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Abstract: Bicyclic peptides, which integrate the advantageous properties of small molecules and 

antibodies, have emerged as a promising class of therapeutic candidates. In particular, integrin αvβ3 serves 

as a critical molecular target for cancer diagnosis and therapy. However, the development of bicyclic 

peptide ligands specifically targeting this integrin remains inadequately explored. To address this gap, we 

designed and synthesized a series of RGD-containing bicyclic peptides featuring a tryptathionine bridge. 

Notably, bicyclic peptide 5j incorporates the non-canonical sequence norArg-Gly-Asp, exhibiting high 

affinity and selectivity toward integrin αvβ3. Molecular dynamics simulations provided insights into the 

conformational preferences and demonstrated that norArg plays a critical role in determining the selectivity 

between αvβ3 and αIIbβ3. Employing peptide 5j as the targeting ligand, the peptide drug conjugates P1 

showed significant inhibitory effects on the A549 cell line in both, in vitro and in vivo experiments. These 

data provide important theoretical foundations for the development of αvβ3-targeting bicyclic peptides and 

offer new options for αvβ3-targeted tumor therapy. 
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Bicyclic peptides are a new modality that have the potential to become part of the next generation of 

therapeutics, combining specificity, potency, and attractive drug-like properties 1-5. Their molecular 

structure is characterized by the incorporation of a constrained motif, which serves to restrict rotational 

freedom, thus locking the polypeptide chain into a more defined, rigid bicyclic conformation 6,7. This 

structural attribute markedly diminishes the entropy penalties incurred during the interaction with biological 

targets, which in turn significantly enhances the affinity and selectivity of these peptides for challenging 

targets 3,8.  

Integrin αvβ3 serves as a pivotal target in tumor-targeted therapy, renowned for its interaction with 

extracellular matrix (ECM) proteins containing the Arg-Gly-Asp (RGD) tripeptide sequence 9-13. This 

interaction activates critical cellular signaling pathways, such as PI3K/Akt and FAK-MAPK2-4, which play 

essential roles in tumor growth and progression 11,14,15. Cilengitide, the most advanced inhibitor targeting 

αvβ316,17, however exhibits pro-angiogenic and tumor-promoting effects at concentrations below its half-

maximal inhibitory concentration (IC50), which not only led to its failure in Phase III clinical trials for 

glioblastoma but also raised significant concerns about the development of integrin αvβ3-targeted 

therapeutics18,19. Although αvβ3 as an inhibitory target still presents certain limitations, recent studies have 

highlighted the regrowing interest in its application as a target for payload delivery in the field of tumor-

targeted therapy11,20,21. Furthermore, a variety of probes for tumor imaging have been extensively developed 

employing RGD-based strategies targeting αvβ3 integrin and utilizing radionuclides, such as 18F, 64Cu, 68Ga 

and 99mTc 22-28. Notably, two related drug conjugates BGC0222 and VIP236 have advanced to clinical trial 

phases, thereby providing strong evidence for the translational potential of this target in precision oncology 

research29,30. 

In response to this pressing need, several cyclic peptides containing novel architectures31-33, particularly 

bicyclic peptides targeting αvβ3, have been successively reported in the literature24,34. As early as 1995, 

Ruoslahti and co-workers utilized phage display to identify a bicyclic peptide named RGD4C, which is 

stabilized by two pairs of disulfide bonds and serves to constrain the spatial conformation of the peptide 

(see Figure 1a). Compared to the monocyclic peptide with a single pair of disulfide bonds and the RGD-

containing linear peptide, RGD4C exhibited at least a 20-fold to 200-fold increase in inhibitory activity 

against cell binding to vitronectin, which emphasizes the importance of conformational restriction35. 

