage administered [205]. CPPs do not 
facilitate steps like proteolytic processing, major histocompatibility 
complex (MHC) presentation, and T-cell receptor (TCR) binding for a 
successful T cell response [206]. Therefore, they normally do not cause 
immunotoxicity when administered alone within an optimized dosage. 

In vivo experiments have shown that certain CPPs, like D-form 
arginine oligomer (R9) and Penetratin, can cause severe systemic 
toxicity at high doses (5 μmol/kg for R9 and 10 μg for Penetratin) [207]. 
Penetratin, in particular, influences the innate immune system through 
interaction with the Toll-like receptor pathway [207]. Amphipathic 
sequences exhibit greater toxicity on cell metabolism compared to 
cationic ones, but modifications, such as reducing the hydrophobicity or 
the overall cationic charge, have been successful in reducing cytotox-
icity and immunotoxicity in vitro and in vivo [205,208,209]. 

In another aspect, CPPs have been used as immune-enhancers, and 
low concentrations of CPPs (e.g. 2 mM for Penetratin) have been used to 
deliver nasal vaccines [210]. Studies have shown that CPPs promote DC 
uptake of antigens, enhance vaccine effectiveness in various animal 
models including nonhuman primates, and improve the antitumor effi-
cacy of cancer vaccines [206]. Recent studies showed that CPPs 
increased intracellular delivery of antigens into antigen-presenting cells 
(APCs), leading to enhanced T cell priming in vivo, predominantly 
through cross-presentation [206]. 

Coralie and colleagues [206] noted a significant enhancement in 
antigen accumulation in draining lymph nodes when delivered by CPP 
formulations. This outcome was linked to the CPP’s ability to bind to 
lymph-trafficking lipoproteins and safeguard the CPP-antigen from 
degradation. These dual effects led to an extended presentation of the 
CPP-peptide in draining lymph nodes, resulting in robust priming and 
expansion of T cells. The combined impact of improved antigen stability, 
augmented lymph node accumulation, and effective uptake by APCs 
contributes to the prolonged presentation of antigens following CPP- 
peptide immunization. 

Overall, CPPs alone without an antigen are unlikely to cause 
immunotoxicity. However, dosage optimization of CPPs is needed. 

8.7. Clinical trials for CPP-based drug delivery 

Although clinical translation of transmucosal delivery of proteins 
using CPPs remains in the infancy, a few local and systemic delivery 
systems derived from CPPs have entered clinical trials (Table 4). While 
most of the CPP clinical trials focus on systemic delivery, localized ap-
plications of CPPs appear to be more clinically successful with one 
product (DAXI) approved. The first CPP clinical trial was topically 
delivered cyclosporine linked with polyarginines by CellGate for the 
treatment of psoriasis [204]. This topical treatment appeared to be well 
tolerated without systemic adverse effects. In 2016, Revance Thera-
peutics released its Phase 3 trial results of Daxibotulinumtoxin Topical 
Gel (RT001) based on a TATp technology (TransMTS™) that enables 
topical delivery of botulinum toxin to treat patients with moderate to 
severe lateral canthal lines or cow feet. DaxibotulinumtoxinA-lanm for 
injection (DAXI) is the first FDA-approved CPP-containing product, in 
which the CPP, RTP004, binds noncovalently with the cargo, botulinum 
toxin type A. RTP004 is a 35 amino acid peptide rich in lysine and 
arginine, which improves the formulation stability by reducing self- 
aggregation of the cargo and facilitates the drug penetration [211]. 
DAXI is used to treat frown lines and cervical dystonia in adults by local 
injection [211]. Although CPP technologies have mostly been applied 
for protein delivery via systemic administration, with the first trial 
conducted in 2003, no product in this category has received regulatory 
approvals [114], to our best knowledge. Additionally, safety concerns 

about systemic exposure of CPPs have been raised, as cationic CPPs non- 
specifically bind with blood components and cell membranes via charge- 
charge interactions, which could induce immune responses and cyto-
toxicity. Local administration of CPP formulations, on the other hand, 
minimizes the systemic exposure. 

