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Abstract

Peptides are small biological molecules that are attractive in drug delivery and materials 

engineering for applications including therapeutics, molecular building blocks and cell-targeting 

ligands. Peptides are small but can possess complexity and functionality as larger proteins. Due to 

their intrinsic properties, peptides are able to overcome the physiological and transport barriers 

presented by diseases. In this review, we discuss the progress of identifying and using peptides to 

shuttle across biological barriers and facilitate transport of drugs and drug delivery systems for 

improved therapy.

Here, the focus of this review is on rationally designed, phage display peptides, and even 

endogenous peptides as carriers to penetrate biological barriers, specifically the blood-brain 

barrier(BBB), the gastrointestinal tract (GI), and the solid tumor microenvironment (T). We will 

discuss recent advances of peptides as drug carriers in these biological environments. From these 

findings, challenges and potential opportunities to iterate and improve peptide-based approaches 

will be discussed to translate their promise towards the clinic to deliver drugs for therapeutic 

efficacy.
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Introduction

Peptides are a class of biological molecules that are typically less than 50 amino acids and 

possess unique properties that are attractive for use in biomedicine (Sato et al. 2006). Due to 

their small size, they can behave like small molecule drugs and have similar transport 

properties; simultaneously, they possess same functionalities as proteins due to the similar 

composition. These “biologically active” small bio-molecules have a wide range of 

functions, such as therapeutics, building blocks to higher order self-assembled structures and 
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proteins, and targeting ligands against biomarkers expressed on cells and tissues during 

homeostasis and disease (Komin et al. 2017). Importantly, peptides can bind and penetrate 

different barriers present in cells and tissues due to their physical, chemical, and biological 

properties, therefore those functional peptides can serve as effective drug carriers to 

overcome the extracellular and intracellular barriers present in various disease states. Here in 

this review, we provide a summary of recent advances of peptides as carriers to shuttle drug 

or drug delivery systems across biological barriers, including the blood-brain barrier, the 

gastrointestinal tract, and the tumor microenvironment. An overview of peptides that have 

been identified to penetrate these three types of barriers are listed in Tables 1 and 2. From 

the progress, we also address challenges in translating the promise of these biological-based 

carriers for future use.

Peptides as carriers to deliver therapeutics into the brain

Challenges of delivery across BBB and mechanisms of transport across BBB

The blood-brain barrier (BBB) acts as a physiological and transport barrier to successful 

delivery of therapeutic agents into the brain, with approximately 98% of all small molecule 

drugs and nearly 100% of all macromolecules unable to shuttle across the BBB for treatment 

of brain diseases. The three special characteristics of BBB, which are the tight-tight junction 

complex between endothelial cells, efflux transporters, and the vesicle compositions of the 

brain capillary endothelium, make drug delivery undergo very limited paracellular and 

cellular transport across the BBB and into the brain parenchyma. To address this challenging 

problem, tremendous efforts have been made to improve drug delivery to the brain, 

especially by the transcellular mechanism. Nowadays, peptides and proteins have been 

identified and engineered to penetrate the BBB through a variety of transport mechanisms 

(Schwarze 1999, Pardridge, 2006). Peptides, in particular, have received interest as delivery 

vectors to shuttle therapeutic cargo across the BBB. The concept of BBB shuttle peptides 

was initially conceived by Dr. William M. Pardridge, with a focus on receptor-mediated 

(active) peptide transport, to improve drug delivery to the brain (Pardridge, 2006). Here, we 

summarize findings on peptide mediated shuttling across BBB by two main mechanisms, 

active and passive transport.

Transporter- and receptor-mediated active transport of peptides

Active transport of peptides shuttle across the BBB is through specific, concentration 

independent and saturable pathways. For example, endogenous neuropeptides travel freely 

between capillary and brain tissue mainly by the transporter-mediated pathway. A group of 

transporter proteins expressed on the plasma membrane of the brain capillary endothelial 

cells, i.e. organic anion polypeptide transporter and organic cation polypeptide transporter, 

permit transport of anion and cation-based molecules (e.g. cationic and anionic drugs) (Qosa 

et al. 2016). The main active pathway involved in the transport of the majority of identified 

BBB penetrating peptides is receptor-mediated transcytosis (RMT) (Tuma and Hubbard 

2003; Pardridge 2012). So far, insulin receptor, transferrin receptor (TfR), and low-density 

lipoprotein receptor (LDLR) are the main receptors expressed on BBB that mediate shuttling 

of peptides (and other macromolecules).
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Diffusion driven cargo delivery-passive transport

Intracellular and paracellular diffusion can mediate passive transport of small hydrophobic 

peptides across the BBB. Typically hydrophobic peptides, which have low molecular weight 

(m.w. < 400 Da) and low density of hydrogen bonding (number of hydrogen bonds ≤ 7), are 

able to partition into the lipophilic membrane of the endothelium and subsequently shuttle 

across the endothelium of BBB (Pardridge 2012). Moreover, the molecule conformation 

(with or without secondary structure) and charge density of peptides also affect the ability of 

peptides to penetrate BBB.

BBB shuttle peptides as carriers of drug delivery across the BBB

Endogenous BBB shuttle peptide-mediated drug delivery—Endogenous 

neuropeptides can penetrate the BBB to regulate and maintain homeostasis of the brain 

functions; subsequently, these peptides can be exploited to facilitate drug delivery. 

Bradykinin (BK), is a well-characterized endogenous neuropeptide that downregulates the 

tight-tight junction complex to increase the permeability of BBB, its analog, RMP-7 was 

coupled with carboplatin to treat glioblastoma patients, which was proceeded to a Phase II 

clinical trial (Prados et al. 2003). While the clinical trial failed, identification and 

development of analogs of BK opened the use of other endogenous peptides to shuttle across 

the BBB. GSH, a three-amino acid endogenous peptide, was used to facilitate the exchange 

of substances between and bloodstream and brain; GSH transport was thought to be Na+ 

dependent, the mechanism of transport across the BBB is unclear (Kannan et al. 2000). GSH 

had been employed to couple with PEGylated liposomes to deliver anti-amyloid agents in a 

mouse model of Alzheimer’s disease (AD) (Rotman et al. 2015). 2B3-101, a doxorubicin-

encapsulated liposome conjugated with GSH demonstrated efficacy in preclinical studies of 

the brain tumor. This GSH-functionalized formulation was recently investigated in Phase I 

and Phase IIa clinical trials for safety and efficacy in glioma patients (Gaillard et al. 2014; 

Maussang et al. 2016). Additionally, opioid peptides also showed enhanced brain uptake in 
vivo (Lindqvist et al. 2016).

Rational design of BBB shuttle peptides—While endogenous peptides have natural 

targets for delivery, they are already present in healthy tissues and as a result, do not offer 

sufficient specificity for BBB targeting in brain diseases. Through rational design, 

synthesized peptides can mimic the ability of other molecules to transport across the BBB. 

From sequence alignment of existing protein transduction domains or peptides able to 

transport across the BBB, motifs or truncated sequences can be identified to generate 

rationally designed BBB shuttle peptides. The following section will focus on two such cell-

penetrating peptides, Tat and Angiopep-2, which have demonstrated great promise as BBB 

shuttle peptides and have been conjugated to therapeutics in preclinical and clinical studies 

to improve drug delivery in the brain.

Cell-penetrating peptides (CPPs) as delivery vehicles–Tat—Briefly, cell 

penetrating peptides (CPPs) are defined as a family of peptides (~747 CPPs) that can be 

internalized into live cells. Traditionally, CPPs have similar physicochemical properties, i.e. 

small size, cationic, median length 14 residues and median charge +5 (Kauffman et al. 

2015). There are multiple potential mechanisms of CPPs translocation into the intracellular 
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space. There is evidence of both energy-independent and -dependent (i.e. endocytosis) 

pathways that mediate CPPs internalization (Tyagi et al. 2001; Lindsay 2002; Richard et al. 

2003; Nakase et al. 2004; Fittipaldi and Giacca 2005). However, not all CPPs can penetrate 

BBB due to the limitation of uptake or efflux capability of CPPs. A few CPPs, including 

SynB1(Rousselle et al 2002), penetratin (Tremmel R et al.2016), and Tat, have shown to 

increase the permeability of the BBB.

Tat (47-57), an 11-mer peptide (YGRKKRRQRRR), is a truncated version of HIV-1 

transactivator protein ‘tat’ (86 amino acids in full length) and has been shown to penetrate 

BBB by a concentration-dependent, receptor- and transporter-independent protein 

transduction pathway (Green and Loewenstein 1988; Schwarze 1999). Tat is the most 

commonly used CPP, either as the drug carrier itself or conjugated with other BBB shuttle 

peptides to deliver cargos (e.g. small molecule chemo drugs, siRNA, antibody or therapeutic 

peptides) in animal models of glioblastoma (GBM), AD, Parkinson’s disease (PD), and 

ischemic brain injury diseases; additionally, Tat has been conjugated to numerous 

formulations to improve delivery to the brain by traversing the BBB and penetrating into 

cancer cells (Wu et al. 2015; Nguyen et al. 2017; Shi et al. 2017; Wang et al. 2017).