However, instability of the RGD4C disulfide bonds under reducing conditions is a potential disadvantage 

that can significantly reduce αvβ3 binding affinity36,37. In 2019, Timmerman and co-workers successfully 

identified a bicyclic peptide with exceptional selectivity for the αvβ3 integrin by leveraging the CLIPS 

peptide platform and incorporating the "1,3,5-tris(bromomethyl)benzene" constraint motif (see Figure 

1b)38,39. It can thus be concluded that the design of bicyclic peptides by means of some high-stability 
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scaffolds is capable of preserving the selectivity of the designed molecules for integrin αvβ3 whilst 

simultaneously enhancing their inhibitory activity. 

In this contribution we propose, that incorporating a tryptathionine bridge, which links the cysteine thiol 

group to the C-2 position of tryptophan, could serve as a novel constrained motif for the discovery of αvβ3-

targeting bicyclic peptides (see Figure 1c). This modification is expected to enhance conformational 

rigidity and improve binding affinity, thereby facilitating the identification of αvβ3-targeting bicyclic 

peptides and potentially reshaping the landscape of cancer treatment. 

To validate our hypothesis, we herein report a series of tryptathionine-bridged bicyclic peptides. By 

employing an ELISA integrin-extracellular matrix binding assay40, we systematically optimized their 

structures and identified bicyclic peptide 5j, which exhibits high affinity and selectivity for αvβ3 (IC50 = 

0.7 ± 0.1 nM). Molecular dynamics simulations revealed the unique binding mode of this class of bicyclic 

peptides. Both in vitro and in vivo experiments comprehensively confirmed the ability of peptide 5j to 

precisely target αvβ3, as well as its potential application value in the field of peptide-drug conjugates. 

Overall, our research provides significant insights into the development of αvβ3-targeting bicyclic peptides 

and expands the toolbox for precision targeting of tumors with elevated αvβ3 expression. 

Results and Discussion  

Molecular design, synthesis and integrin affinity of bicyclic peptides.  

As a basic molecular design we grafted the conserved RGD motif, known for its targeting specificity to 

integrins, to the skeleton of the bicyclic cyclooctapeptide amanitin41. While the tryptathionine-cross-link 

was kept constant in order to stabilize the conformation, the original DHIle-HPro-Asn motif of the A ring 

was simplified to Ala-Pro-Asn, whereas the B ring was intended to carry the RGD motif. In the subsequent 

synthesis of an 11-membered peptide library we allowed for ring contractions, ring expansions and amino 

acid exchanges of the RGD motif 42. Compounds 5a-5k were synthesized using Fmoc-protected solid-phase 

peptide synthesis (SPPS), following the procedures outlined in Scheme 1. 

The inhibitory activity of these peptides towards six integrins (α5β1, αvβ3, αvβ5, αvβ6, αIIbβ3, and 

αvβ8) was assessed employing an ELISA with integrin-extracellular matrix competing experiments (see 

Table 1). As reference compounds we used Kessler’s c(RGDyK) (6) and the cyclic disulphide-bridged 

heptapeptide Eptifibatide (7) with specificities for αvβ3 and αIIβ3, respectively40,43-47. The experimental 

results showed that our prototypic bicyclic compound 5a already exhibited potent inhibitory against αvβ3 

(IC50 < 0.51 nM) while also demonstrating significant inhibitory activity against αvβ5 and αIIbβ3 (IC50 = 

13.2 ± 1.2 nM and 1.9 ± 0.3 nM) respectively. Notably, the contraction to a seven-membered ring in 5b did 

not enhance the selectivity of the bicyclic peptide for αvβ3 and αIIbβ3 integrins; instead, it resulted in a 

https://en.wikipedia.org/wiki/Cyclic_compound
https://en.wikipedia.org/wiki/Heptapeptide
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decrease in inhibitory activity toward αvβ3 (IC50 = 7.8 ± 0.4 nM). To further optimize both, specificity and 

inhibition, we embarked on swapping of the Cys/Trp positions and rearranging the amino acid sequence 

(Asn-Pro-Ala) within the A ring of the bicyclic peptide, leading to the synthesis of compounds 5c and 5d. 

