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Abstract: A key challenge in cancer treatment is the effective delivery of drugs into deep regions of tumor tissues, which are
impermeable due to abnormal vascular network, increased interstitial fluid pressure (IFP), abundant extra cellular matrix (ECM), and
heterogeneity of tumor cells. Cyclic peptides have been used for the surface engineering of nanoparticles to enhance the tumor-
penetrating efficacy of drugs. Compared with other surface ligands, cyclic peptides are more easily produced by automated chemical
synthesis, and they are featured by their higher binding affinity with their targets, tumor selectivity, stability against degradation, and
low toxicity. In this review, different types of cyclic peptides, their physicochemical properties and their in vivo pharmacokinetics are
introduced. Next, the progress of cyclic peptide-functionalized drug delivery nanodevices is updated, and the mechanism underlying
the tumor-penetrating properties of cyclic peptide-functionalized drug delivery nanodevices is discussed.
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Introduction

Cancerous tissues are characterized by several distinctive features that impede the delivery of therapeutic agents: an
abnormal vascular network, elevated interstitial fluid pressure (IFP), a dense extracellular matrix (ECM), and tumor cell
heterogeneity. The ECM is composed of collagen, elastin fibers, proteoglycans, and glycosaminoglycans, which form
a complex, cross-linked gel-like structure. This structure significantly hinders the diffusion of drugs within the tumor
interstitium. Additionally, IFP increases from the tumor periphery to the center, creating a barrier that prevents
nanocarriers and drug molecules from penetrating deep into the tumor after extravasation from peripheral blood
microvessels. Moreover, the tumor’s vascular network is highly heterogeneous, resulting in poor perfusion and necrosis.
This heterogeneity increases the diffusion distance that nanomedicines must cover to reach target cells. Consequently,
most clinically approved drugs, including small molecules, antibodies, hormones, peptides, oncolytic viruses, and
nanoparticles, face challenges in penetrating solid tumors.' > To overcome these barriers, there is an urgent need to
develop vehicles capable of deep tumor penetration to effectively deliver drugs to targeted lesions.

In recent years, many researchers have proposed the potential of cyclic peptides as surface engineering ligands to
functionalize drugs or drug delivery systems. The unique structures of cyclic peptides are organized as amino acids
connection in a cyclic manner, and they have many advantages in drug delivery into tumors. Cyclic peptides have been
engineered to precisely target tumor cells by binding to receptors that are excessively present on the surface of these
cells.*> These cyclic structures offer greater stability compared to their linear counterparts, as they are less likely to be
broken down by proteases due to their rigid, closed-ring shape which restricts conformational changes. Additional
stability can be achieved through modifications such as N-methylation of the peptide backbone or by forming covalent
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bonds.® These alterations can enhance cyclic peptides’ bioavailability, specificity, and ability to penetrate cell mem-
branes, making them potentially more effective in certain therapeutic applications. Most importantly, the cyclic peptide
showed enhanced tumor-penetrating ability. The underlying mechanism is the enhanced transmembrane transport and the
enhanced transcellular transport of the cyclic peptide. Thanks to the excellent bioactivity of the cyclic peptide, cyclic-
peptide-functionalized drugs or drug delivery systems can more effectively translocate across cancerous tissue barriers,
and changing their physical and chemical properties, such as size, charge and hydrophobicity, can regulate their tumor-
penetrating efficiency. However, as far as we can know, a comprehensive understanding of the tumor-penetration of the
cyclic peptides and their conjugates have not been given in any reviews. In this review, different types of cyclic peptides,
their physicochemical properties and their in vivo pharmacokinetics are introduced. Next, the progress of cyclic peptide-
functionalized drug delivery nanodevices is updated, and the mechanism underlying the tumor-penetrating properties of
cyclic peptide-functionalized drug delivery nanodevices is discussed.

Types and Advantages of Cyclic Peptides
Types of Cyclic Peptides

Cyclic peptides are categorized into two primary groups based on the chemical composition of their backbone.’
Homodetic cyclic peptides are characterized by a backbone solely composed of amide linkages between their constituent
amino acid residues. In contrast, heterodetic cyclic peptides feature additional types of linkages with disulfide bonds
being the most prevalent non-amide connections. These disulfide bonds are notably present in hormones of the posterior
pituitary, such as oxytocin and vasopressin. Furthermore, the presence of ester linkages within the main chain of
a peptide classifies it as a depsipeptide. It is noteworthy that cyclic depsipeptides, in particular, represent a significant
class of biologically active compounds that are often derived from microbial sources.

The Advantage of Cyclic Peptides

Cyclic peptides offer several advantages over their linear counterparts (Table 1), including enhanced binding affinity to
targets, improved membrane permeability, greater structural stability, and reduced cytotoxicity.® 1) A key advantage is
their heightened resistance to proteolysis.” Cyclic peptides tend to form secondary structures such as B-turns, which
augment their rigidity. This rigidity confers increased resistance to degradation by endogenous proteases, thus enhancing
their in vivo stability.” Additionally, the covalently closed structure of cyclic peptides shields them from the external
environment and eliminates terminal ends, making them particularly resistant to exopeptidase activity.”'' Empirical
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evidence supports these advantages; for instance, Bogdanowich-Knipp et al demonstrated that cyclic RGD exhibited
superior stability across a pH range of 3 to 7, with a remarkable 30-fold increase in stability at pH 7 compared to its
linear counterpart.'? 2) Cyclic peptides exhibit an enhanced affinity for their target receptors compared to their linear
counterparts. This increased binding specificity is attributed to the reduced conformational flexibility of cyclic peptides,
which minimizes entropic contributions to binding.® For instance, while the linear RGD motif can interact with various
integrin subtypes, cyclic RGD peptides demonstrate a more potent and selective binding profile for specific integrin
receptors.'""'* 3) Cyclic peptides are considered safer for in vivo applications due to their high target specificity, which
limits cellular binding to the cells expressing the intended receptors. This precision reduces off-target effects compared to
the broader interactions of linear peptides.'® Moreover, 4) cyclic peptides demonstrate enhanced cell-penetrating
capabilities. The conjugation of cyclic peptides to anticancer drugs significantly boosts their cell permeability. For
instance, Lattig-Tlinnemann et al observed that cyclic TAT peptides penetrate cells more rapidly and induce more robust
cellular endocytosis than their linear counterparts.'* Sugahara et al showed that drug conjugates with iRGD exhibit
higher tumor uptake than the unconjugated drugs, underscoring the superior targeting ability of cyclic peptides.* Cyclic
peptides also exhibit favorable pharmacokinetic properties, including lower surface charge, reduced polarity, decreased
hydrodynamic volume, and a smaller topological polar surface area, which, coupled with increased molecular rigidity
and stability, augment peptide-cell interactions. Furthermore, 5) cyclic peptides can activate transcellular transport
mechanisms, enabling deep tumor penetration. For example, cyclic peptides containing the CendR motif can bind to
tumor-specific primary receptors, undergo proteolytic cleavage to expose the CendR motif, and subsequently bind to
secondary receptors. This triggers an endocytosis transport pathway known as the C-end Rule (CendR) pathway,
facilitating the deep penetration of cyclic peptides into tumor tissues. Sugahara et al found that both the iRGD phage
and free iRGD peptide diffuse more extensively into extravascular tumor tissue compared to linear RGD peptides, which
are more likely to accumulate around tumor vasculature.* Additionally, comparative studies on the penetration of iRGD-
PPCD and RGD-PPCD couplers in an in vitro avascular C6 glioma spheroid model have revealed that iRGD-mediated
couplers penetrate deeper into tumors. The iRGD-PPCD coupler demonstrated a penetration depth of 144 pm, surpassing
the 115 um achieved by RGD-PPCD, indicating a more potent tumor penetration capability for the iRGD-mediated
delivery system.''