Rational design BBB shuttling peptide–Angiopep-2—Angiopeps are a family of 

peptides derived from sequence alignment of aprotinin (protease inhibitor, a ligand of low-

density lipoprotein receptor-related protein (LRP)) and Kunitz domain of human proteins 

(Demeule et al. 2008). Angiopep-2 (TFFYGGSRGKRNNFKTEEY) exhibited the greatest 

transcytosis ability amongst the Angiopeps, which was 7-fold higher than native aprotinin 

(aprotinin transcytosis across BBB was 8-fold higher than transferrin). In addition, 

Angiopep-2 had a very high accumulation in the brain in an animal model (Demeule et al. 

2008). Building on these results, Angiopep-2 has been used in numerous delivery systems to 

improve BBB transport and brain targeting. In particular, Angiopep-2 has been employed to 

functionalize as carriers to deliver anticancer drugs for the treatment of brain cancer since 

LRPs are overexpressed by cancer cells. Angiopep-2 significantly enhanced BBB 

penetration and improved therapeutic efficacy of multiple formulations delivering siRNA, 

doxorubicin, paclitaxel, or antibody in GBM (Bertrand et al. 2011; Wang et al. 2015c; Li et 

al. 2016). Angiopep-2 has also been conjugated to paclitaxel (ANG1005) and anti-HER2 

monoclonal antibody (ANG4043) to develop the formulations that were investigated in 

Phase I and II clinical trials for the treatment of breast cancer, lung cancer, and GBM 

(Régina et al. 2008; Bertrand et al. 2011; Sullivan et al. 2016). Currently, Phase II trials with 

ANG1005 in GBM patients is ongoing, and studies with ANG4043 demonstrated higher 

distribution in brain parenchyma and prolonged survival in an animal model of breast cancer 

(Regina et al. 2015). These findings highlight the attractiveness of Angiopep-2 and overall, 

rationally designed peptides as drug carriers.

BBB shuttle peptides screened from combinatorial peptide libraries—While 

rationally designed peptides build from existing peptides and proteins to identify potential 

motifs, the number of candidates and the design space are limited and may not necessarily 

provide the complexity to identify and optimize peptides with desired or evolved 

functionalities for enhanced BBB transport. Alternatively, combinatorial peptide libraries 
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can be used in a high-throughput approach to screen for BBB shuttle peptides. Here, random 

peptides can be genetically engineered into display systems (i.e. the surface of bacteria, 

yeast, or phage) or chemically synthesized peptide library. The genetically engineered phage 

display library or the chemically synthesized peptide library can be “biopanned” against an 

in vitro or in vivo model of the BBB to screen for peptides that can shuttle across the BBB. 

This biopanning process is iterated through multiple rounds of screening to identify peptide 

candidates that demonstrate enhanced penetration through the BBB (Fig. 1). The 

permutation of amino acids provide complexity, from which peptides “evolved” to shuttle 

across the BBB can be selected. There have been multiple phage display systems used for 

BBB penetrating peptides screening in cell line and animal models. Lysogenic filamentous 

M13 phages, viruses that infect F-pilus containing E. coli, have been engineered to generate 

random phage libraries and “biopanned” against BBB models to identify BBB shuttle 

peptides (Lee et al. 2001; Li et al. 2011). In addition, lytic T7 phage library has been 

employed to identify BBB shuttle peptides (Fan et al. 2007; Urich et al. 2015).

The chemically synthesized peptide library is a family or a group of families of peptides that 

have been designed and synthesized following specific algorithms and chemical synthesis. 

Typically, mix-and-split method and solid-phase peptide synthesis (SPPS) by F-moc 

chemistry are used to produce the chemically synthesized peptide library. To prevent 

degradation, most chemical libraries are synthesized with D-amino acids, along with termini 

modification, such as N-terminus acetylation and C-terminus amidation. There are several 

differences between chemically synthesized peptide library and phage display peptide 

library. First, the chemically synthesized peptide libraries are created by chemical synthesis 

and purification, whereas phage display peptide libraries are constructed by molecular 

cloning (i.e. degenerate codons that translate into a library of random peptides are inserted 

into phage genomic vector). Second, chemical libraries typically consist of a combination of 

fixed and partially randomized residues. Phage display libraries can be constructed to 

possess more randomness and thus, larger diversity, than chemical libraries. Finally, a 

chemically synthesized peptide library can consist of all D-amino acids, whereas phage 

display libraries mostly use natural L-amino acids. There are limited studies using 

chemically synthesized peptide library to select BBB shuttle peptides (Teixidó et al. 2005; 

Guixer et al. 2016); most peptides are identified from rational design or phage display and 

then subsequently chemically synthesized for future use.

BBB shuttling peptides identified from phage display and their use in 
nanomedicine—From in vitro panning using M13 phage library, Malcor et al. identified 

Peptide 22 (P22) and demonstrated that it had strong affinity to LDLR and without 

competition with endogenous low-density lipoprotein (LDL), which suggests that the 

identified peptide binds to LDLR at a different location than LDL (Malcor et al. 2012). From 

this finding, Zhang et al. developed P22-functionalized PEG-PLGA-paclitaxel (PTX) 

nanoparticles (NPs), which improved BBB penetration and PTX accumulation in GBM 

compared to controls (Zhang et al. 2013a). In another study, Peptide 22 with cRGD peptide 

were co-conjugated to liposomes and exhibited enhanced delivery of doxorubicin by 

overcoming BBB and blood-brain tumor barrier (BBTB) (Chen et al. 2017). Since human 

transferrin receptor (hTfR) is involved in transcytosis of the BBB, it has been screened and 
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identified T7 or HAI peptide against hTfR (Lee et al. 2001). T7 peptide has been frequently 

used and conjugated onto different NPs to enhance drug delivery in ischemia, glioblastoma, 

and ovarian cancer. T7 peptide-functionalized PEG-DSPE liposomes loaded with ZL006 (a 

drug for ischemic stroke) demonstrated therapeutic efficacy in an animal model (Wang et al. 

2015d). Moreover, T7 peptide has been conjugated onto PEG-PLGA NPs (Bi et al. 2016; 

Cui et al. 2016), DSPE-PEG2000-DA7R NPs (Zhang et al. 2017), and DSPE-PEG2000 

liposomes (Zong et al. 2014) to improve biodistribution, brain targeting and efficacy of 

chemotherapeutics in various animal models of GBM.

In addition to in vitro panning, phage libraries can be screened in vivo (i.e. animal models) 

to identify phage-displayed peptides that can withstand systemic circulation and the immune 

system to accumulate at the site of interest. For example, GLA and GYP peptides were 

identified from a phage 15-mer library administered by cardiac perfusion and were 

subsequently validated in hCMEC/D3 BBB cell model; GLA and GYP phage clones showed 

better BBB targeting compared to the wild-type (WT) phage (Van Rooy et al. 2010). 

However, GLA and GYP peptide functionalized liposomes did not demonstrate stronger 

binding affinity compared to non-functionalized liposomes. Only when GLA peptide was re-

engineered in the structural context of the phage p3 coat protein showed the p3-GLA-

conjugated liposomes bind more extensively to hCMEC/D3 cells (Van Rooy et al. 2012). In 

addition, from in vivo panning, iron mimic peptide CRT was discovered to shuttle across 

intact BBB via TfR mediated transcytosis (Staquicini et al. 2011). CRT conjugated PEG-

PLGA NPs penetrated through a BBB cell model and GBM spheroids than negative controls 

(Kang et al. 2015). TGN peptide (Li et al. 2011) has been extensively used in multiple 

formulations of functionalized NPs to deliver small molecules, therapeutic peptides, DNA or 

imaging agents in the models of AD and GBM (Li et al. 2013; Zhang et al. 2013b, 2014). 

Using T7 phage library for BBB biopanning in vivo, CAGALCY was identified as the 

dominant motif. Structure-activity relationship analysis of CAGALCY peptide demonstrated 

the free carboxylic acid side chain and N-tyrosine as the key pharmacophore of the peptide 

(Fan et al. 2007). CAGALCY coupled to silver NPs improved their brain homing effect in 
vivo (Toome et al. 2017). Finally, Urich et al identified RLSSVDSDLSGC by next-

generation sequencing (NGS) of T7 display phage library screened against in-vivo BBB 

model (rat). Here, RLSSVDSDLSGC exhibited 1000-fold higher binding than control wild-

type T7 phage in vivo and 10-fold higher distribution in cerebral spinal fluid than the 

scramble control (Urich et al. 2015).