As the results demonstrate, compound 5c displayed inhibitory activity against both αvβ3 and αIIbβ3 

integrins, comparable to that of compound 5a. In contrast, peptide 5d also exhibited significantly enhanced 

selectivity for these two integrins while maintaining favorable affinity for αvβ3. These results underscore 

the importance of amino acids adjacent to the RGD sequence in modulating the selectivity of the bicyclic 

peptide ligands for integrins, in addition to the direct interaction with the RGD motif. Subsequently, in 

order to decrease the conformational rigidity of the peptides, we further modulated the bicyclic core 

structure by slightly increasing the individual ring sizes of the tryptathionine bridge (homoCys; 5e) and of 

the macrolactam (β-Ala; 5f and γ-aminobutyric acid (GABA); 5g). However, these modifications led to a 

marked reduction in inhibitory towards all six integrins, aligning with the literature's assertion that a more 

rigid conformation typically enhances the ligand-receptor affinity48. Subsequently, we synthesized the 

bicyclic peptide 5h incorporating D-Cys in the tryptathionine motif, however, no significant improvement 

in its inhibitory activity for αvβ3 was observed. These findings collectively contribute to an understanding 

of the structural parameters that govern the binding efficacy and specificity of bicyclic peptide ligands to 

integrins. 

Based on a "spatial screening", Kessler and colleagues have elucidated that in the extended state of the 

RGD motif, an interatomic distance of 0.7-0.9 nm between the positively charged guanidinium group of 

Arg and the carboxy group of Asp is in support of a higher affinity for αIIbβ3 integrin. In contrast, when 

the binding motif adopts a more bent conformation, the ligand exhibits enhanced affinity for other integrin 

subtypes, such as αvβ3 and α5β149,50. Hence, manipulating the spatial separation between the guanidinium 

group of the RGD motif and the carboxy group of Asp can be a critical factor in modulating the binding 

affinity for distinct integrin, specifically αvβ3 and αIIbβ3. To explore this modulation further, we designed 

and synthesized two bicyclic peptides, 5i and 5j. Peptide 5i bearing L-homoArg maintained its inhibitory 

activity towards αIIbβ3 (Table 1) compared to 5d. Notably, this modification resulted in a marked reduction 

in its inhibitory activity against αvβ3 as well as the other four integrin subtypes. In contrast, the 

incorporation of L-norArg into peptide 5j led to a minimal change in its inhibitory activity towards αvβ3 

but induced a decrease in its inhibitory capacity for αIIbβ3. In order to obtain an idea on the impact of 

bicyclic peptides versus monocyclic peptides on the inhibitory activity, we synthesized 5k. Interestingly, 

this peptide exhibited notable activity towards integrins αvβ3, αvβ5, and αIIbβ3, with half-maximal 

inhibitory concentrations (IC50) of 0.3 ± 0.003 nM, 2.2 ± 0.2 nM, and 2.9 ± 0.4 nM, respectively. However, 

it did not show improved selectivity among these tested integrin subtypes. Accordingly, these results 

support that a bicyclic conformation is vital to the selectivity and affinity of binding αvβ3. 
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Summarizing the above results from integrin inhibition, the eight-membered bicyclic peptide 5j was 

found to possess distinct advantages in terms of both, inhibitory activity and selectivity for the αvβ3 

integrin. Furthermore, as a novel bicyclic peptide scaffold, 5j exhibited binding characteristics that are 

comparable or even superior to those of the previously described αvβ3-targeting monocyclic peptide, 

c(RGDyK) (6). Notably, the affinity of 5j for αvβ3, with an IC50 value of 0.7 ± 0.1 nM, is in the same range 

as that of cilengitide, a well-known αvβ3 inhibitor, which has an IC50 of 0.61 ± 0.06 nM 40. This suggests 

that 5j may serve as a promising candidate for further development in the realm of integrin-targeting 

therapeutics. 