In the realm of targeted cancer therapeutics, drug couplers have emerged as a pivotal area of research. These couplers
are sophisticated constructs that attach cytotoxic drugs to tumor-specific carriers via connectors, facilitating the direct
delivery of drug payloads to cancer cells. The category of drug couplers encompasses a range of targeted drug
conjugates, including antibody-drug conjugates (ADCs), peptide-drug conjugates (PDCs), small molecule-drug conju-
gates (SMDCs), nucleic acid aptamer-drug conjugates (ApDCs), and viral drug conjugates (VDCs), each demonstrating
significant therapeutic potential in clinical settings.'®> The evolution of drug coupler development is propelled by several
key factors, including enhanced stability to ensure the drug remains intact in the circulation, improved tumor penetration
to ensure effective drug reach within the tumor mass, the refinement of targeting vectors for precise cancer cell
recognition, the identification of novel targets that are specific to cancer cells, advances in coupling technologies that
allow for stable and controlled drug release, the creation of innovative couplers that offer new mechanisms for drug
delivery and the diversification of cytotoxic payloads to expand treatment options. However, each type of drug coupler
presents unique challenges: For example, ADCs, for instance, often face issues with low permeability, which can limit
their effectiveness in reaching all cancer cells within a tumor.'®'” PDCs, are particularly susceptible to degradation by
proteases, a challenge that requires strategies to enhance their stability.'®! SMDCs are limited by the availability of
suitable target ligands, which can restrict their targeting specificity. ApDCs, while offering high affinity for targets, are
vulnerable to degradation by nucleases, necessitating the development of more resistant nucleic acid structures.

Despite these challenges, the field is actively pursuing solutions to enhance the stability and efficacy of drug couplers.
For PDCs, in particular, cyclic peptides and their functionalized systems hold promise for enhancing drug targeting and
minimizing non-specific binding. However, several challenges must be addressed regarding their synthesis, functiona-
lization, and in vivo performance. The synthesis of cyclic peptides often requires complex chemical procedures.
Traditional methods, such as amide formation, can be challenging due to the need for a predefined precyclised
conformation before the intramolecular reaction can take place, which is entropically unfavorable.?® This is especially
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true for head-to-tail cyclization, where the C-terminus and N-terminus of the peptide must cyclize, a process that
typically extends the peptide precursor due to the all-trans confirmation preference of the amide bond.** Moreover,
cyclizations are often conducted in dilute solutions to favor intramolecular reactions over intermolecular
oligomerization.?'-*

Furthermore, the surface functionalization of nanodrug carriers can impact their interactions with tumor cells,
potentially affecting endocytosis and targeted transport. For instance, RGD peptide-modified nanocarriers may face
issues with non-specific binding and immune recognition when engaging with tumor cells.”> The metabolic stability of
cyclic peptides is crucial, particularly when considering their use as drug candidates. Studies have shown that certain
cyclic peptides have limited stability upon contact with hepatocytes, highlighting the need to improve their metabolic
stability, such as by replacing thioether bonds.*

In summary, while cyclic peptides offer substantial potential for drug delivery and targeted therapies, their synthesis
challenges, stability issues, and the practical aspects of their application in drug delivery are areas that require further
optimization. Future research should focus on developing innovative synthetic strategies, enhancing the stability and
cellular penetration of cyclic peptides, and optimizing their functionalization methods to boost their efficacy and safety in
clinical settings.

Cellular and Tumor Penetration of Cyclic Peptides
Cell Penetration of Cyclic Peptides

Cyclic peptides employ various mechanisms to enter cells, primarily through three pathways: passive diffusion, receptor-
mediated endocytosis, and direct translocation.

Passive Diffusion

Passive diffusion is the spontaneous process by which substances move from regions of high extracellular concentration
to areas of lower intracellular concentration, without the expenditure of energy (Figure 1A). To predict passive membrane
permeability, Lipinski et al** proposed the “Rule of Five” (Ro5), an empirical guideline. According to Ro3, a molecule
with a molecular weight (MW) below 500, no more than 5 hydrogen bond donors (HBDs), no more than 10 hydrogen
bond acceptors (HBAs), and a CLogP value less than 5 is likely to be permeable across cell membranes. Romidepsin,
a bicyclic peptide consisting of five residues, adheres to these criteria and is known to traverse cell membranes via
passive diffusion. Moreover, molecular conformation plays a critical role in passive membrane permeability.
N-methylation in the backbone of certain natural cyclic peptides is linked to enhanced membrane permeability. Ovadia

et al®

have shown that both the quantity and the spatial arrangement of N-methyl groups within a cyclic peptide
significantly affect its ability to penetrate cells. For instance, cyclosporin A, a cyclic peptide with a conformation that
accommodates RoS5, has polar groups that are sequestered due to the presence of N-methyl groups, which may contribute
to a favorable desolventization energy during the transition from an aqueous phase to the lipid membrane phase, thereby
facilitating its passive diffusion.”® Furthermore, cyclosporin A’s conformation is adaptive to its environment. It adopts an
“open” conformation in aqueous media, exposing polar groups, but upon encountering a low dielectric medium such as
a lipid bilayer, it transitions to a “closed” conformation. This transition involves the elongation of internal hydrogen
bonds and the concealment of hydrogen bond donor and acceptor groups, reducing the peptide’s effective polar surface

area. These conformational changes enable cyclosporin A to efficiently diffuse across the plasma membrane.

Receptor-Mediated Endocytosis

Macromolecular cyclic peptides, which include cell-penetrating peptides (CPPs) and their nanoparticle conjugates, are
known to induce endocytosis—a process critical for cellular uptake®’ (Figure 1B). Endocytosis can occur through various
pathways, including caveolin-mediated, clathrin-mediated, micropinocytosis, and microtubule-mediated mechanisms.
Specifically, Oh et al*® identified that the bicyclic peptide F’-[KW4E]-(B-Ala)-[KR5] is predominantly internalized via
clathrin- and caveolin-dependent endocytosis. This finding underscores the role of these pathways in the cellular uptake
of certain cyclic peptides. Similarly, Camarero et al*’ demonstrated that the cyclic peptide MCoTI-I utilizes multiple
endocytic routes for cellular entry, encompassing fluid-phase endocytosis, lipid-dependent endocytosis, and clathrin-
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Figure | Cell penetration of cyclic peptides. (A) Cyclic peptides can enter cells by passive diffusion without consuming energy. (B) Endocytosis can occur through various
pathways, including caveolin-mediated, clathrin-mediated, micropinocytosis. (C) The proposed internalization mechanisms of direct translocation for positively charged
CPPs. (D) Biological cargo endocytosed through various endocytosis pathways initially enters early endosomes. Early endosomes subsequently mature into late endosomes,
which eventually fuse with lysosomes. Within the lysosome, the luminal contents are degraded by hydrolases. However, some of these contents may be recycled back to the
cell surface via recycling endosomes. Pei et al recently proposed a novel mechanism involving vesicle growth and collapse to elucidate the mechanism of endocytosis of cyclic
cell-penetrating peptides (CPPs). (E) Transcytosis is a complex biological process involving sequential endocytosis and exocytosis across different cell layers. (F) In addition to
passive diffusion and endocytosis, a third, well-documented mechanism for the cellular internalization of cyclic peptides is direct translocation across the plasma membrane.
This process results in the immediate availability of cyclic cell-penetrating peptides (CPPs) or their conjugates within the cytosol.

mediated endocytosis. This suggests a complex interplay of pathways in the uptake process. Cyclic CPPs, in particular,
interact directly with plasma membrane phospholipids and potentially other membrane components, facilitating their
internalization through diverse endocytic pathways. These include clathrin-mediated endocytosis, exosome pathway, and
cytosolic drinking (also known as macropinocytosis).