In summary, T7/HAI peptide was most frequently utilized by multiple groups to transport 

multifunctional NPs across the BBB and subsequently improve brain tissue penetration and 

targeting of the therapeutics and imaging agents (Table 2). From these NPs, PEGylated 

liposomes and PEG-PLGA NPs were most common frameworks with BBB shuttle peptides, 

along with other functional peptides (e.g. CPPs or tissue targeting peptide–NAP, QSH) to 

improve the brain delivery of therapeutics in GBM, AD or ischemic disease models (Table 

2). Table 2 provides a summary of various phage-displayed BBB shuttle peptides, their 

method of panning, and applications of these identified peptides as carriers to enhance drug 

delivery.
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BBB shuttle peptide screened from chemically synthesized peptide library—
While most efforts with combinatorial screening involve phage display libraries, using 

chemically synthetic libraries involves screening without being displayed or having the 

structural context of the phage; peptides selected from chemical libraries circumvent the 

potential problem of structure-function activity of peptides “taken off” of the phage protein 

coat. Giralt et al. adapted generic algorithms to design two generations of peptide libraries 

comprising of a set of physicochemical properties. Peptide 3 (I-MeD-F-P-MeA-MeE-MeF) and 

peptide 22 (R-W-I-R) were identified and confirmed to efficiently penetrate BBB via 

diffusion (Teixidó et al. 2005). Later, they also designed and synthesized a peptide library 

consisting of a 5-mer random library using seven different D-amino acids. Here, several 

peptide families were hypothesized to shuttle BBB by passive transport or any other 

mechanisms (Guixer et al. 2016). While initial findings are promising, further studies are 

warranted to optimize the generation of these chemically synthesized libraries, their 

functionalities, and understanding their mechanism of transport.

Peptides as carriers to deliver therapeutics across the gastrointestinal (GI) tract

Challenges of delivery across GI tract and mechanisms of transport—Oral 

delivery is the most frequent route of drug administration, although delivering 

macromolecules such as peptides and proteins to the gastrointestinal tract (GI) remains 

challenging (Morishita and Peppas 2006). Despite the large number of proteins and peptides 

recently discovered, poor oral bioavailability is still a major problem faced mainly due to 

their physicochemical properties, short half-lives, rapid clearance, and different biological 

barriers in the gastrointestinal tract. Larger molecular weight compounds (compared to small 

m.w. drug molecules) and high hydrophilicity (LogP values less than zero (Morishita and 

Peppas 2006)) contribute to poor drug absorption into systemic circulation, resulting in low 

bioavailability (most cases below 1% (Zupančič and Bernkop-Schnurch 2017)) and 

consequently limited therapeutic success.

Drugs and drug delivery systems encounter several physical, chemical and biologic barriers 

after oral administration en route to their pharmacological target site of action: acidic and 

enzymatic degradation in the stomach and intestine, mucosal barriers, and limited 

permeation across the intestinal epithelium (Bernkop-Schnurch 1998; Kompella and Lee 

2001; Morishita and Peppas 2006). Exposure to low pH and enzymes may affect the 

secondary and tertiary structures of peptides and proteins, leading to hydrolysis of peptide 

bonds (Lee and Yamamoto 1989; Woodley 1994) and loss of function and aggregation. 

Additionally, the mucus layer on the GI epithelium hinders the diffusion of drugs and 

macromolecules (Larhed et al. 1997, 1998; Boegh et al. 2015).

The GI tract exhibits site-specific absorption depending on the physicochemical properties 

of small molecule and macromolecule drugs and the local differences such as pH, enzyme 

activity, mucosal thickness, transit time, and surface area (Kompella and Lee 2001). Several 

factors limit the absorption of proteins and peptides through the stomach, such as the harsh 

acidic environment, low surface area, and pepsin degradation (Kompella and Lee 2001). 

More than 90% of nutrients (carbohydrates, proteins, lipids, water, vitamins, and minerals) 

are absorbed by the small intestine, while the rest is absorbed in the stomach and large 
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intestine (Renukuntla et al. 2013). The intestinal barrier contains a monolayer of epithelial 

cells, tight junctions, and a mucus barrier preventing direct access by microorganisms to the 

intestinal mucosa (Langguth et al. 1997; Goldberg and Gomez-Orellana 2003; Pelaseyed et 

al. 2014). The epithelial layer contains mostly enterocytes with tight junctions that serve as 

the primary physiological barrier. Additional intestinal cells include goblet cells, M cells, 

dendritic cells (DC), lysozyme secreting Paneth cells, intraepithelial lymphocytes and 

hormonesecreting endocrine cells (O’Neill et al. 2011; Renukuntla et al. 2013; Pelaseyed et 

al. 2014; Peterson and Artis 2014). M cells and DCs are primarily located in the epithelium 

of Peyer’s patches, and are able to deliver proteins and peptides from the lumen to the 

underlying lymphoid tissues, as well as induce immune responses. Due to the high endocytic 

ability of M cells and antigen-presenting characteristics of DCs, such cells can be exploited 

as a potential route for delivery of proteins and peptides (Renukuntla et al. 2013; Vela 

Ramirez et al. 2017). Therefore, they are potential targets for the development of new 

intestinal vaccines. In association with the apical membrane of enterocytes is the glycocalyx, 

a glycoprotein and polysaccharide layer with a thickness of 400-500 nm acting as a filtering 

barrier to certain viruses, bacteria, and particles into the underlying plasma membrane (Frey 

et al. 1996). Upon oral administration, molecules must traverse across the intestinal 

lipophilic membrane before entering the systemic circulation.

The organization of the intestinal mucosa allows molecules to cross the cellular barrier via 

paracellular or transcellular routes of absorption (Pauletti et al. 1996). The factors governing 

mechanisms of transport depend mainly on the physicochemical properties of molecules 

(Renukuntla et al. 2013). Due to their general hydrophilic nature, most peptides will not 

likely partition across the lipophilic membrane and passively diffuse (Camenisch et al. 

1998). For paracellular transport, the pore size ranges from 10-50 Å (Morishita and Peppas 

2006) and thus, precludes the absorption of most peptides via this route (Rubas et al. 1996). 

Other possible mechanisms of peptide translocation across the intestinal epithelium are 

endocytosis (Agarwal 2001) and active carrier mediated transport (Bastian et al. 1999). 

Although most peptides are poorly bioavailable by the oral route of administration, some 

were reported to resist proteolytic degradation and were absorbed in the GI tract at sufficient 

amounts to exert pharmacologic effects (Morishita et al. 1993; Tozaki et al. 1998).

Considerable effort has been made to understand the mechanisms governing gastrointestinal 

absorption of proteins and peptides. Indeed, extensive knowledge has been gained in the past 

few decades about macromolecular drug absorption and delivery strategies to overcome this 

selective barrier (Walter et al. 1996; Morishita and Peppas 2006; Järver et al. 2010; Khafagy 

and Morishita 2012; Wang et al. 2015b; Aguirre et al. 2016; Lundquist and Artursson 2016; 

Moroz et al. 2016; Nielsen et al. 2017).

Current strategies to improve mucosal permeability and stability of peptides in the GI tract 

include the use of permeation enhancers, enzyme inhibitors, polymers, mucoadhesive 

systems, liposomes, and other nanoparticle-based formulations (Scott Swenson and Curatolo 

1992; Tozaki et al. 1998; Shah et al. 2002; Renukuntla et al. 2013; Yun et al. 2013; Hwang 

and Byun 2014). However from the translational and clinical perspective, their safety and 

efficacy remain to be proven, especially where long-term therapies should be required. For 

example, an enzyme inhibitor might create unbalanced digestion of proteins and peptides 
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and a potential feedback regulation resulting in increased protease secretion (Shah et al. 

2002; Morishita and Peppas 2006). Furthermore, oral delivery strategies directed only to 

overcome the mucus and enzymatic barrier will not address problems where systemic 

delivery is desired. Increasing oral bioavailability also requires membrane permeation across 

the gastrointestinal mucosa.

Application of peptide-based strategies to the delivery of therapeutic 
molecules—While advances using peptides as therapeutics are promising, peptides have 

more recently been developed as transport carriers to enhance targeted delivery and 

bioavailability of compounds with poor gastrointestinal absorption. Due to their small size 

and complexity, peptides are specific ligands against cell targets and help transport and 

internalize attached cargo molecules across the gastrointestinal mucosa.

Rationally designed CPPs as delivery vehicles—Rationally designed CPPs have 

been studied to improve gastrointestinal absorption of drugs. Indeed, various studies were 

performed to improve intestinal insulin absorption with different CPPs and delivery 

strategies. A study with conjugated insulin and Tat peptide revealed an increased absorption 

6 to 8-fold of the insulin-CPP conjugate when compared to normal insulin in-vitro across a 

Caco-2 cell monolayer (Liang and Yang 2005). Another study evaluated intestinal insulin 

absorption in rats with coadministration of six, eight or ten arginine residues D-peptides (R6, 

R8, R10) and D- and L-forms of R6 through an ileal loop. Insulin absorption increased in a 

dose-dependent manner, and D-R8 presented the greatest increase in BA (relative 

bioavailability to the subcutaneous route) with a 35-fold increase compared to insulin 

solution. Also, D-R6 resulted in up to a 13.7-fold increased insulin absorption when 

compared with L-R6, suggesting that a higher metabolically stable form of oligoarginine 

induced higher insulin absorption across the ileum due to lower enzymatic degradation 

(Morishita et al. 2007). Later, the same research group investigated the mechanisms involved 

in the absorption improvement of insulin when coadministered with oligoarginine peptides. 