Molecular Docking   

To further elucidate the influence of the guanidinium group on integrin binding activity, molecular 

docking (MD) studies were performed. Specifically, compound 5j was docked with the RGD binding sites 

of the αvβ3 (PDB: 1L5G) and αIIbβ3 (PDB: 8T2U) followed by binding pose optimization using MD 

simulations (see SI Methods). According to the modeling results, compound 5j interacts with both αvβ3 

and αIIbβ3 in a similar manner, primarily by chelating the metal cation at the metal-ion-dependent adhesion 

site (MIDAS) via its Asp carboxylate group (see Figure 2c and 2d). Additionally, the guanidinium group 

of 5j forms a cation-π interaction with the phenyl ring of Y178 in αvβ3 and F160 in αIIbβ3. A key 

distinction is that 5j forms a bidentate salt bridge with D218 in αvβ3 via its guanidino group, whereas this 

interaction is absent in its binding to αIIbβ3. In αIIbβ3, an acidic residue, D224, is located distally from the 

guanidinium group of 5j. However, in compound 5i, which possesses a longer homoarginine side chain, a 

salt bridge with D224 may be formed, potentially explaining its higher activity against αIIbβ3 compared to 

5j. Furthermore, differences in hydrogen bonding patterns are observed in the interactions with αvβ3 and 

αIIbβ3. The backbone amide and carbonyl groups of the tryptophan moiety in 5j form two hydrogen bonds 

with D251 and N313 of integrin β3, respectively (see Figure 2c). In its interaction with αIIbβ3, only the 

hydrogen bond with N313 is present. Nonetheless, the additional hydrogen bonds formed around the 

MIDAS site may compensate for this (see Figure 2d), suggesting that variations in hydrogen bonding are 

unlikely to be the primary factor driving the high selectivity of 5j for αvβ3 over αIIbβ3. Overall, the unique 

interaction pattern of the guanidinium group of nor-Arg within the RGD binding domain of αvβ3 likely 

contributes to the nanomolar IC50 of 5j, reinforcing its potent and selective binding affinity (see Figure 2a-

2b). Similarly, from our library another selective αvβ3 inhibitor 5d, exhibits a comparable difference in the 

binding mode between the two integrins (see Figure S2). 

Cy5-labeled compound 5j-K-Cy5 specifically binds integrin αvβ3 and is internalized by MDA-MB-

231 cells.  
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To evaluate the binding and uptake capabilities of the bicyclic peptide 5j on αvβ3-expressing cells, we 

labelled the peptide structure with the fluorescent dye Cy5. Since 5j inherently lacks additional conjugation 

sites, we replaced alanine (Ala) in 5j with an orthogonally protected lysine (Lys(Dde)), which facilitates 

the synthetic attachment of Cy5 in the sidechain. In contrast, Asp/Asn as an alternative attachment site is 

not ideal due to its unique capacity to be involved in turn structures (Asx turn) 51,52. Molecular dynamics 

simulations reveal that the side-chain amide bond of Asn in 5j participates in intramolecular hydrogen 

bonding (see Figure 2d), which most likely contributes to maintaining the spatial conformation of the 

bicyclic peptide. Along these lines Cy5-labeled 5j-K-Cy5 and 6-Cy5 (a validated αvβ3 ligand for tumor 

imaging/drug delivery as positive control22,43,44,53,54) were synthesized (Scheme S1), together with 

A20FMDV-Cy5 (specific to αvβ6; αvβ3-negative control) to evaluate target specificity of 5j55. 