8.8. Future prospect 

Needle-free delivery of biological drugs provides a non-invasive 
alternative to patients and is particularly attractive for chronic health 
conditions that require frequent and long-term medications. This mode 
of delivery increases medication adherence and reduces the cost. The 
approval of nasal Foralumab [212], oral semaglutide [213], and inhal-
able insulin attests this need. CPP delivery has enabled approvals of a 
protein drug [211], and its use for transmucosal delivery has advanced 
significantly over the past few years. This relatively local mode of de-
livery is anticipated to minimize systemic toxicity of CPPs, which has 
been the major concern for their clinical translation. We anticipate that 
products enabled by CPP delivery through transmucosal routes will 
become ready for clinical trials in the near future. To facilitate the 
clinical translation, thorough toxicology studies in larger animals such 
as dogs and non-human primates must be conducted with CPP formu-
lations. Immune responses triggered by CPPs, if any, need to be studied. 
Under this consideration, CPPs that have been used in human with an 
established safety profile will be highly favorable. For example, prot-
amine has been used clinically for many years as an antidote for heparin 
overdose as well as an excipient to prepare NPH insulin for sustained BG- 
lowering effect via s.c. delivery. 

Efforts on developing CPP formulations for transmucosal delivery 
have been mainly devoted to small proteins (Mw < 6 kDa) such as in-
sulin and GLP-1 agonist. Improving the delivery of large protein drugs 
remains a topic of interest in the field, as more and more large protein 
drugs are approved such as mAb (150 kDa) and antibody-drug conjugate 
(ADC). Transmucosal delivery efficiency of CPPs must be improved to 
mediate transport of these large molecules. Sequence mutation and 
optimization through introducing cationic or hydrophobic amino acids 
and cyclization appear to be viable approaches. It has been found that 
mutating specific amino acids in L-penetratin improved the stability in 
diluted gastrointestinal fluids [214]. Tools of artificial intelligence, 
machine learning, and molecular modeling are anticipated to facilitate 
the progress of CPP optimization through rational design and virtual 
screening. Additionally, D-form CPPs have been demonstrated to exhibit 
improved stability, providing increased protection over the payloads 
[111]. Another viable strategy could be the development of multivalent 
CPPs [215]. It is noted that the density of CPPs per particle affects the 
membrane transduction of CPP-decorated nanoparticles. Generally, 10 
to 20 copies of CPP in one nanoparticle achieve effective transportation 
[102]. Therefore, cross-linking multiple CPP molecules may increase the 
membrane permeating activity. For examples, compared with a TAT 
monomer, TAT dimer displayed 10-fold increased delivery of proteins 
into the cultured cells [102,216]. PAMAM has been used to develop 
multivalent CPPs (penetratin-PAMAM) that showed enhanced cell 
permeation [217]. 

It appears that buccal and sublingual delivery of protein remains 
under-studied compared to oral and intranasal delivery. The oral cavity 
provides several advantages for protein delivery, including better 
tolerability compared to the nasal cavity and a less harsh environment 
relative to the GIT. The most significant challenge for buccal and sub-
lingual delivery is the short residence time, which requires rapid ab-
sorption to offset. More efficient CPPs are needed to achieve significant 
delivery through buccal and sublingual administration. Another under- 
studied topic is using CPPs to improve local delivery of proteins for 
localized diseases. Through local administration, CPPs will enhance 
penetration of drugs while minimizing their systemic exposure and side 
effects compared to systemic delivery. For example, PsorBan (CGC1072) 
is topically delivered, displaying increased drug concentrations in the 
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Table 4 
CPP-containing protein drugs being investigated in clinical trials.   

CPP Cargo Administration 
route 

Methodology Indication Phase Company/ 
Organization 

ClinicalTrials.gov 
identifier 

localized 
injection 

polyarginine (R7) cyclosporine A 
(PsorBan, CGC1072) 

topical covalent psoriasis II Cellgate Inc. N/A 

RTP004 botulinumtoxin A 
(RT001) 

topical simple 
mixing 

lateral canthal lines, 
Crow’s feet, 
facial wrinkles 

II Revance 
Therapeutics, Inc. 

NCT01064518 
completed 2010 

RTP004 botulinumtoxin A 
(RT002) 

intramuscular 
injection 

simple 
mixing 

glabellar lines approved Revance 
Therapeutics, Inc. 