Direct Translocation

In addition to passive diffusion and endocytosis, a third, well-documented mechanism for the cellular internalization of
cyclic peptides is direct translocation across the plasma membrane (Figure 1C). This process results in the immediate
availability of cyclic cell-penetrating peptides (CPPs) or their conjugates within the cytosol. Once inside the cell, cyclic
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peptides can be selectively distributed to specific organelles, such as the endoplasmic reticulum, Golgi apparatus, or
lysosomes, or they may diffuse freely within the cytoplasm to reach their targets. Notably, direct translocation is an
energy-independent process that can occur even at temperatures as low as 4°C. Direct translocation offers a more rapid
mode of entry compared to endocytosis, often completing the transport within minutes after cell exposure to cyclic
CPPs.?” The efficiency of direct translocation can be concentration-dependent for certain types of cyclic CPPs. For
instance, the attachment of cyclic Tat to green fluorescent protein (GFP) facilitated the direct translocation of the CPP-
protein conjugate into HeLa cells, albeit at relatively high concentrations of 150 uM.?’ Similarly, cyclic (Trp-Arg)4 has
been shown to enter cells via direct translocation at low temperatures (4°C) or in the presence of metabolic inhibitors like
sodium azide.’ Pei et al observed that as little as 25 uM of FITC-labeled cyclic CPP12 could diffuse throughout cells
within minutes,?” highlighting the potential of cyclic peptides for rapid cellular uptake.

Intracellular Trafficking

Biological cargo internalized by various endocytic pathways is initially routed to the early endosome. The early
endosome then matures into the late endosome, which ultimately fuses with the lysosome. Within the lysosome, the
intraluminal contents are degraded by hydrolytic enzymes. However, a portion of these contents may be recycled back to
the cell surface via the recycling endosome (Figure 1D). For most non-viral delivery systems, the endosomal escape
process is highly inefficient, leading to the entrapment of the vector and/or cargo within the endosome or lysosome.*'
Cyclic peptides also follow the endosomal-lysosomal transport pathway for intracellular transport. Yet, a subset of cyclic
peptides can evade the endosome and proceed to their target sites or return to the cell surface. Several hypotheses have
been proposed to explain the endosomal escape mechanisms of cyclic peptides, including the proton sponge effect,’ pore
formation,® and membrane destabilization.>* Pei et al have recently introduced a novel mechanism involving vesicle
outgrowth and collapse to elucidate the endosomal escape of cyclic cell-penetrating peptides (CPPs)*’**(Figure 1D). In
this process, cyclic CPPs bind to endosomal membranes, leading to the formation of a CPP-enriched lipid domain that
buds from the endosome. These vesicles collapse, releasing their contents into the cytoplasm, a process that is accelerated
by the acidic pH within the endosome. Multiple budding and collapse events may occur in a single endosome until the
vesicles are depleted of CPPs. Furthermore, cyclic peptides can circumvent lysosomal degradation by engaging the
transcytotic pathway. This involves sorting from endosomes and secretion at the opposing membrane, thereby enhancing
their tumor-penetration capabilities. Qian et al demonstrated that iRGD binds to cell surface receptors, initiating receptor-
mediated transcytosis, which avoids lysosomal trapping and facilitates drug entry into tumor tissue.*®

Intercellular Transport
Intercellular transport mechanisms, which are crucial for tissue penetration, primarily consist of paracellular diffusion
and transcellular transport. Paracellular diffusion involves the movement of substances through the intercellular spaces,
prevented by the tight junctions that connect cells. In the context of tumor biology, the unique structure and function of
tumor blood vessels, characterized by increased vascular leakage, provide an avenue for cyclic peptides to penetrate the
tumor tissue via the paracellular pathway. For example, cyclic ADT peptides (ADTC1, ADTCS, and ADTC6) have been
shown to disrupt calcineurin function at the adhesive junctions of vascular endothelial cells, thereby enhancing their
tissue-penetrating properties through paracellular diffusion.’” Transcellular drug delivery, on the other hand, refers to the
process by which drugs are transported across cells, rather than through the extracellular matrix. This mode of transport
can occur via two primary mechanisms: transcytosis and direct intercellular transfer. Transcytosis is a cellular transport
mechanism where substances are carried across the cell, typically from one side to the other, and is particularly relevant
for the delivery of drugs to tissues behind biological barriers. Direct intercellular transfer, meanwhile, involves the
movement of substances directly from the donor cell to the recipient cell, bypassing the extracellular space.
Transcytosis is a complex biological process involving sequential endocytosis and exocytosis across different cell
layers (Figure 1E). Cyclic peptides initiate this process by binding to specific targeting ligands on the cell membrane
surface, which then triggers intracellular internalization through interactions with cell surface receptors or transporter
proteins. Following endocytosis, the cyclic peptide is encapsulated within an endocytic vesicle. This vesicle traverses the
cell, potentially interacting with organelles such as the endoplasmic reticulum or Golgi apparatus, before moving to the
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cell’s opposite membrane where it fuses and releases the peptide into the extracellular environment. Jiang et al explored
the penetration of cyclic RGD peptide-functionalized pol(ethylene glycol) polycarbonate trimethylene nanoparticles
(c(RGDyK)-NP) into solid tumors. They conducted in vitro studies and utilized a subcutaneous xenograft mouse
model to investigate integrin-mediated transcellular interactions. Their findings indicated that cyclic RGD peptides
first target integrin receptors on tumor cells, then bind to neuropilin-1 (NRP-1) receptors for rapid internalization, and
subsequently undergo transcytosis to enhance deep penetration into the tumor parenchyma. This process resulted in
improved drug penetration and accumulation in tumor tissue compared to conventional nanoparticles and paclitaxel
treatment.*® Additionally, Liu et al demonstrated that iRGD (a cyclized RGD peptide) could circumvent the vasculature
system barrier in pancreatic ductal adenocarcinoma (PDAC) through activated transcytosis, achieving 3—4 fold enhanced
tumor uptake. The iRGD peptide binds to integrins, revealing the CendR sequence, and subsequently binds to NRP-1,
initiating a bulk transcytosis pathway that involves vesicular translocation.’**° This intercellular transport pathway,
facilitated by the CendR motif, may also occur via intra-secretory vesicles such as exosomes or microvesicles.