Three cell lines - MDA-MB-231 (17.03% αvβ3), A549 (13.60% αvβ3), and Huh-7 (<0.7% αvβ3/αvβ6) 

- were selected based on CCLE database analysis for functional assays. Flow cytometry validation (see 

Figure 3a and Figure S3) confirmed MDA-MB-231 as suitable αvβ3-positive and Huh-7 as an αvβ3-

negative control cell lines, with αvβ6 expression consistently ≤0.7% across all three cell lines. The results 

of the cell binding experiments are shown in Fig. 3b, where red fluorescence indicates the Cy5 signal, and 

the blue fluorescence corresponds to the DAPI-stained nuclei. Following incubation with Cy5-labeled 

peptides at 4 °C for 1 h, significant binding of 5j-K-Cy5 to αvβ3-positive cells was observed. Similarly, 

the positive control compound S6-Cy5 exhibited comparable binding signals. In contrast, A20FMDV-Cy5, 

a peptide specifically binding to αvβ6, displayed negligible fluorescence signals on MDA-MB-231 cells. 

For Huh-7 cells, which are negative for both αvβ3 and αvβ6 expression, no significant signals were 

observed for any of the three Cy5-labeled peptides. These results confirm that the designed and synthesized 

bicyclic peptide 5j exhibits specific binding to integrin αvβ3. 

To verify whether the bicyclic peptide 5j could serve as a targeting peptide for drug delivery in the 

treatment of tumors with high αvβ3 expression, we conducted cellular uptake and lysosome co-localization 

experiments using MDA-MB-231 cells (see Figure 3c). Following co-incubation of Cy5-labeled peptides 

with cells at 37°C for 4 h, analysis by confocal fluorescence microscopy demonstrated that the peptide 5j-

K-Cy5 exhibited a marked enhancement in cellular internalization when compared to the reference 

compound 6-Cy5. Additionally, the Cy5 fluorescence signal displayed a high degree of co-localization with 

the green fluorescence signal of LAMP1 (see Figure 3d), a validated lysosomal marker, indicating that 5j-

K-Cy5 is indeed internalized by the cells via the lysosomal pathway. Since cathepsin B is highly expressed 

in the lysosomal environment, it is capable of efficiently cleaving the peptide-payload conjugates, thereby 

facilitating the release of therapeutic compounds within target cells 56-58. These cumulative observations not 

only demonstrate the effective internalization and processing of 5j-K-Cy5 within lysosomes but also 
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provide robust support for the strategic use of αvβ3-targeted peptide-drug conjugates (PDCs) as a modality 

for tumor-specific drug delivery. 

Evaluation of the cytotoxicity of αvβ3-selective peptide-toxin conjugates against CCK-8 cell lines.  

Before conducting the experiment, the in vitro plasma stability of the side chain-deprotected bicyclic 

peptide 5j-K was evaluated. The results demonstrated that the tested bicyclic peptide exhibited sufficient 

stability in rat plasma (t1/2 > 11 h, see Figure S1). Then, the microtubule inhibitor monomethyl auristatin E 

(MMAE) was selected as the toxin payload, due to the presence of extensive data on both, antibody drug 

conjugates (ADCs) and peptide-drug conjugates (PDCs)59,60. Accordingly, four peptide toxin conjugates 

(PTCs), namely P1, P2, P3, and P4, were synthesized according to methods outlined in Scheme S4-6 (see 

Figure 4a). All four conjugates incorporate the 6-azidohexanamido-VA-PABC-MMAE linker-drug 

module, which was conjugated to the peptide via a copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

reaction. Compounds P1 and P2 utilize 5j-K as the integrin-targeting peptide, whereas P3 employs 

deprotected compound 8 (non-binding AGD motif) as the negative control, and compound P4 utilizes 

compound 6 (c(RGDyK)) as the positive control. Compounds P1, P3 and P4 feature an octaethylene glycol 

(PEG8) spacer, while P2 utilizes a C8 aliphatic chain as a spacer. Subsequently, the cytotoxicity of the four 

conjugates against the human tri-negative breast cancer cell line MDA-MB-231 and the human non-small-

cell lung cancer cell line A54944 was evaluated using a standard CCK-8 cell viability assay (see Table 2, 

Figure S4a and S4b). Following a 72 h incubation, the CCK-8 assay results showed that the naked peptides 