In a permeation study of D-R6, L-R6 oligoarginine in isolated rat intestinal epithelial 

membranes, this CPP internalization showed to be mediated by adsorption to proteoglycans 

in the cell membrane surface, followed by transduction via an energy-dependent pathway 

(Kamei et al. 2008b). Furthermore, in situ intermolecular binding was analyzed by surface 

plasmon resonance (SPR)-based binding assay using a rat intestinal loop. From 16 different 

peptide drugs tested, only gastrin, insulin and glucagon-like peptide-1 (GLP-1) bound to D-

R8 and had improved intestinal absorption by the coadministration with the CPP. 

Conversely, the intestinal absorption of peptide drugs that did not bind to D-R8 was not 

affected in the presence of the CPP, confirming that intermolecular binding is one 

mechanism governing the intestinal absorption enhancing effect of drugs and 

macromolecules by the CPP (Kamei et al. 2009). In addition, electrostatic interactions 

between the positively charged arginine residues and the negatively charged proteoglycans 

onto the cell membrane surface play a role in CPP cell internalization (Renukuntla et al. 

2013). Insulin intestinal absorption was further evaluated with the coadministration of R8 

oligoarginine and hydroxypropyl-β-cyclodextrin (HP-β-CD) both in vitro in a Caco-2 cell 

monolayer and in vivo orally in diabetic rats. The in vitro transcytosis assay indicated that 

insulin-HP-β-CD- R8 improved insulin effective permeability with a 9-fold increase 
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compared to native insulin, a 7-fold increase of insulin-R8, and a 2-fold increase in effective 

permeability of insulin-HP-β-CD formulation when compared to native insulin. In vivo 
studies demonstrated a 19% and 35% decrease in blood glucose levels 2 hours following 

oral administration of insulin-R8 and insulin-HP-β-CD-R8 formulations, respectively 

(Zhang et al. 2012). Another study of in situ loop administration of insulin in rat ileal 

segments with coadministration of various types of CPPs demonstrated a significant increase 

in insulin bioavailability when coadministered with D-R8, L-penetratin, L-pVEC, and L-

RRL helix. L-penetratin showed the most significant enhancement effects for ileal insulin 

absorption among the CPPs used, with a 27.5-fold increase in bioavailability compared to 

insulin administration alone. Interestingly, the absorption enhancement of L- and D-forms of 

the evaluated CPPs varied among peptides. R8 D-form had a 30-fold higher bioavailability 

compared to the L-form, whereas L- penetratin, L-pVEC, and L-RRL helix, despite their 

limited stability. They also showed higher bioavailability compared to their D-form (i.e. 

isomer), indicating that chirality of a molecule might impact the CPPs intestinal insulin 

absorption enhancement effect (Kamei et al. 2008a). To better understand the enhancing 

mechanism exerted by penetratin, an in-depth study was performed to investigate the 

pharmacological effects of orally delivered insulin in combination with L- or D-penetratin in 

mice and rats. Interestingly, D-penetratin showed better efficacy in decreasing blood glucose 

levels and increasing insulin absorption, contradicting previous results. Nevertheless, the 

degradation kinetics of L-penetratin showed to be much faster in rat intestinal fluid than the 

D isomer, suggesting that under harsh enzymatic conditions such as the rat intestinal fluid, 

the D- isomer has higher stability and half-life to exert its function (Nielsen et al. 2014). 

Nevertheless, these findings demonstrate the relevance and impact of the design of in vitro 
and in vivo models in experiments results. Another rational peptide-based strategy to 

increase oral bioavailability of insulin involved the use of insulin-loaded PLGA 

nanoparticles surface-modified with cell penetrating peptides (R8, Tat, penetratin) and a 

secretion peptide (Sec), which is hypothesized to promote the exocytosis of the cargos. In 
vitro permeation studies across Caco-2 monolayers indicated a 2-fold increase in the 

apparent permeability coefficient of the nanoparticles co-modified with Sec and penetratin 

(Sec-Pen-NPs) compared to the nanoparticles modified only with penetratin (Pen-NPs). R8 

and Tat peptide-functionalized nanoparticles did not show significant differences across the 

experiments. In addition, in vivo insulin relative bioavailability after ileal segments 

administration of Sec-Pen-NPs showed a 1.7-fold increase compared to Pen-NPs in rats 

(Zhu et al. 2015).

CPPs are attractive shuttling vectors for various therapeutic cargos, in particular the delivery 

of nucleic acids. Gene therapy involves the delivery of nucleic acids to target cells, including 

plasmid DNA (pDNA), CRISPR-Cas systems, and RNA interference (RNAi) systems. 

Vectors for gene therapy must demonstrate high uptake by the target cell and be able to 

encapsulate the desired DNA (Zuris et al. 2014). Therefore, CPPs are potential candidates to 

improve uptake for oral delivery of gene therapies. To be administered orally, gene delivery 

vectors need to resist the gastrointestinal milieu and efficiently transfect or traverse the 

mucosal epithelium (Goldberg and Gomez-Orellana 2003; O’Neill et al. 2011). The use of 

CPPs in oral gene delivery has been investigated using self-nanoemulsifying drug delivery 

systems (SEDDS). SEDDS loaded with conjugated lipidized HIV-1 Tat-protein and oleoyl 
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chloride (TAT-OL) demonstrated a 1.5-fold improved mucus diffusion compared to unloaded 

nanoemulsions, and 2.3- and 2.6-folds increase in Caco-2 cells uptake after 2 and 4 hours, 

respectively. A 1.7-fold improved transfection efficiency for pDNA compared to Lipofectin 

on HEK-293-cells was also observed, indicating that these CPP-conjugated lipid and 

polymer-based systems are a potential alternative for mucosal gene delivery (Mahmood et al. 

2016).

Phage display to identify peptides for targeted delivery—Although CPPs exhibit 

delivery efficacy to the GI, their non-specificity still presents a major issue. Strategies using 

CPPs are non-selective and uptake is feasible in any tissue. To avoid this problem and 

achieve peptide-mediated targeted delivery, efforts have centered on phage display 

technology to identify cell-specific peptide ligands. Phage display technique can identify 

novel selective peptides with specific functions, screened from highly diverse peptide 

libraries. It has been demonstrated that M13 bacteriophage can traverse the gastrointestinal 

barrier selectively. An in vivo study with oral administration of a 7-mer random peptide M13 

phage library to rats identified a number of sequences with homologies with HIV gp120 that 

were able to cross the gastrointestinal mucosa (Duerr et al. 2004). Further sequence analysis 

of additional phage clones could potentially elucidate additional peptide sequences and 

motifs that can selectively cross the intestinal barrier. Likewise, a 7-mer M13 phage library 

screened in vivo orally in mice identified 77 different peptide sequences that translocated the 

intestinal mucosa. Analysis of amino acid frequencies per position, hydrophobicity, and 

BLASTP search for protein homology did not show specificity, motifs, physicochemical 

patterns or relevant proteins homology in any of the isolated sequences (Hamzeh-Mivehroud 

et al. 2008). A single round of phage selection performed in this experiment can partially 

explain the lack of correlation between the identified sequences, since typically multiple 

sequential rounds of panning are necessary to collapse peptide sequences with high affinity 

to the target ligand. Recently, high-throughput sequencing technologies such as next-

generation sequencing (NGS) of phage libraries have been applied to significantly improve 

the selection of ligands by detecting low abundant clones and high copy numbers of clones 

without many rounds of selection (’T Hoen et al. 2012; Liu et al. 2015; Matochko and Derda 

2015). A novel cyclic peptide showed increased uptake and transcytosis of peptides and 

proteins upon intestinal administration. The cyclic peptide, CTANSSAQC (13C) was 

identified from a 7-mer cyclic M13 phage display library screening in vivo, and could be 

rapidly transported across the intestinal mucosa and targeted distinct intestinal cells such as 

goblet cells and DCs; this suggests 13C is a potential candidate to improve mucosal delivery 

of macromolecules for oral immunization (Kenngott et al. 2016). Recently, intestinal 

absorption of cyclic peptides was further tested in a study that evaluated permeability of a 

cyclic 7-mer M13 phage library against a Caco-2 cell monolayer and mice intestinal 

epithelium in an in situ closed loop model. Among three potential hits, the peptide 

DNPGNET (DNP-phage) demonstrated greatest permeability across a Caco-2 cell 

monolayer and mouse intestinal epithelium, with 37.4-fold and 620-fold increased 

permeability at 30 min, respectively (compared to control phage). A macropinocytic 

mechanism of uptake was suggested, due to inhibition of DNP-phage uptake in cells at low 

temperature and in the presence of a macropinocytosis inhibitor (Yamaguchi et al. 2017).