Direct transfer is a distinct class of transcellular drug delivery mechanisms. Unlike traditional transcellular transport,
which involves crossing the extracellular matrix, direct transfer is confined to intracellular regions or intercellular connections
following endocytosis, and can include direct cell-to-cell contact (Figure 1F). The formation of tubular conduits between
tumor cells and endothelial cells, as observed by these researchers, further enhances the efficient intercellular transport of
nanomedicines.*"** Direct transfer can be further categorized based on the type of intercellular connection involved: cell
membrane-mediated, gap junction-mediated, and tunneling nanotube (TNT)-mediated. TNTs are long-range intercellular
cytoplasmic channels that facilitate direct cell-to-cell communication independent of soluble factors. These dynamic nanos-
cale membrane structures enable the rapid exchange of cellular components, including organelles, vesicles, molecules, ions,
and pathogens, between connected, non-adjacent cells.** *> Cyclic peptides, once internalized, are transported along the
cytoskeleton, often utilizing microtubules as tracks. They can reach TNTs, which are conduits for the direct transport of
cellular contents, including cyclic peptides, between neighboring cells.*® This mode of transport is particularly significant for
enhancing tumor penetration, as it allows cyclic peptides to bypass the extracellular matrix and reach deeper tumor regions.*’

How to Evaluate the Tissue-Penetrating Efficacy?

Transwell Diffusion Assay

Transwell assays are a widely utilized method for evaluating the transcellular permeability of solutes across endothelial
monolayers (Figure 2A). These in vitro models offer several advantages, including the simplicity of execution and the
elimination of the need for live animal testing. Bhardwaj et al conducted a study to assess the transcellular penetration of
a designed macrocyclic peptide using the Transwell Caco-2 assay system. This system employed colorectal epithelial cells to
form a barrier between the donor and acceptor compartments, simulating the efflux transport process in the reverse direction.
In this assay, an apparent permeability coefficient (Papp) value greater than 1 X 107-6 cm/s is considered indicative of adequate
transcellular penetration for a drug candidate. The study yielded promising results, with high membrane penetration observed
for the cyclic peptides in the Caco-2 assays. Specifically, six out of the eight macrocyclic peptides containing eight residues
tested demonstrated a Papp value exceeding the threshold of 1 x 10"-6 cm/s, highlighting their potential as drug candidates.*®

Multicellular Spheroids

Multicellular cancer spheroids (MCSs) are a prevalent in vitro model for assessing the tissue-penetrating efficiency of
drugs and nanoparticles. MCSs offer a more accurate representation of the cellular microenvironment, cellular interac-
tions, and physiological and biochemical reactions than traditional 2D cell culture models*’ (Figure 2B). Jiang et al
developed an in vitro MCS simulation to emulate solid tumors. Utilizing a lipid-based system, they generated 3D tumor
spheroids with structural and compositional similarities to authentic tumors. These spheroids featured densely packed
cells and an organized extracellular matrix enriched with proteins such as fibronectin, laminin, and collagen, closely
replicating the natural tumor microenvironment.>® Upon treatment with nanoparticles functionalized with cyclic peptides,
confocal microscopy revealed fluorescence throughout the entire tumor sphere, extending to a depth of 90 um. This
observation suggests that cyclic peptides significantly enhance the penetration of nanoparticles into the solid tumor
tissue.
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Organoids comprise a diverse array of cell types that engage in complex and tight interactions, extending beyond simple
physical contacts to include dynamic relationships with the surrounding extracellular matrix. However, the in vitro
cultivation of organoids can be resource-intensive and time-consuming. Additionally, there is often an absence of
connective tissues, vasculature, and immune cells within the organoid microenvironment. In a study assessing the tissue
penetration of iRGD TPN, a cyclic peptide-based nanocomplex, researchers employed 3D organoids derived from
pancreatic ductal adenocarcinoma (PDAC) tumors in mice and humans. The distribution and depth of iRGD TPN
penetration within the organoids were tracked, simulating the tumor’s exposure to the nanocomplex in a 3D multicellular
setting. The findings demonstrated that iRGD TPNs were capable of effectively penetrating hundreds of micrometers
through cell layers in both human and mouse 3D organoids.”’

In vivo Tumor Model

Subcutaneous tumors are a prevalent in vivo model for preclinical cancer research due to their practical advantages. They
are straightforward to establish and monitor, and their rapid and reliable growth makes them an ideal model for
evaluating the penetration capacity of cyclic peptides in tumors>> (Figure 2E). For instance, Jiang’s team assessed the
permeability of solid tumors in a subcutaneous xenograft mouse model. They found that c(RGDyK)-binding nanopar-
ticles (c(RGDyK)-NP) demonstrated enhanced penetration and accumulation in solid tumor tissues compared to
conventional nanoparticles.>® The Patient-Derived Xenograft (PDX) model, which involves transplanting tumor tissue
directly from patients, maintains the genotypic and phenotypic diversity of the original tumor. This model can more
realistically reflect the characteristics of the patient’s tumor (Figure 2D). Cyclic peptides, as drug carriers, can be
assessed in PDX models for their distribution and penetration within tumor tissues. Although specific examples of cyclic
peptide penetration in PDX models are not provided, it is reasonable to speculate that their stable cyclic structure may
confer superior tumor penetration.’” The promising efficacy of cyclic peptides in treating subcutaneous and PDX models
has encouraged further evaluation of their penetration efficiency in in situ tumor models. Orthotopic models maintain the
natural anatomical context of the tumor, which is important for studying tumor-stroma interactions, metastasis, and
responses to treatments (Figure 2F). Sugahara’s team® explored the delivery of anticancer drugs using iRGD-mediated
Abraxane®, a 130 nm nanoparticle comprising paclitaxel embedded in albumin, in mice with in situ 22Rv1 tumors. The
study showed that the accumulation of Abraxane in the tumor was 8 times higher with iRGD-targeted Abraxane
compared to non-targeted Abraxane, highlighting the enhancing effect of iRGD on tissue penetration.* Furthermore,
Justin et al confirmed the tumor penetration ability of iRGD in in situ pancreatic cancer.’' Additional studies have
demonstrated that iRGD coupling significantly improves nanoparticle penetration at the tumor site in animal models of

prostate cancer and breast cancer.>

Modulating the Tumor-Penetrating Property of Cyclic Peptides
Surface Charge

The surface charge of nanomedicines plays a pivotal role in regulating adsorption-mediated transcytosis, a process crucial
for cellular uptake and drug delivery. Cationization, or the introduction of positive charges, can effectively induce
transcytosis and enhance the penetration of nanocarriers across multiple cell layers.”*> For instance, Littig-Tiinnemann
et al observed a higher cellular uptake rate, accelerated uptake time, increased accumulation, and improved transduction
kinetics for arginine-rich cyclic TAT peptides.'*® In a follow-up study, Shirazi et al investigated the cell permeability of
cationic cyclic cell-penetrating peptides (CPPs) where arginine was substituted with lysine and histidine.’*® While
cationic nanomedicines can interact with the negatively charged cell membrane through direct transmembrane pathways,
their highly positive charge may also lead to cytotoxicity by disrupting cellular and mitochondrial membranes across
various cell types.’® Furthermore, an overly positive surface charge might interfere with specific endocytosis pathways,
such as pinocytosis or receptor-mediated endocytosis, potentially destabilizing cell membranes or obstructing essential
membrane bending processes. Positively charged nanomedicines are also at risk of rapid clearance by the reticuloen-
dothelial system, whereas neutral or negatively charged nanomedicines, although having a prolonged circulation time,
may face challenges in penetrating deep tumor tissues and being uptaken by cells.° Cell membranes typically exhibit
a slight negative charge, and neutral or negatively charged drug carriers might not interact efficiently with cell
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membranes via electrostatic interactions, possibly reducing their endocytosis efficiency and subsequent cellular uptake.®!
Interestingly, some studies have shown that positively charged peptides or drug carriers can enhance tumor tissue
penetration by facilitating Donnan distribution through weak, reversible electrostatic interactions with the tumor extra-
cellular matrix (ECM). In contrast, neutral or negatively charged drug carriers may lack this mechanism, resulting in
diminished tumor penetration.®' To achieve a balance between long-term circulation and optimal tumor penetration,
nanomedicines should have an adaptable surface charge—neutral or negative in circulating blood and positive at the
tumor site. The integration of cyclic peptides into nanoparticle surface functionalization allows for precise, guided
delivery of nanoparticles. The net charge of the cyclic peptide ligand, which may alter in the acidic tumor microenvir-
onment, is critical for the surface charge of cyclic peptide-mediated nanopolymers or couplers and directly impacts tumor