6 and 5j-K had no significant toxic effects (IC50 > 5 μM), whereas the drug MMAE alone exhibited potent 

cytotoxicity (IC50 < 1.37 nM). The positive control P4 demonstrated IC50 values of 58.5 ± 3.9 nM in MDA-

MB-231 cells and 37.9 ± 8.4 nM in A549 cells. Both P1 and P2 exhibited enhanced efficacy relative to P4, 

with IC50 values in MDA-MB-231 cells of 41.3 ± 4.1 nM and 31.23 ± 4.3 nM, respectively, and in A549 

cells, of 31.3 ± 4.3 nM and 18.5 ± 4.0 nM. The negative control P3 exhibited comparatively lower anti-

proliferative activity, with IC50 values of 72.2 ± 7.9 nM in MDA-MB-231 cells and 94.1 ± 25.9 nM in 

A549 cells.  

Meanwhile, we knocked down the mRNA associated with αvβ3 expression in A549 cells (A549-KD 

(αvβ3-)) through transient transfection and verified the successful knockdown of αvβ3 protein via Western 

blot (see Figure S4e). In parallel, A549 cells treated with a non-targeting scrambled siRNA (si-NC) were 

used as the control (A549-si-NC (αvβ3+)). Subsequently, in vitro cell proliferation inhibition experiments 

demonstrated that, for all three conjugates, the IC50 value in A549-KD (αvβ3-) cells increased by about 2-

fold compared to A549-si-NC (αvβ3+) cells (see Table 3). The IC50 of 5j-K conjugates P1 and P2 in A549-

KD (αvβ3-) was 1.6-fold and 1.9-fold higher than A549-si-NC (αvβ3+), while for the positive control 

c(RGDyK) conjugate P4, the IC50 was 1.7-fold higher. These findings indicate that P1 and P4, to some 
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extent, enhance cellular internalization and cytotoxicity through specific recognition of αvβ3 by peptide 5j-

K and c(RGDyK). 

To further elucidate the importance of targeted peptides and assess the binding capability of conjugates 

to integrin receptors on cell surfaces, we performed a "kiss and run" experiment 61,62. The results 

demonstrate that conjugate P1 exhibited greater antiproliferative activity than the negative-control 

conjugate P3 (see Table S1). Moreover, the relative potency (RP) of the conjugates in the two tested cell 

lines correlates well with αvβ3 integrin expression levels, thereby confirming the specific targeting ability 

of bicyclic peptide 5j toward αvβ3 integrin. These findings indicate that the conjugations of MMAE to the 

peptide substantially reduces its cytotoxicity, likely as a result of decreased non-specific cellular uptake of 

MMAE. While P1 and P2 did not exhibit a marked difference in cytotoxicity compared to P4, their 

significant inhibitory capacity underscores the therapeutic potential of PDCs utilizing the 5j-K peptide as 

a targeting-αvβ3 ligand for tumor therapy. 

In vivo antitumor activity of peptide-toxin conjugates.  

To assess the in vivo antitumor activity of the PTCs, we employed an A549 xenograft mouse model 

(BALB/c) for efficacy studies. In preliminary CCK-8 cellular assays, P2 exhibited stronger proliferation 

inhibition compared to 10a. However, the solubility of P2 in a 10% DMSO-PBS solution was compromised 

owing to the presence of a lipid chain, leading us to select P1 for the in vivo antitumor efficacy assessment. 