Ghosh et al. Page 11

J Pharm Investig. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As previously described, the intestinal epithelium anchors distinct specialized cells, such as 

goblet cells, M cells, and DCs. Goblet cells are mucus-secreting cells, thus creating a barrier 

against the absorption of drugs and macromolecules. Hence, few studies have been 

conducted targeting goblet cells to enhance oral delivery of macromolecules. An in vivo 
phage display experiment with a cyclic 7-mer random peptides library administered orally to 

rats was able to identify the CSKSSDYQC (CSK) peptide as a high affinity ligand to goblet 

cells, demonstrating that the CSK peptide could be transported across the intestinal mucosal 

barrier via goblet cells via specific intestinal mucosal binding (Kang et al. 2008). Indeed, it 

was demonstrated that goblet cell-targeting insulin-loaded nanoparticles prepared with 

modified chitosan and functionalized with CSK peptide showed significant increase in cell 

uptake in an in vitro Caco-2/HT-29-MTX co-culture model compared to unmodified 

nanoparticles. However, mucus produced by HT29-MTX cells partially decreased the uptake 

of both peptide-functionalized and unmodified nanoparticles. Additionally, in vivo studies in 

rats demonstrated a 1.5-fold increased relative bioavailability of CSK peptide modified 

nanoparticles compared with unmodified administered by intestinal loops (Jin et al. 2012). 

Similar results have been reported for exenatide-loaded chitosan-CSK functionalized 

nanoparticles in Caco-2/HT-29-MTX co-culture monolayer and orally administered mice, 

with a 1.7-fold increase in bioavailability of peptide-functionalized compared to unmodified 

nanoparticles (Li et al. 2015b). Despite the great relevance of these studies in enhancing 

insulin and exenatide oral absorption via goblet cell targeting ligands, further studies are 

necessary to evaluate the potential of goblet cell targeting delivery strategies.

Peptide-mediated targeted delivery to M cells has also been investigated for potential oral 

vaccine delivery. A 12-mer random peptide M13 phage library screened in vivo in rats by a 

closed ileal loop model identified lead ligands with high binding activity to M cells and 

Peyer’s patch tissue, peptides P8 (LETTCASLCYPS) and P25 (VPPHPMTYSCQY). In 

addition, in a mouse intestinal ileal loop model, P25-D peptide-coated nanoparticles co-

localized with M cells in Peyer’s patches (Higgins et al. 2004). An in vitro screening of a 

cyclic 7-mer random peptide T7 phage library against a human follicle-associated 

epithelium (FAE) model containing both Caco-2 and M cells identified peptides with high 

affinity to M cells (CTGKSC, PAVLG and LRVG). The study demonstrated enhanced phage 

transport across M-like cells of CTGKSC and LRVG sequences 3- and 14-fold, respectively, 

when compared to the library. When conjugated to the surface of PLGA nanoparticles, 4- 

and 8-fold increased transport across co-cultures was observed, respectively when compared 

to non-conjugated particles (Fievez et al. 2010). Similarly, the CKSTHPLSC (CKS9) 

peptide sequence was selected by biopanning against an in vitro M cell co-culture model, 

and its ability to facilitate transport was validated by conjugation to chitosan nanoparticles 

(CKS9-CNs). The CKS9-CNs showed 1.5-fold enhanced transport across the M cell model 

in a transcytosis assay, and increased accumulation in Peyer’s patch regions in a closed ileal 

loop assay in rats when compared to non-conjugated particles (Yoo et al. 2010). An 

interesting strategy to deliver an oral anthrax vaccine involved using Lactobacillus 

acidophilus expressing the Bacillus anthracis protective antigen (PA) fused to a dendritic cell 

(DC) targeting peptide. Effective immune responses against B. anthracis were observed with 

a 75% survival rate compared to 25% survival rate of mice vaccinated with PA fused to a 

control peptide (Mohamadzadeh et al. 2009). These studies suggest that peptide mediated 
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transport is a promising strategy to enhance oral efficacy of vaccines or vaccine-loaded 

nanoparticles across the intestinal mucosal barrier.

Peptides as carriers for tumor targeting and penetration

Challenges of delivery into tumors

The therapeutic efficacy of clinically available anticancer drugs is limited by their poor 

penetration into tumor tissues because of the use of passive drug delivery vehicles (Ruoslahti 

2012). For systemic delivery, a therapeutic agent must navigate through three major 

transport pathways before reaching cells in the tumor bed: (1) vascular transport, (2) 

transvascular transport, and (3) interstitial transport (Jain et al. 2001). In solid tumors, many 

therapeutic drugs penetrate only 3-5 cell diameters from the blood vessels, leading to 

reduced efficacy and the development of drug resistance (Minchinton and Tannock 2006; 

T.W. Hambley 2009). This low penetration is paradoxically due in part to the Enhanced 

Permeability and Retention (EPR) effect, which results from the leaky tumor vasculature and 

dysfunctional lymphatic system (Jain 1999; Heldin et al. 2004). The EPR effect is based 

upon macromolecules able to escape the leaky vasculature and remain in the tumor bed due 

to abnormal and poor drainage of lymphatics within the tumor. However, the leaky tumor 

vasculature and dysfunctional lymphatic system results in enhanced interstitial fluid pressure 

in the tumor microenvironment; as a result, coupled with low vascular flow, convective 

transport through the tumor extracellular matrix (ECM) is poor and leaves diffusion as the 

primary mode of drug transport, which limits drug penetration (Jain, 1999). Additionally, 

fibrosis can further reduce diffusion of drugs and macromolecules through tumors (Olive et 

al. 2009).

On the other hand, coupling a targeting moiety onto the drug delivery vehicle that 

specifically binds to the target site in tumors could enhance the delivery of diagnostic and 

therapeutic agents into tumors (Ruoslahti 2012). Conjugation of a specific ligand onto a drug 

will improve tumor targeting and internalization, potentially resulting in greater therapeutic 

efficacy and reduced side effects in the body (Ruoslahti et al. 2010; Ruoslahti 2012; Yao et 

al. 2016). Targeting ligands can be an antibody, a peptide or a natural ligand of a receptor 

preferentially expressed in tumors (Ruoslahti 2012). In particular, peptides are an attractive 

class of targeting ligands able to better penetrate tissues to reach target cells. They are small 

in size, easy to synthesize and typically non-immunogenic. Peptides can be easily 

functionalized on nanoparticle carriers, and the multivalent presentation of a peptide on a 

nanoparticle carrier provides high avidity for the target (Ruoslahti 2012). Peptides can bind 

to numerous targets overexpressed and/or specific to tumors, including but not limited to 

integrins, fibrin deposits, and tumor antigens (Ruoslahti 2017). The targeted receptors are 

present either on tumor vessels, cancer cells, or both; the availability of these receptors 

dictate active transport and delivery of molecules including peptides in tumors (Ruoslahti et 

al. 2010).

In the tumor microenvironment, the first barrier for systemic drug delivery is the tumor 

vasculature. Compared to normal blood vessels, they are heterogeneous with variable 

diameters, tortuosity, and leakiness and have aberrant expression of various cell surface and 

extracellular matrix proteins (Ruoslahti 2002; Ruoslahti et al. 2010). During tumor 
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progression, dysregulated angiogenesis leads to expression of these receptors (Hanahan and 

Folkman 1996; Alitalo and Carmeliet 2002). By targeting markers present on tumor vessels 

for drug delivery, such as tumor endothelial markers, delivery of drugs and nanocarriers is 

not dependent on the leakiness of the vasculature, and there is no need for tumor penetration 

for therapeutic delivery. Regardless, targets present on tumor vasculature can facilitate 

transport across the vessel wall to get into the tumor parenchyma (Ruoslahti et al. 2010). 

After extravasation from the tumor vasculature, carriers must be able to penetrate throughout 

the tumor interstitium to reach their desired target, such as cancer cells or cells supporting 

tumor progression (e.g. cancer-associated fibroblasts, specific immune cells). Due to the 

leaky vasculature that enables passage of plasma proteins, cells, and other vascular 

components into the tumor microenvironment and dysfunctional lymphatics in the tumor, 

there is an enhanced interstitial fluid pressure that can reach similar values of the mean 

vascular pressure (Jain 1988). The negligible pressure difference results in the loss of 

convective flow and restricts delivery of molecules to diffusion. As a result, even after 

extravasation from tumors, it remains a challenge to diffuse and bind to cancer cells or other 

target cells distal to the vasculature.

Tumor-targeting and tumor-penetrating peptides as carriers

However, there has been tremendous progress to use peptides not only as targeting ligands 

against blood and lymphatic vasculature for tumor targeting, but recent work suggests 

peptides can facilitate penetration throughout the tumor parenchyma for deep penetration of 

drugs and nanocarriers for enhanced therapeutic efficacy. The following sections will discuss 

the development of tumor-targeting and penetrating peptides through rational design and 

phage display.

Rationally designed CPPs as delivery vehicles

To traverse multiple barriers of the tumor microenvironment for targeted delivery, peptides 

have been rationally designed to mimic the binding ability of viruses. Short cationic cell-

penetrating peptides (CPPs) derived from these viral proteins carry the membrane-

translocating sequence, which can deliver attached payloads into mammalian cells without 

specific receptors (Green and Loewenstein 1988). In particular, Tat peptide, a cationic 

peptide that mimics Tat protein and has been used for delivery across the BBB and GI tract 

(see earlier sections), has also been exploited for delivery and uptake by tumor endothelial 

cells for vascular targeting. Tat-functionalized dendrimers (Yan et al. 2015) and Tat fused to 

apoptotic peptides and transcription factor inhibitors have been used to inhibit angiogenesis 

and subsequent tumor growth (Boohaker et al. 2012). As stated before, CPPs are taken up 

into nearly all types of cells. To achieve tumor-selective delivery and minimize non-specific 

uptake, a CPP derivative with cationic and anionic modules were linked by a tumor protease-

sensitive linker (Jiang et al. 2004). An inhibitory domain made up of negatively charged 

residues were fused to the CPPs via peptide linker sensitive to matrix metalloproteinases. 