penetration.®'%?

Size
The molecular weight (Mw) of cyclic peptides, which serve as homing peptides to enhance nanoparticle targeting, is
a critical factor influencing their tumor penetration ability. Low Mw cyclic peptides (<10 kDa) offer a fundamental
advantage over their high Mw counterparts due to their smaller size, which correlates with enhanced penetration.®®
Bicyclic peptides, for instance, with molecular weights ranging from 1 to 3 kDa, can effectively diffuse across biological
barriers in tissues, a feat that large proteins struggle with. This property holds promise for achieving effective tumor
penetration and drug delivery through various local modalities. However, the low Mw of these peptides also results in
a shorter plasma half-life and rapid clearance by the kidney. To address this, the blood half-life of peptides can be
extended by conjugating them with high Mw proteins or peptides.®> Pollaro’s team demonstrated this approach by
injecting bicyclic peptides combined with albumin-binding peptides into human MDA-MB-231 tumor-bearing nude
mice. The concentration of bicyclic peptides conjugated to albumin-binding peptides was found to be 54 times higher
than that of free bicyclic peptides.®* The ring size of cyclic peptides also impacts their tumor penetration ability. As the
ring size increases, cyclic peptides become more flexible and susceptible to proteolytic enzymes. In contrast, bicyclic
peptides, with their reduced ring size, exhibit enhanced stability against protein hydrolysis and improved target binding
affinity and selectivity due to increased conformational rigidity. Indeed, bicyclic peptide-drug conjugates (BDCs) offer
a promising approach for the targeted delivery of chemotherapeutic agents and other therapeutics to specific cell
populations. The compact nature of BDCs facilitates their deeper penetration into solid tumors, capitalizing on their
small size to traverse the complex tumor microenvironment. Additionally, BDCs demonstrate high renal clearance, which
contributes to a reduction in systemic drug toxicity, thereby improving the therapeutic index.®> Moreover, the particle
size of cyclic peptide conjugates significantly affects their penetration in tumors. Smaller particle sizes facilitate diffusion
within tumor tissues by enabling easier navigation through the complex extracellular matrix (ECM) network. Studies
have shown that nanoparticles with sizes greater than 62 nm, yet not exceeding 110 nm, can rapidly diffuse in in vitro
ECM models, such as Matrigel, and breast xenograft sections.®® Particle size also influences the cellular uptake efficiency
of peptide-drug conjugates (PDCs). Smaller particles are generally more effectively internalized by cells via endocytosis,
as they can be more readily encapsulated by cell membranes. However, excessively small particles risk being excreted by
renal filtration, necessitating a balanced design approach.®’

In conclusion, for optimal tumor penetration, the design of cyclic peptides should aim to minimize both ring size and
nanoparticle size, ensuring that the cyclic peptide and its conjugates achieve the strongest tumor penetration ability.

Rigidity

Cyclization of peptides promotes the formation of secondary structures such as B-turns, which increases the rigidity of
cyclic peptides.'® This enhanced rigidity boosts lipophilicity and enables the formation of intermolecular hydrogen
bonds, allowing for tighter binding to target proteins with minimal entropy loss, and ultimately enhancing cell penetra-
tion. Littig-Tiinnemann®® demonstrated that arginine-rich cell-penetrating peptides with greater structural rigidity had
increased cellular transduction rates, and rigid cyclic peptides showed superior cellular uptake kinetics compared to their
linear counterparts. The increased rigidity, achieved through cyclization that positions the guanidinium moiety in a distal
configuration, enhances membrane contacts and improves cell penetration. Zhang®® introduced rigid fragments into
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cyclic peptides, which induced apoptosis in tumor cells, underscoring the potential of rigidity to augment biological
activity and protein-protein interactions. Additionally, enhanced conformational rigidity may improve metabolic stability
by slowing down protease cleavage kinetics.® Bicyclic peptides, in particular, offer higher conformational rigidity, target
affinity, selectivity, metabolic stability, and membrane permeability compared to monocyclic counterparts.”’ These
attributes expand their application potential and enhance tissue permeability, making bicyclic peptides valuable tools
in drug delivery and therapeutic development.

Multivalency or Surface Density

Multivalency, or the presentation of multiple binding sites on a surface, is a key factor influencing the efficacy and
function of cyclic peptides. Cell surface proteins, such as integrins and selectins, engage in multivalent interactions with
small structural motifs like RGD, which are found on neighboring cells or extracellular matrices and play a role in cell
migration regulation. By incorporating multiple targeting ligands, cyclic peptides can significantly enhance their affinity
and binding strength to cell surface receptors or extracellular matrix components.”""’? This increased binding avidity
improves the penetration and internalization efficiency of cyclic peptides within tissues. For example, Wang et al
developed a cyclic TMTP1 peptide dimer connected by two PEG4 junctions, which resulted in enhanced tumor uptake
and more sensitive tumor imaging compared to free ICG or TMTP1-PEG4-ICG.” In another study, Gao’* investigated
the multivalent effect on blood-brain barrier penetration by labeling nanoparticles with varying amounts of angiopep-2
peptides. The research demonstrated that multivalency significantly increased the intracerebral delivery of nanoparticles,
thereby enhancing their ability to cross the blood-brain barrier. These findings underscore the potential of cyclic peptides
to improve tumor penetration through multivalent interactions.

Anti-Cancer Application of Cyclic Peptides

Nanoscale drug delivery systems offer distinct advantages for advanced therapeutic strategies, including the co-
administration of multiple drugs, extended circulation times, controlled release mechanisms, and the potential for
multifaceted interactions within the biological milieu. However, the success of these systems is not solely dependent
on the choice of drug carriers; the surface modification and functionalization of nanoparticles are equally crucial for
effective drug delivery.