We first evaluated two doses of P1 (2 mg kg-1 and 0.5 mg kg-1) against a control group receiving 10% 

DMSO in PBS (pH 7.4) (n=6 per group). Treatment initiation occurred when tumors reached a volume of 

100-150 mm3, with intravenous tail vein injections administered biologically. Tumor volume and mouse 

body weight were monitored prior to each injection. Notably, mice in the 2.0 mg kg-1 dose group exhibited 

a decrease in body weight by the third day post-administration, which intensified by the fifth and seventh 

days, culminating in mortality. This indicated that the 2.0 mg kg-1 dose was excessively high and 

inappropriate for continued in vivo experimentation (see Figure S5b-c). In contrast, the 0.5 mg kg-1 dose 

group displayed minimal to no significant change in body weight, and even showed a slight increase, 

relative to the PBS control group. Moreover, this lower dose effectively suppressed tumor growth, with a 

significantly reduced tumor growth rate compared to the control (p < 0.05) (see Figure S5b-d). 

To further delineate the in vivo antitumor efficacy and targeting specificity of P1, we conducted a long-

term study using a 1.0 mg kg-1 dose of P1 and an equimolar dose of MMAE (0.29 mg kg-1), with the 10% 

DMSO PBS solution serving as a control (n=7 per group). Over the course of a 21-day treatment regimen, 

mice administered with P1 showed no significant weight loss or side effects, in marked contrast to those 

receiving an equimolar dose of MMAE (see Figure 4a-d). The tumor size in the group treated with 1.0 mg 

kg-1 P1 was significantly controlled (p < 0.001) compared to the vehicle control group. There was also no 
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significant difference in liver and kidney functions between 1.0 mg kg-1 P1 and the vehicle control group 

(see Figure 4f). Tissue distribution studies demonstrated significant enrichment of the payload drug 

MMAE in tumors 4 h after administration (see Figure S7). Moreover, IHC staining of Ki67 indicated a 

significantly reduced tumor proliferation in the treatment group (see Figure 4g). Although the MMAE 

control group displayed comparable inhibitory effects early in the treatment, prolonged exposure resulted 

in significant weight loss, indicating high toxicity. These findings suggest that P1 is an effective inhibitor 

of αvβ3-positive tumor growth in the mouse xenograft model, with reduced side effects compared to free 

MMAE. Finally, we assessed the antitumor activity of conjugate P4 with the targeting peptide c(RGDyK) 

in A549 tumor-bearing mice (n = 6). Over the course of a 21-day treatment regimen, mice administered 

with 0.9 mg kg-1 P4 showed no significant weight loss or side effects (see Figure S6a-d). The tumor 

progression in the group treated with 0.9 mg kg-1 P4 was significantly suppressed (p < 0.001) compared to 

the vehicle control group, but the antitumor effect is not superior to that of an equivalent amount of P1. The 

tumor growth inhibition (TGI) results indicate that P1 exhibits a comparable yet slightly superior tumor-

suppressive effect. These results underscore the specific targeting efficacy of the bicyclic peptide 5j to αvβ3 

integrin and reinforce its potential value as an αvβ3-targeting ligand for drug delivery in tumor therapy.  

Conclusion 

In conclusion, our study has characterized a novel bicyclic peptide 5j, which exhibits high affinity and 

specificity for the integrin αvβ3 receptor. The molecular structure of 5j incorporates the non-canonical 

sequence norArg-Gly-Asp, which serves as a critical determinant in its discriminative selectivity towards 

αvβ3 over the αIIbβ3. In light of the molecule's capability to be internalized by cells via the endosome-

lysosome pathway, we have successfully synthesized two peptide-drug conjugates, P1 and P2. Our in vivo 

evaluation using a mouse tumor xenograft model has demonstrated that P1 induced potent tumor 

suppression effects while significantly reducing systemic side effects compared to free MMAE alone. This 

comparative efficacy and safety profiles highlight the advantages of our targeted peptide-drug conjugate 

strategy. The findings of this research not only validate the therapeutic potential of 5j as a novel bicyclic 

peptide for αvβ3-targeted tumor therapy but also provide critical theoretical and practical insights into the 

development of αvβ3-targeting bicyclic peptides. 

Methods  

Chemistry  

Chemical materials 

The analytical reagents were purchased from Energy Chemical and Fisher without further purification. 