This resulting activatable CPPs (ACPPs) would have its positive charge shielded until MMPs 

secreted by the tumor microenvironment cleave the peptide linker and effectively exposes 

the cationic domain (CPP) to bind and enter the cancer cell for specific cell uptake (Jiang et 

al. 2004). While most rationally designed peptide carriers achieve successful cell uptake, 

they do not necessarily address the challenges of transvascular transport and transport 
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through the tumor interstitium. Due to their highly positive net charge, these rationally 

designed peptides would bind to cells surrounding the perivasculature and/or negatively 

charged extracellular matrix of tumors and be unable to penetrate through the tumor 

microenvironment, thereby limiting their attractiveness for tumor-penetrating delivery 

(Teesalu et al. 2013). Also, while Tat peptide translocates into cells, it is unclear whether 

these positively-charged peptide carriers achieve transcellular transport and exocytosis for 

tumor-penetrating delivery.

Phage display to identify peptides targeting tumor vasculature

Prior to targeting cancer cells, targeting selective receptors overexpressed in the tumor 

vasculature will concentrate and localize drug delivery systems at the tumor site and may 

improve tumor accumulation (Ruoslahti et al. 2010). Peptide-mediated targeting to tumor 

vasculature has involved the development and use of rationally designed peptides and 

functionally-screened peptides. Screening phage-displayed peptide libraries in vitro and in 
vivo would allow for combinatorial screen of a large number of peptides to identify 

“evolved” peptide ligands with specificity to tumor vasculature, while at the same time serve 

as a tool to identify novel vascular markers that are accessible to targeted delivery 

(Pasqualini and Ruoslahti 1996).

An early study validated the method of in vivo phage screening by isolating peptides that 

home selectively to the tumors of a nude mice bearing human breast carcinoma xenograft 

(Arap 1998). They yielded two peptide motifs RGD and NGR, which were known to bind to 

integrin (Koivunen et al. 1995). Coupling of the peptides to anticancer drug doxorubicin 

enhanced the drug efficacy against human breast cancer xenografts in nude mice and also 

reduced its toxicity (Arap 1998). The affinity of NGR for integrins is about three orders of 

magnitude less than that of RGD peptides (Ruoslahti 1996). However, the homing ratio of 

phage displaying NGR motif was three times that of the RGD-4C phage, suggesting both the 

peptides bind to different receptors in the tumors (Arap 1998). Later, it was understood that 

the NGR peptides recognizes aminopeptidase N (Pasqualini et al. 2000), and v-integrins 

after a chemical alteration (Curnis et al. 2008).

Many integrins recognize RGD sequence as a binding site in their extracellular matrix 

ligands (Ruoslahti 1996). The sequences surrounding the RGD motif and the confirmation 

of the peptide plays a significant role in the binding specificity of the RGD peptide 

(Ruoslahti 1996). For example, RGD-4C peptide (CDCRGDCFC) binds selectively to the 

αvβ3 and αvβ5 integrins (Koivunen et al. 1995). In addition, the high expression of αv-

integrins in the tumor vasculature can be accessed by peptides containing the RGD integrin 

recognition motif (Pierschbacher and Ruoslahti 1984; Eliceiri and Cheresh 2001; Ruoslahti 

2002, 2003). RGD-based active targeting has been successfully and extensively used to 

deliver small molecule drugs, biologicals, imaging agents, viruses and nanoparticles to 

tumor vasculature. Studies exploring development of tumor therapeutics targeting tumor 

vasculature has been summarized in Table 3.

These αv-integrins are highly expressed in tumor endothelium, and their level of expression 

increases in more malignant tumors (Ceramide et al. 2000). αv-integrins are often 

overexpressed in cancer cells along with tumor vessels (Ruoslahti et al. 2010). Therefore, 
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peptides (and the cargo they carry) that recognize αv-integrins are able to achieve two-step 

targeting, concomitantly targeting tumor vasculature and cancer cells of the tumor for 

enhanced delivery and targeting (Ruoslahti et al. 2010).

Phage display to identify tumor-penetrating peptides

Although RGD-based targeting has been successfully used in numerous studies, crossing the 

vessel wall and penetrating into the tumor parenchyma against elevated interstitial fluid 

pressure has been a long-standing challenge (Jain 1999; Heldin et al. 2004). Using in vivo 

phage display screening procedure, Laakkonen et al. detected a peptide that specifically 

accumulate in tumor lymphatics (Laakkonen et al. 2002). It was later discovered that Lyp-1 

(CGNKRTRGC) primarily accumulates in tumor-associated macrophages; endothelial cells 

of tumor blood vessels and tumor cells also bind LyP-1, but there is less accumulation than 

observed in tumor macrophages (Sha et al. 2015). However, the mechanism of LyP-1 

penetration through the tumor parenchyma is still unclear (67). There is another class of 

targeting probes having the ability to penetrate through the tumor tissue, called tumor-

penetrating peptides, in which the peptide binds both to the tumor endothelium and the 

tumor cells (Ruoslahti et al. 2010).

Teesalu et al. introduced a class of peptides having the ability of cell internalization as well 

as tissue penetration (Teesalu et al. 2009). These peptides have been screened using phage 

display. It was found that they share a R/KXXR/K motif with the C-terminal domain of 

VEGF-A165 and some semaphorins. The R/KXXR/K motif has a binding tendency towards 

Neuropilin-1 (NRP-1), when exposed at the C terminus of the polypeptide chain (Teesalu et 

al. 2009). Therefore, the binding and internalization mechanism has been termed as the C-

end rule or CendR (Teesalu et al. 2009). The overexpression of NRP-1 in tumor cells made 

this approach to be applicable for drug delivery in particular to tumor tissue.

Soon, Sugahara et al. reported a tumor homing peptide, internalizing RGD (iRGD), which 

can penetrate deep into the tumor parenchyma (Sugahara et al. 2009). Whereas conventional 

RGD peptides only delivered the conjugated drug cargo to the blood vessels, iRGD coupling 

could bind to the tumor vessel and extravasate into the tumor parenchyma. The mechanism 

of tumor homing of iRGD peptide is a three-step process (Sugahara et al. 2009). First, the 

RGD motif facilitates binding to αv-integrins, which is overexpressed on tumor 

endothelium. Other cells in tumors also express these integrins, which is the probable cause 

for the spreading of the peptide within tumor tissue (Sugahara et al. 2009; Ruoslahti 2017). 

Second, a proteolytic cleavage then exposes the CendR motif (R/KXXR/K) binding motif. 

The protease has not been identified, but speculated to be a furin or furin-like enzyme 

because of their preferred recognition for CendR motif (Ruoslahti 2017). However, any 

protease having the ability to cut after a basic residue can activate iRGD. Third, the CendR 

motif binds to either NRP-1 or NRP-2, which mediates penetration into tissue and cells 

(Sugahara et al. 2009). NRP is present and expressed by healthy cells; however, 

overexpression of NRP and v-integrins enables tumor selectivity. The interaction activates 

the CendR endocytotic/exocytotic transport pathway (Sugahara et al. 2009; Teesalu et al. 

2009).
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The CendR pathway starts with internalization via an endocytic pathway similar to 

macropinocytosis. The CendR pathway is receptor-initiated and nutrient dependent; 

increased activity of CendR pathway has been observed by nutrient deprived cells and 

tissues (Pang et al. 2014). The endocytic vesicles that form during the CendR pathway 

triggering is large, and can accommodate a considerable volume of extracellular fluid. If that 

fluid contains a drug, or any payloads of nanoparticle size range will be swept into the 

pathway (Ruoslahti 2017). Therefore, the CendR pathway is able to even transport co-

administered payloads with peptides as well as the covalently attached payloads (Sugahara 

et al. 2010). Transportation of co-administered payload deep into the tumor tissue 

overcomes the need to achieve active targeting or functionalize drug carriers with targeting 

ligands and the possibility of low number of accessible receptors in the tumor tissue. While 

the initial endocytic process is well understood, limited work has been done to understand 

the mechanism of cell-to-cell transport (Ruoslahti 2017). The spreading of iRGD payloads 

in tumor tissue suggests the transport of the payload from one cell to another. There are two 

ways in which this can be explained: exosome transport which suggests that the CendR 

payload is protected by a biological membrane like exosome, and transportation through 

micro- or nanotubes (Ruoslahti 2017). Transportation though these tube conduits are more 

effective than the exosome transport (Connor et al. 2015), which explains the effectiveness 

and speed of the transportation by the CendR pathway (Sugahara et al. 2010).