To enhance the accumulation of nanoparticles in tumor tissues through active targeting, the surfaces of these
nanoparticles are often decorated with specific targeting molecules. These include antibodies, aptamers, and various
ligands that can recognize and bind to cancer cell surface markers with high affinity. By incorporating such targeting
elements, nanoparticles can actively recognize and bind to their homologous receptors present in the circulatory system.
This targeted interaction facilitates the highly efficient internalization of nanoparticles into tumor cells via receptor-
mediated endocytosis, thereby improving the therapeutic index of the encapsulated drugs.”>"’

The use of cyclic peptides in this context is particularly noteworthy. Their inherent stability, precise targeting
capabilities, and the ability to be functionalized with various chemical groups make them ideal candidates for surface
modification of nanoparticles. Cyclic peptides can be engineered to selectively bind to specific receptors overexpressed
on tumor cells, enhancing the active targeting and internalization of drug-loaded nanoparticles. This precision targeting
not only improves drug delivery efficiency but also minimizes the side effects associated with nonspecific drug
distribution.

Furthermore, cyclic peptides can be designed to respond to specific stimuli within the tumor microenvironment, such
as changes in pH or the presence of certain enzymes, allowing for triggered drug release at the site of action. This adds an
additional layer of control to the drug delivery system, ensuring that drug release is localized to the tumor and occurs
under the appropriate conditions. The integration of cyclic peptides into the design of nanoscale drug delivery systems
offers a powerful approach to enhance tumor targeting, improve drug release profiles, and ultimately, provide more
effective cancer treatments. It has been shown indicates that surface functionalization of carriers and drugs with cyclic
peptides can significantly enhance active targeting and cellular penetration. For instance, Wang et al demonstrated that
solid lipid nanoparticles loaded with paclitaxel and naringenin, with surfaces modified with cyclic peptides, showed
improved tumor targeting in glioblastoma multiforme’® (Table 2). Similarly, Larmandie’s team conjugated cyclic
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Table 2 Anti-Cancer Application of Cyclic Peptides

metalloproteinase MTI-MMP

Cyclic Drug Vehicles Types of Mode of Action Effect Reference
Peptide Cancer
cRGD PTX/ SLNs Glioblastoma Efficient transport of the CendR The uptake of dye-labelled SLN was superior compared to that of normal [78]
Naringenin multiforme(GBM) | pathway across tissues dye solutions
Cyclic peptides | Organoiridium | pHPMA Multiple tumour Polymer nanotubes based on self- | These drug bearing nanotubes exhibited increased toxicity towards human [79,80]
anticancer lines assembled couplers of polymers ovarian cancer cells compared to the free drug
complexes and cyclic peptides (NT)
Cyclic DOX None Multiple tumour Tumour targeting of cyclic Tumor cells exhibited a 3.6-fold increase in cellular uptake of [W(RW)4]- [81]
[W(RW)4)] lines peptides Dox compared to free Dox
Cyclic [KW]5 Lamivudine AuNPs Human ovarian Tumour targeting of cyclic AuNPs conjugated to cyclic peptide [KW]5 show enhanced cellular uptake in | [82]
3TC) adecarcinoma peptides human cancer cells
(SK-OV-3)
iRGD PTX Polymeric | Breast cancer, Efficient transport of the CendR iRGD-PTX NPs accumulated in tumors 3.3 times more than native [83]
NPs* pathway across tissues nanoparticles
Irinotecan MSNPs Pancreatic cancer | Efficient transport of the CendR The iRGD peptide increases in silico uptake at in situ KPC tumour sites by 3- | [84]
pathway across tissues to 4-fold.
PTX Abraxane Prostate cancer Efficient transport of the CendR iRGD-abraxane accumulated 8-fold more abraxane in tumours than non- [4]
(22Rvl) pathway across tissues targeted abraxane.
LyP-1 PTX Abraxane | Breast cancer Targets overexpression of p32 or | LyP-l-abraxane penetrated tumors four times more efficiently than FAM- [85]
gCIqR receptors in tumors abraxane, leading to increased abraxane accumulation in tumors with an
estimated tumor inhibition rate of 30%.
epl33 None Ab Colorectal Tumour-associated receptor Effectively reaches the cytoplasmic lysate of EpCAM-expressing cells and [86]
carcinoma EpCAM-mediated endocytosis shows greater preferential tumour homing and accumulation in mice carrying
LoVo xenograft tumours expressing EpCAM
cNGR Dox None Breast cancer APN Drugs coupled to cNGR peptides have stronger antitumour effects than free | [87]
drugs
cHP None None Glioma The cyclic hexapeptide has The addition of the cyclic hexapeptide improved the cell specificity [88]
increased affinity for cells that recognition and nanoparticle uptake
overexpress integrins
PFII7IA/ None None Multiple tumour Inhibition of tumour angiogenesis | Significantly inhibited VEGF-induced migration, invasion, proliferation and [89]
PFI171C lines tube formation of HUVEC
Lanreotide None None Neuroendocrine | Effective control of tumour-related | Significantly improved progression-free survival (PFS) in patients with [90]
tumours hormone secretion neuroendocrine tumours
cRGD Dox NPs Colon cancer Combined cyclic peptide and The cRGD conjugation ensures effective tumor cell targeting and promotes | [91]
photothermal therapy drug internalization
CEP Liposomes | Multiple tumour Combined cyclic peptide and cRGD-functionalized liposomes enable tumour-selective and precise co- [92]
lines photothermal therapy localisation of CEP and IR783.
Octreotide 177Lu or 90Y Neuroendocrine | Targeting the growth inhibitory This targeted approach allows for precise irradiation of tumor cells, inducing | [93, 94]
tumors receptor in combination with cell death with relatively few side effects
radionuclide therapy
Bicyclic Radiocouple None Multiple tumour Targeting the tumour Its radio-couplings show selective tumour uptake in the HT 1080 xenograft | [95]
peptides lines overexpressed matrix mouse model
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peptides to the biocompatible polymer poly(2-hydroxypropylmethacrylamide) (pHPMA), creating an efficient drug
delivery system for organometallic anticancer complexes’**” (Table 2).

Doxorubicin (Dox) is a hydrophilic anticancer agent that faces rapid efflux in certain cancer cells, leading to a short
retention time. To address this challenge and enhance the drug’s sustained anticancer activity, Dox was conjugated to the
cyclic peptide [W(RW)4] and its linear counterpart (RW)4 using appropriate linkers. The cyclic peptide conjugate
[W(RW)4]-Dox demonstrated the ability to inhibit cell proliferation in various cancer cell lines, including ovarian
adenocarcinoma (SK-OV-3), colorectal cancer (HCT-116), and breast cancer (MDA-MB-468). Notably, SK-OV-3 cells
exhibited a 3.6-fold increase in cellular uptake of [W(RW)4]-Dox compared to free Dox. These results indicate that the
cyclic peptide conjugate [W(RW)4]-Dox holds promise as a prodrug candidate for improving the cellular delivery and
retention of Dox *' (Table 2).

Shirazi et al developed an environmentally friendly and efficient method to synthesize gold nanoparticles (AuNPs)
functionalized with both linear (KW)5 and cyclic [KW]5 peptides * (Table 2). These peptide-decorated AuNPs were
assessed for their potential as nanodrug delivery systems. The study revealed that AuNPs conjugated with the cyclic
peptide [KW]5 demonstrated superior cellular uptake of fluorescently labeled drugs in human cancer cells when
compared to those conjugated with the linear (KW)5 peptide. Additionally, the research mentioned the potential use of
cyclic peptide-functionalized Gadolinium nanoparticles to enhance intracellular drug delivery®®.