NCT02303002 
completed 2015 

TAT brimapitide 
(XG-102) 

sub-conjunctival 
injection 

fusion 
protein 

post-cataract surgery intraocular 
inflammation and pain 

III Xigen SA NCT02508337 
completed 2016 

TAT brimapitide 
(AM-111) 

intratympanic 
injection 

fusion 
protein 

hearing loss III Auris Medical AG NCT02561091 
completed 2017 

TAT delcasertib 
(KAI-9803) 

intracoronary 
injection 

covalent myocardial infarction II KAI Pharmaceuticals NCT00093197 
completed 2006 

AZX100 
(cell-permeable anti-fibrotic peptide 
bearing an “enhanced” PTD (PTD4)) 

a phosphorylatedregion from heat 
shock-related protein HSP20 

intradermal 
injection 

fusion 
protein 

scar prevention/ 
reduction 

II Capstone 
Therapeutics 

NCT00451256 
NCT00892723 
completed 2010 
NCT00811577 
completed 2010 

systemic 
injection 

TAT active inhibitor of εPKC 
(KAI-1678) 

subcutaneous 
infusion 

covalent postoperative pain II KAI Pharmaceuticals NCT01015235 
completed 2010 

TAT εPKC activator 
(KAI-1455) 

intravenous 
infusion 

covalent ischemic organ injury I KAI Pharmaceuticals, 
Inc. 

N/A 

TAT PSD-95 inhibitor 
(Nerinetide, NA-1) 

intravenous 
infusion 

fusion 
protein 

major acute ischemic stroke (AIS) III NoNO Inc. NCT02930018 
completed 2019 

TAT PSD-95 inhibitor 
(AVLX-144) 

intravenous 
infusion 

covalent acute ischemic stroke, chronic 
inflammatory pain, neuropathic pain 
and subarachnoid hemorrhage 

I Avilex Pharma NCT04689035 
completed 2023 

TAT MAGE-A3- and HPV16-specific 
peptide immunomodulatory 
vaccines 
(GL-0810, 
GL-0817) 

subcutaneous 
injection 

fusion 
protein 

head and neck carcinoma I Gliknik Inc. N/A 

P28 glutathione-S-transferase 
(P28GST) 

subcutaneous 
injections 

fusion 
protein 

Crohn’s ileocolitis II University Hospital, 
Lille 

NCT02281916 
completed 2018 

P28 P28 intravenous 
infusion 

N/A pediatric central nervous system 
tumors 

I Pediatric Brain Tumor 
Consortium 

NCT01975116 
completed 2015 

P28 P28 intravenous 
infusion 

N/A refractory solid tumors I CDG Therapeutics, 
Inc. 

NCT00914914 
completed 2011 

PEP-010 
(DPT-C9h) 
(DPT as a penetrating peptide and PEP1 
as the interfering active peptide) 

PEP-010 
(DPT-C9h), and in combination 
with paclitaxel 

intravenous 
infusion 

fusion 
protein 

metastatic solid tumor cancer I PEP-Therapy NCT04733027 

ATP128 TLR agonist-derived peptide and a 
multi-antigenic domain 
(KISIMA™) 

subcutaneous 
injection/ 
intravenous 
infusion 

fusion 
protein 

stage IV colorectal cancer I Amal Therapeutics NCT04046445 

ATX-101 
(APIM (AlkB homolog 2 protein PCNA 
(proliferating cell nuclear antigen) 
interacting motif)-containing peptide) 

ATX-101 plus carboplatin and 
pegylated liposomal doxorubicin 
(ACD) 

intravenous 
infusion 

fusion 
protein 

platinum-sensitive ovarian cancer I/II THERAPIM PTY LTD NCT04814875 

ATX-101 ATX-101 intravenous 
infusion 

fusion 
protein 

liposarcoma and leiomyosarcoma II Columbia University NCT05116683  
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skin without systemic absorption. PsorBan is well-tolerated in patients 
[218,219]. 

9. Conclusion 

Intranasal, buccal, sublingual, and oral delivery of proteins using 
CPPs has showed encouraging progress, but mostly focuses on small 
proteins <6 kDa. Continuous optimization of CPPs through tools such as 
artificial intelligence and high throughput screening is warranted to 
achieve increased and consistent efficacy and safety as well as to expand 
its application for delivering large proteins including mAb and ADC. 
More efforts should be put on buccal and sublingual delivery and 
exploration of CPP use in localized applications. We maintain a positive 
outlook for this field and expect transmucosal CPP products entering 
clinical trials soon. These new clinical data will further propel research 
and development of CPPs. 
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