Retrospective examination of the peptide sequence LyP-1 shows that it also contains a 

CendR motif and uses the CendR pathway for its transportation through tumor tissue (Roth 

et al. 2012). The primary receptor for LyP-1 is p32, which is expressed at the cell surface of 

highly activated cells such as tumor endothelial cells, tumor macrophages, and tumor cells. 

During homeostasis, p32 is intracellular in normal cells; as a result, Lyp-1 peptides have 

unique cell-surface targeting and selectivity for tumor cells (Fogal et al. 2008). A truncated 

form of Lyp-1 (CGNKRTR; tLyP-1) is also a tumor-specific CendR peptide (Roth et al. 

2012), which has the characteristics complementary to those of iRGD (Ruoslahti 2017). 

Generally, it has the tendency to bind to all tissues as NRP-1 is not specific to tumor vessels 

(Teesalu et al. 2009); however, NRP-1 may be overexpressed in tumors that may confer the 

specificity (Bagri et al. 2009; Roth et al. 2012). Recently, an improved LyP-1 mimicking 

peptide, TT1 (CKRGARSTC) has been identified based on its binding affinity towards p32 

(Paasonen et al. 2016). Tumor specificity of TT1 has been validated from its ability to home 

p32-expressing breast tumors in mice (Paasonen et al. 2016).

Another tumor-homing peptide screened from phage library is F3 

(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK), which contains the CendR sequence 

(Porkka et al. 2002). Whether the peptide act as a CendR peptide has not been determined, 

However, it shows cell internalization (Porkka et al. 2002). Alberici et al. designed a new 

tumor-penetrating peptide using the NGR tumor-homing motif sequence, and termed it as 

iNGR (CRNGRGPDC) (Alberici et al. 2013). It contains the CendR motif (RNGR) which 

has specificity towards the endothelial CD13, and the sequence is embedded in the iRGD 

framework to impart its penetration in tumor tissue (Alberici et al. 2013). iNGR induced 

greater tumor penetration for both coupled nanoparticles and co-administered compounds 

than NGR (Alberici et al. 2013). These findings show the promise of peptides not only 

binding to cell surface targets but actively stimulating downstream cellular processes to 
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achieve true tumor penetration to ultimately reach and kill distant cancer cells. A large 

number of papers have used tumor-penetrating peptides to target payloads either coupled to 

or co-administered with the peptide, which are tabulated in Table 4.

Conclusions

Peptides are attractive biological molecules that are able to carry biological functions like 

larger molecules, such as viral proteins and antibodies, while at the same time, take 

advantage of its small size to exhibit properties, such as permeability, similar to small 

molecules. Peptides are relatively low cost and scalable in synthesis and do not encounter 

potential immunogenicity concerns faced by proteins. And recent work summarized in this 

review has demonstrated that peptides are promising carriers of drug cargo and drug delivery 

systems to improve their bioavailability across multiple barriers to treat diseases of the brain, 

gastrointestinal tract and of tumors.

There is potentially transformative impact in discovering peptides able to shuttle cargo 

across the BBB to treat brain diseases. However, there is more work needed to understand 

the mechanism of transport across the BBB, whether it is real-time trafficking of receptor-

mediated, adsorptive-mediated transcytosis, or possibly other mechanisms of transport 

across the BBB (Fig. 2). Also, it is not well understood the efficiency of transyctosis versus 

receptor recycling; to improve the potency and viability of peptides as drug carriers, future 

shuttle peptides would need to improve upon the efficiency of crossing the BBB as opposed 

to being recycled back to the capillary endothelium. Also, with new peptides being 

discovered, it is important to understand and discover the binding partner; it is feasible new 

targets can be discovered as opposed to existing molecules known to be involved in 

transcellular transport (e.g. transferrin, insulin, apoE receptors). In general, a greater 

mechanistic understanding of target binding, uptake, transcellular transport and export is 

needed to iterate and improve upon existing peptide carriers.

The gastrointestinal tract confers a landscape of possibilities for the delivery of 

macromolecules, albeit several extracellular and cellular barriers can limit therapeutic 

success (Fig. 2). Oral bioavailability of peptides is still limited compared to intravenous 

route and thus higher doses must be administered in order to have the same pharmacological 

effect. Higher dosing regimens might result in toxicity, as well as prevent commercial 

viability. Future challenges include scaling up for manufacturing more complex delivery 

systems, and improving circulation half-lives of peptides. Ideally, a peptide delivery system 

would need to resist the extracellular milieu and efficiently internalize or traverse the 

mucosal epithelium, depending on the therapeutic strategy. Promising strategies rely on the 

development of technologies that increase selectivity and targeting efficacy of peptides in 

oral drug delivery.

Peptides have great potential in tumors to stimulate and improve drug perfusion throughout 

the tumor microenvironment to reach and treat difficult-to-reach cancer cells distant from the 

vasculature. In particular, tumor-penetrating peptides has been extensively studied in 

literature and proved to be a powerful method for the delivery of both covalently coupled 

and co-administered drug payloads into the tumor tissue. However, the mechanism of cell-
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to-cell transport through which the drug payload is distributed throughout the tissue is 

poorly understood. Although a large amount of work has been dedicated to investigate the 

transvascular and transcellular transport of peptides, transport through the tumor 

extracellular matrix (ECM) has been minimally explored (Fig. 2). The dense ECM in various 

types of solid tumors has been one of the major barriers for tumor therapeutics. Therefore, 

understanding the nature of the tumor specific ECM and potential binding sites present in 

different ECM proteins could lead to design higher penetrating peptide-based therapeutic 

carriers selective to tumor environment.

Regardless of the disease, peptides have shown the ability to overcome the biological 

barriers to improve drug delivery. However, these peptides can be further “evolved” to 

improve upon their existing functionality and achieve greater efficacy. Yet, there is no 

clinically approved peptide-drug or peptide-conjugated drug delivery system. There will be a 

great need to develop well-characterized, reproducible, and scalable peptide-based carriers. 

Underlying all peptide-based strategies for drug delivery into diseases, a greater 

understanding of mechanism of action is needed; how the peptide and/or peptide-

functionalized drug delivery system interfaces with the local biological barrier and the 

immune system is critical to develop better design rules needed to improve transport, 

bioavailablity and ultimately, drug delivery for successful therapeutic interventions (Fig. 2).
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Fig.1. 
Strategy to identify BBB shuttle peptides from combinatorial peptide libraries (genetically 

engineered phage display and chemically synthesized libraries)
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Fig. 2. 
Cartoon of potential mechanisms of peptide-mediated transport across the blood-brain 

barrier (BBB), gastrointestinal tract (GI), and tumor microenvironment
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Table 1

Identification methods, shuttling mechanisms of physical barriers penetrating peptides

Identification methods, shuttling mechanisms of physical barriers penetrating peptides

Identification methods
Name of peptides

Barrier 
(BBB, GI, 

T)
Mechanism References

Rational design Angiopep BBB LRP receptor mediated 
transcytosis Demeule et al. 2008

Cell-penetrating peptides (CPPs)

Tat GI, BBB, T Transcytosis, heparin sulfate-
dependent endocytosis

Liang and Yang 
2005, Mahmood et 
al. 2016, Yan et al. 
2015, Boohaker et 

al. 2012, Green and 
Loewenstein 1988

R6, R8, R10 GI, Energy-dependent endocytosis Kamei et al. 2008b

L-penetratin GI, BBB Macropinocytosis
Kamei et al. 2008a, 

Tremmel R et al.
2016

L-pVEC GI Macropinocytosis Kamei et al. 2008a

L-RRL helix GI Macropinocytosis Kamei et al. 2008a

Sec GI Exocytosis Zhu et al. 2015

SynB1 BBB Adsorptive endocytosis Rousselle et al. 
2002

ACPP T Unclear if transcellular or 
exocytosis Jiang et al. 2004

Phage-displayed peptides

13C (CTANSSAQC) GI Low affinity receptor binding Kenngott et al. 
2016

DNPGNET GI Macropinocytosis Yamaguchi et al. 
2017

CSK (CSKSSDYQC) GI Receptor-mediated uptake
Kang et al. 2008, 
Kenngott et al. 

2016

P8 (LETTCASLCYPS) GI Receptor-mediated Higgins et al. 2004

P25 (VPPHPMTYSCQY) GI Receptor-mediated Higgins et al. 2004

CTGKSC GI Receptor-mediated transcytosis Fievez et al. 2010

PAVLG GI Receptor-mediated transcytosis Fievez et al. 2010

LRVG GI Receptor-mediated transcytosis Fievez et al. 2010

CKS9 (CKSTHPLSC) GI Binding affinity to M cells Yoo et al. 2010

RGD T Integrin binding
Arap 1998, 

Koivunen et al. 
1995

RGD-4C T binding to αvβ3 and αvβ5 
integrin

Koivunen et al. 
1995

NGR T aminopeptidase N recognition, 
αv-integrin binding

Arap 1998, 
Koivunen et al. 

1995, Pasqualini et 
al. 2000, Curnis et 

al. 2008

Lyp-1 T CendR pathway
Laakkonen et al. 
2002, Roth et al. 