“Irgd” is a cyclic RGD peptide with the sequence CRGDKGPDC (Cys-Arg-Gly-Asp-Lys-Gly-Pro-Asp-Cys). It
demonstrates a tropism for various solid tumors, including breast, pancreatic, and prostate cancers, by selectively
targeting tumor-associated biomarkers such as integrin avp3 and avp5 on the cell membrane surface®*”%. The binding
of iRGD to these integrins induces conformational changes, activating downstream signaling pathways and exposing the
CendR sequence (C-end Rule motif). This motif then interacts with the NRP-1 receptor on tumor cells, initiating NRP-
I-mediated endocytosis and facilitating iRGD internalization. This process promotes trans-cellular transport, thereby
enhancing tumor penetration (Figure 3). Numerous studies have confirmed that iRGD can significantly improve the
tumor targeting and penetration capabilities of therapeutic agents or nanocarriers (Table 2). For example, Hu’s team
synthesized iRGD-PTX conjugates by coupling paclitaxel (PTX) to MCA through esterification, followed by attachment
to iIRGD-SH via a Michael addition reaction. These conjugates self-assembled into nanoparticles that, when administered
systemically in a 4T1 breast cancer mouse model, achieved 3.3-fold higher tumor accumulation compared to native
nanoparticles® (Table 2). This strategy effectively enhanced the anticancer activity of the delivered drugs. Cyclic
hexapeptide c¢(RGDf(N-me)VK)-C (cHP) exhibits an increased affinity for cells that overexpress integrins,
a characteristic that renders it a promising agent for tumor targeting. To evaluate the in vitro penetration capability of
cHP into tumor tissues, Zhang et al constructed a tumor cell spheroid model. Their findings indicated that cHP/Cou-NPs
(cyclic hexapeptide-modified curcumin nanoparticles), penetrated deeper into C6 cell spheroids over time, in contrast to
the unmodified nanoparticles that displayed limited penetration. Further in vitro cellular assays revealed that cHP/Cur-
NPs (cyclic hexapeptide-modified curcumin nanoparticles) achieved a higher cellular uptake efficiency compared to their
unmodified counterparts. Specifically, in C6 cells, which highly express integrin avp3, cHP/Cur-NPs demonstrated
a cellular uptake efficiency of 99.5% within 90 minutes, significantly surpassing the 19.4% efficiency of unmodified Cur-
NPs (Table 2). These results underscore the enhanced targeting ability of cHP-modified nanoparticles towards tumor
cells. The broad-spectrum anticancer activities of cyclic peptides have been corroborated in various cancer types, such as
colon cancer, pancreatic cancer, and lung cancer, underscoring their potential utility in oncology>*®°?. The asparagine-
glycine-arginine (NGR) motif, similar to the RGD sequence, specifically targets tumors by engaging with the amino-
peptidase N (APN) receptor, which is prevalent in the tumor vasculature (Table 2). The cyclic NGR peptide CNGRC
demonstrates superior tumor targeting efficiency over linear NGR-containing peptides. For instance, Giorgio et al
reported that the antitumor activity of the cyclic peptide CNGRC-TNF was over 10-fold higher than that of the linear
peptide GNGRG-TNF, indicating the enhanced effectiveness of the cyclic structure in tumor targeting®’"'*°.

In vitro tumor penetration assays revealed that phages containing CendR motifs, such as iNGR and iRGD, could
penetrate deeper into tumor tissues, following a similar pattern. In contrast, non-CendR phages, like CNGRC and
controls, remained primarily in the outer tumor layers. This finding suggests that iINGR and iRGD utilize a similar
CendR-mediated transport mechanism for tumor penetration. Notably, iNGR can induce tumor-specific penetration when
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Figure 3 Cell penetration of iRGD. The iRGD peptide selectively accumulates on the surface of endothelial cells and other cell types within tumors that express av
integrins. It utilizes its RGD motif to mediate binding to these integrins. Subsequently, the peptide is cleaved by cell surface-associated proteases, which exposes the CendR
element, characterized by the motif RXXK/R, at the C-terminus (indicated by a red dotted line). This CendR element then facilitates binding to neuropilin-1 (NRP-1I),
enabling the peptide to penetrate cells and tissues. The iRGD peptide can deliver cargo, such as simple chemicals or nanoparticles, into tumor cells and tissues, provided that
the cargo is conjugated to the N-terminus of the iRGD peptide. It is noteworthy that the disulfide bond within the peptide is cleaved, allowing for internalization of the
peptide and its cargo (represented by a black line).

co-administered with drugs, such as adriamycin (doxorubicin), leading to increased local drug accumulation in tumor
tissues. The combination of doxorubicin with iNGR has exhibited significantly enhanced efficacy in tumor therapy
compared to doxorubicin monotherapy'®'.

LyP-1 is another cyclic peptide, consisting of 9 amino acids with the sequence Cys-Gly-GIn-Lys-Arg-Thr-Arg-Gly-
Cys, which exhibits antitumor effects by targeting p32 or gC1qR receptors on tumor lymphatics or cells'®® (Table 2).
Karmali et al demonstrated the superior in vivo homing efficacy of LyP-1-abraxane in a MDA-MB-435 xenograft tumor
model using mice. The conjugation of the LyP-1 peptide to abraxane particles via a cysteine sulthydryl linkage resulted
in FAM-LyP-1-abraxane exhibiting four times the fluorescence intensity in tumors compared to FAM-abraxane, signify-
ing a substantial enhancement in targeting efficiency. Furthermore, LyP-1-abraxane displayed a markedly higher
accumulation in extravascular tumor tissues. This accumulation was particularly evident in clusters of tumor cells
expressing the p32 receptor, which are often found in lymphatic-rich, less vascularized areas that are typically challen-
ging for chemotherapeutic agents to penetrate. These findings suggest that LyP-1-abraxane has the potential to access
deeper, less vascularized regions of tumor tissue, where conventional drugs may not effectively reach.®® This resulted in
increased accumulation of abraxane in tumors, with an estimated tumor inhibition rate of 30%.

Ep133, a 12-amino acid cyclic peptide, is internalized specifically by tumor cells via endocytosis that is mediated by
the tumor-associated receptor EpCAM (Table 2). Building upon this mechanism, Park et al employed yeast surface-
display technology to develop a high-affinity cyclic peptide-fusion antibody named ep6Ras37. This construct exhibits
a significantly enhanced binding affinity for EpCAM, approximately 10-fold greater than the native peptide. In mouse
tumor models, ep6Ras37 demonstrated a pronounced preference for tumor cells, achieving peak accumulation within
48 hours post-injection. Confocal immunofluorescence microscopy revealed that ep6Ras37 localizes more efficiently in
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the cytoplasm than the parental antibody, indicating improved endocytosis and lysosomal escape capabilities.
Furthermore, the intensified fluorescence of ep6Ras37 in tumor tissues suggests a higher accumulation level, indicative
of its potential for enhanced tumor targeting and therapeutic efficacy.®®

Cyclic peptides have emerged as potent inhibitors of tumor angiogenesis by targeting key signaling molecules such as
ERK, FAK, and Akt, which are essential for the process. This inhibition impedes the formation of new blood vessels
necessary for tumor growth. Specifically, the cyclic peptides PF1171A and PF1171C, derived from microbial soil fungi,
have been shown to significantly suppress VEGF-induced activities in human umbilical vein endothelial cells
(HUVEC:S), including cell migration, invasion, proliferation, and tube formation—critical steps in the angiogenic
cascade® (Table 2).