2012
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Identification methods, shuttling mechanisms of physical barriers penetrating peptides

Identification methods
Name of peptides

Barrier 
(BBB, GI, 

T)
Mechanism References

iRGD T CendR pathway
Sugahara et al. 

2009, Teesalu et al. 
2009

tLyP-1 T CendR pathway Roth et al. 2012

TT1 T Binding to p32 Paasonen et al. 
2016

F3 T NA Porkka et al. 2002

iNGR T CendR motif specificity to 
endothelial CD13 Alberici et al. 2013
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Table 3

Development of tumor therapeutics targeting tumor vessels

Peptide Function Action Tumor model Reference

RGD (CDCRGDCFC) Phage displayed peptides Binding to αv integrins Malignant melanoma and 
breast carcinoma

(Pasqualini et al. 
1997)

RGD-4C (CDCRGDCFC) Doxorubicin coupled to RGD-4C Binding to human αv 
integrins: Binding to 
both tumor vessels and 
tumor cells

Mice with human MDA-
MB-435 breast carcinoma 
xenograft

(Arap 1998)

NGR (CNGRC) Doxorubicin coupled to NGR Binding to human 
blood vessel

Mice with human MDA-
MB-435 breast carcinoma 
xenograft

(Arap 1998)

RGD RGD-Adenovirus Utilization of CAR to 
bind to cell, followed 
by RGD mediated 
cellular internalization

(Wickham 2000)

F3 (KDEPQRRSA 
RLSAKPAP 
PKPEPKPKK APAKK)
CGNKRTRGC (LyP-1)

Peptide-Quantum dot (ZnS-capped 
CdSe qdots)

Binds to blood vessels 
and tumor cells
Binds to lymphatic 
vessels and tumor cells

MDA-MB-435 tumor xenograft (Akerman et al. 
2002)

ACDCRGDCFCG Fusion with tumor necrosis factor- 
α (TNF)

Binding to αv integrin C57BL/6 mice (Curnis et al. 
2004)

RGD RGD-NP encapsulating doxorubicin Binding to αvβ3 tumor 
vasculature

pancreatic and renal cell 
orthotopic models

(Murphy et al. 
2008)

F3 peptide Alexa-488 linked cisplatin loaded 
nanoparticle with F3
F3-FITC-NP

Tumor endothelial cells Subcutaneous injection of 
SKOV3, A2780-GFP, and 
DsRED HEY1, of either 
C57Bl6 or nu/nu mice

(Winer et al. 
2010)
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Table 4

Administration of tumor-penetrating peptides for diagnosis and therapeutic application

Peptide Function Action Tumor model Reference

iRGD Peptide-functionalized
Fluorescein-labeled

Binding to tumor vessel and 
then tissue penetration

Xenografts of prostate 
cancers PC-3, PPC1, 
pancreatic cancer MIA 
PaCa-2, breast cancer 
BT474

(Sugahara et 
al. 2009)

CREKA
LyP-1

Fluorescein (FAM)-labeled CREKA-abraxane
FAM-LyP-1-Abraxane

Binding to tumor blood vessels MDA-MB-435 human 
cancer xenografts

(Karmali et al. 
2009)

iRGD (CRGDK/RGPD/EC) Co-administration of peptide and drug
(doxorubicin, nab-paclitaxel and doxorubicin 
liposome, trastuzumab)

Tumor penetrating peptide Orthotopic 22Rv1 
human prostate tumors
Orthotopic BT474 
human breast tumors

(Sugahara et 
al. 2010)

LyP-1 (CGNKRTRGC) Peptide-functionalized Peptide displayed on 
Bi2S3 nanoparticle

Tissue penetration Breast Cancer (Kinsella et al. 
2011)

CGKRK: tumor homing α-
helical amphipathic peptide 
D[KLAKLAK]2 : 
proapoptic peptide

Tandem System: tumor homing peptide–
proapoptotic peptide– multivalent 
presentation on iron oxide nanoparticles (for 
imaging)

Tumor homing and proapoptic 
behavior

Mice bearing orthotopic 
GBM tumors

(Agemy 2011)

iRGD iRGD on paclitaxel loaded PCL-b-PVP 
copolymer

Tumor-penetrating H22 tumor-bearing mice (Zhu et al. 
2011)

TP–LyP-1 transportan (TP) Tumor-penetrating nano-complex (TPN) that 
comprised small interfering RNA (siRNA) 
complexed with a tandem peptide

Both Tumor penetrating and 
membrane-translocating

ovarian cancer, including 
the inhibitor of DNA 
binding 4 (ID4)

(Ren et al. 
2012)

iRGD CS-PAPBA NPs functionalized by iRGD and 
loaded with doxorubicin

Tumor-penetrating H22 tumor-bearing mice (Wang et al. 
2013)

iRGD (DOX)-loaded, iRGD-modified, sterically-
stabilized liposome (SSL)
iRGD-SSL-DOX

Tumor-penetrating B16-F10 tumor-bearing 
nude mice

(Yu et al. 
2013)

iRGD
MT1-AF7p 
(HWKHLHNTKTFLC) 
peptide (presents high 
binding affinity to 
membrane type-1 matrix 
metalloproteinase

Coadministration of iRGD with MT1-AF7p 
pep-tide paclitaxel-loaded PEG-PLA 
nanoparticles (MT1-NP-PTX)

iRGD-tumor penetrating
MT1-AF7p – matrix binding

C6 glioma containing 
BALB/c mice

(Gu et al. 
2013)

F3
tLyP-1

F3-functionalized nanoparticles (F3-NP), co-
administered with tLyP-1

Tumor-homing and penetration mice bearing intracranial 
C6 glioma

(Hu et al. 
2013)

iRGD genetically inserted the iRGD peptide in the 
fiber C terminus of ICOVIR15K, an oncolytic 
tumor-retargeted adenovirus

Tumor penetrating PaCa-2 implanted 
subcutaneously in 
female BALB/C nu/nu 
mice

(Puig-Saus et 
al. 2014)

iRGD iRGD modified sterically stabilized 
liposomes (SSLs) containing conjugated 
linoleic acid– paclitaxel (CLA-PTX)
iRGD-SSL-CLA-PTX

Tumor-Penetrating C57BL6/N mice 
containing a 
subcutaneous B16-F10 
melanoma

(Du et al. 
2014)

iRGD iRGD conjugated D-α-tocopheryl 
polyethylene glycol 1000 succinate (TPGS) 
mediated co-delivery of paclitaxel (PTX) and 
survivin shRNA (shSur)

Tumor-Penetrating Male nude Balb/c mice 
bearing A549/T lung 
cancer

(Shen et al. 
2014)

iRGD Dox loaded Exosome derived from mouse 
immature dendrite cells fused to iRGD (Dox 
loaded exosome-iRGD)

Tumor-Penetrating Human breast cancer 
cells MDA-MB-231 
transplanted into female 
BALB/c nude mice

(Tian et al. 
2014)

iRGD Linking ATAP to an iRGD peptide
ATAP-potent inducer of apoptosis
ATAP-iRGD-M8

iRGD-tumor penetrating
ATAP-mitochondrial targeting 
peptide

Prostate cancer xenograft (De et al. 
2014)
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Peptide Function Action Tumor model Reference

iRGD Co-administration of iRGD peptide with size-
shrinkable and tumor-microenvironment 
responsive (DOX-AuNPs-GNPs)

Tumor-penetrating 4T1 tumor-bearing 
mouse model

(Cun et al. 
2015)

anti-EGFR-iRGD: anti-
EGFR VHH (the variable 
domain from the heavy 
chain of the antibody) fused 
to iRGD

Antibody vehicle-Peptide-drug
anti-EGFR-iRGD-doxorubicin

Tumor-penetrating H22 cells injected 
xenograft

(Sha et al. 
2015)

iRGD Dual-labeled iRGD-modified multifunctional 
porous silicon nanoparticles (PSi NPs)

Tumor-penetrating PC3-MM2 mouse 
xenograft model

(Wang et al. 
2015a)

iRGD iRGD-modified and doxorubicin-loaded 
sterically stabilized liposomes (iRGD-SSL-
DOX)

Tumor-penetrating B16 melanoma model (Dai et al. 
2014)

iRGD iRGD, Dex-SA-DOX-CDDP doxorubicin-
loaded cisplatin crosslinked polysaccharide-
based nanoparticles
Coadministration with iRGD

Tumor-Penetrating autochthonous colon 
cancer model
4T1 murine mammary 
carcinoma

(Li et al. 
2015a)

iRGD Co-administration with Doxorubicin and 
Sorafenib

Tumor-penetrating mice bearing HepG2 or 
Huh-7 xenografts

(Schmithals et 
al. 2015)

iRGD Co-administration of Gemcitabine with iRGD Tumor-penetrating A549 cell line (Zhang et al. 
2015)

iRGD iRGD–ICG-LPs
iRGD modified indocyanine green (ICG) 
Liposomes

Tumor-penetrating (Yan et al. 
2016)

LyP-1 Bismuth sulfide (Bi2S3) nanoparticle labeled 
with LyP-1
For tumor diagnosis

Targeting tumor vessels along 
with tumor cells

4T1 breast cancer in 
mice

(Kinsella et al. 
2011)
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