Lanreotide, a cyclic octapeptide with a well-established role in oncology, is utilized to manage clinical syndromes
associated with functional neuroendocrine tumors (NETs) and to mitigate tumor growth in patients with advanced low- or
intermediate-grade NETs (Table 2). Clinical studies have demonstrated that treatment with lanreotide significantly
enhances progression-free survival (PFS) in individuals with neuroendocrine tumors. Specifically, patients administered
lanreotide experienced a notable prolongation in PFS compared to those receiving a placebo, underscoring the ther-
apeutic potential of this cyclic peptide in extending disease control and improving patient outcomes®”.

In the realm of oncology, combination therapies have emerged as a superior approach to monotherapies, offering
enhanced therapeutic benefits. Photothermal therapy (PTT) is a promising modality within this context, particularly for
its potential in the clinical treatment of tumors. The synergy between cyclic peptides and photothermal agents, such as
indocyanine green (ICG), has led to the development of tumor-targeting nanoparticles. These nanoparticles, when
exposed to near-infrared light, generate heat that induces thermal damage, selectively destroying tumor cells while
minimizing harm to surrounding healthy tissues. The precision of circulating peptides in targeting tumor tissues increases
the concentration of photothermal agents, thereby improving treatment efficacy’>. Fan et al have contributed to this field
by developing cRGD-conjugated nanoparticles (Table 2). These adriamycin (DOX)-loaded Fe3O4@polydopamine
(PDA) nanoparticles are designed for both MRI imaging and antitumor chemo-photothermal therapy. Their research
findings indicate that PTT not only enhances cell membrane permeability and drug uptake but also expedites the release
of nanoparticle-encapsulated drugs. The cRGD conjugation ensures effective tumor cell targeting and promotes drug
internalization, demonstrating an excellent ability to enhance therapeutic outcomes®'. Building on these advancements,
Wu’s team in 2024 introduced a novel therapeutic approach using cRGD-encapsulated liposomes. These liposomes
encapsulate a synergistic combination of ceftazidime (CEP), a chemotherapeutic agent, and IR783, a phototherapeutic
agent, for combined chemotherapy and PTT. The cRGD-functionalized liposomes serve as a multifunctional platform,
achieving tumor selectivity and precise co-localization of CEP and IR783 (Table 2). This strategic integration of
chemotherapy and phototherapy has significantly improved the efficacy of in vivo antitumor therapy, showcasing the
potential of cyclic peptides in enhancing multimodal treatment strategies”>.

Cyclic peptides possess the unique ability to self-assemble into peptide-dye nanostructures, which have shown
promise in the field of in vivo tumor imaging and photodynamic therapy (PDT). The self-assembly process relies on non-
covalent interactions, such as electrostatic forces and hydrophobic stacking, which endow these nanostructures with the
versatility needed for precise tumor targeting, effective therapy, and high-resolution imaging. A prime example of this
approach involves the non-covalent assembly of iRGD peptides with methylene blue dye. The resulting nanomaterials
harness the tumor-homing properties of iRGD to selectively bind to cancer cells. Once bound, these nanostructures can
be utilized for photoacoustic imaging, which provides deep tissue penetration and high spatial resolution. Following
imaging, the same nanostructures can initiate photodynamic therapy, where the methylene blue dye, upon activation by
light, generates reactive oxygen species that induce cell death in the targeted cancer cells. This multifunctional approach
not only enhances the specificity of cancer treatment but also streamlines the diagnostic and therapeutic process, offering
a potent strategy for combating tumors'%*.

Cyclic peptides represent a promising therapeutic vehicle in Radionuclide Therapy (RT) due to their unique biological
properties and targeting capabilities. These peptides can bind to radionuclides, forming Peptide Receptor Radionuclide
Therapy (PRRT) agents that specifically target receptors on tumor cells, such as somatostatin receptors (SSTRs). Upon
binding, these agents release radioactivity that effectively destroys tumor cells, achieving the desired therapeutic
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outcome'®*. The primary advantage of cyclic peptides in PRRT lies in their selectivity and targeting ability, which enable
efficient delivery of radionuclides directly to the tumor site while minimizing damage to surrounding healthy tissues. For
instance, growth-inhibitory analogs, such as Octreotide, labeled with radionuclides like 177Lu or 90Y, have been widely

utilized for treating neuroendocrine tumors that express SSTR2%*%4

(Table 2). This targeted approach allows for precise
irradiation of tumor cells, inducing cell death with relatively few side effects. Recent studies have further demonstrated
the potential of cyclic peptides in this field. For example, Matthias et al identified a bis-cyclic peptide with sub-
nanomolar affinity for membrane-type 1 matrix metalloproteinase (MT1-MMP), which exhibited selective tumor uptake
in the HT1080 xenograft mouse model following radio-coupling” (Table 2).

In terms of clinical application, the integration of cyclic peptides with radionuclide therapy is becoming increasingly
refined. Notably, cyclic peptide-labeled radiopharmaceuticals, such as 177Lu-FAP-2286, have shown promising tumor
uptake and retention across various malignant tumors, with favorable tolerance profiles'®. This suggests that the
application of cyclic peptides in radionuclide therapy holds significant promise, particularly when combined with

other therapeutic modalities, such as immunotherapy and chemotherapy, which may enhance overall treatment efficacy.

Conclusion

Cyclic peptide-functionalized nanoparticles show great potential for enhancing tumor penetration and improving drug
delivery efficiency. These cyclic peptides enhance drug cellular uptake and tumour tissue penetration through multiple
mechanisms, including passive diffusion, receptor-mediated endocytosis and direct transmembrane transport. In parti-
cular, the rigid structure, multivalency and high affinity for specific receptors of cyclic peptides make them excellent for
tumour targeting and intracellular drug delivery. We highlight the potential of cyclic peptides in the areas of enhanced
tumour penetration, improved delivery efficiency, multimodal treatment strategies, and radionuclide therapy applications.
Cyclic peptides offer unique advantages, including the potential for reduced immunogenicity compared to larger proteins
such as antibodies and excellent stability, making them a preferred choice over other surface modification technologies.
In addition, the physical and chemical properties of certain nanoparticles can be tailored to further enhance tumour
penetration. Factors such as particle size, surface charge and shape can greatly affect the ability of nanoparticles to
penetrate tumour tissue.

However, the further development of cyclic peptides in drug delivery systems still faces many challenges, including
the synthesis efficiency, stability and in vivo pharmacokinetic properties of cyclic peptides. Future research needs to go to
focus on how to optimise synthetic strategies and develop new synthetic methods to increase the synthetic efficiency and
yield of cyclic peptides while reducing costs. To improve the stability of cyclic peptides in vivo through structural
modification and chemical modification, and to prolong the circulation time of cyclic peptides. In addition, we are also
focusing on pharmacokinetic studies, in-depth study of the distribution, metabolism and excretion of cyclic peptides and
their conjugates in vivo, in order to optimise the dosage design and frequency of administration. Preclinical and clinical
studies will be conducted to evaluate the efficacy and safety of cyclic peptide-functionalized nanoparticles in animal
models and to advance clinical trials.

In conclusion, cyclic peptide-functionalized nanoparticles show great potential and application prospects in the field
of tumor penetration drug delivery. Through continuous research and optimisation, we believe that these systems will

provide more effective and precise therapeutic solutions for cancer treatment.
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