2-CTC resin, TBTU, HATU, and Fmoc-protected amino acids were purchased from Bide Pharmatech Ltd., 

DIEA, TFA, and HFIP were purchased from MACKLIN. Purity (>95%) confirming and reaction 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS 

 

monitoring were carried out on analytical UHPLC (ThermoFisher Scientific Vanquish.) using an ODS 

column (Welch Ultimate UHPLC XB-C18 column, 2.1 mm × 100 mm, 1.8 μm). Final compounds were 

purified on preparative HPLC SHIMADZU LC-20AP using an ODS column (Welch Ultimate AQ-C18 

column, 21.2 mm × 250 mm, 5 μm). HR ESI–MS data were acquired using LCMS (HPLC SHIMADZU 

LC-40D, MS Sciex ZenoT0FTM 7600, Column SynergiTM 4 μm Fusion-RP 50 × 2 mm). 1H NMR spectra 

were recorded by Bruker Advance (400 MHz) using TMS as an internal Standard and DMSO-d6 as solvents, 

and the chemical shift was reported in parts per million (ppm). Purity assessment of synthesized compounds 

was performed using HPLC, NMR (see Supplementary Information and Supplementary Data 3). 

The synthesis of Cy5-labeled peptides 

The Dde-group-deprotected peptide S3 (15 mg, 0.01 mmol) was dissolved in DMF (5 mL), and Cy5-

sulfo (7.9 mg, 0.012 mmol) was conjugated using the coupling agent HATU (2.0 eq). After reacting at room 

temperature for 2.0 hours, the DMF solvent was removed by rotary evaporation (See SI Scheme S1). Then 

a mixed solvent of TFA/TIS/H2O (95:2.5:2.5) was added to remove the remaining sidechain protecting 

groups at room temperature for 0.5 h. The product was precipitated with ether and purified to obtain the 

Cy5-labeled compound 5j-K-Cy5 as a blue solid 10.6 mg for 67.3% yield (purity > 96%). HR ESI–MS: 

exact m/z calculated for C73H95N16O18S3
+ [M+H]+ = 1579.6167, found 1579.6125 (see Figure S14).  

Following the general protocol for solid-phase peptide synthesis, a side-chain fully protected peptide was 

synthesized via solid-phase peptide synthesis. Subsequently, the Dde group was removed by treating the 

peptide with 2% hydrazine hydrate in DMF for 10 minutes at room temperature (r.t.). The mixture was then 

concentrated and purified by preparative HPLC to afford the target product S1 as a white solid. Next, the 

same method was employed to get the compound 6-Cy5 as a blue solid 7.7 mg (See SI Scheme S1) for 

61.2% yield (purity > 96%). HR ESI–MS: exact m/z calculated for C60H80N11O15S2
+ [M+H]+ = 1258.5271, 

found 1258.5216 (see Figure S12). 

The synthesis of peptide-toxin conjugates P1, P2, P3 and P4 

Fmoc-L-Lys(Dde)-OH was used to replace Fmoc-L-Ala-OH in compound 5j. Following the general 

protocol provided in the Supporting Information, a side-chain fully protected bicyclic peptide was 

synthesized via solid-phase peptide synthesis. Subsequently, the Dde group was removed by treating the 

peptide with 2% hydrazine hydrate in DMF for 10 minutes at room temperature (r.t.). The mixture was then 

concentrated and purified by preparative HPLC to afford the target product as a white solid. Next, the Dde-

group-deprotected peptide S3 (30 mg, 0.02 mmol) was dissolved in DMF (5 mL), followed by the addition 

of Propargyl-PEG8-acid (S10, 1.5 equiv), HATU (2.0 equiv), and DIPEA (2.2 equiv). The reaction mixture 

was stirred at rt for 2 hours. Afterward, the DMF was removed under reduced pressure, and the crude 

product was treated with a mixture of TFA/TIS/H2O (95:2.5:2.5, v/v) at rt for 0.5 hours. Following 

concentration, ether (30 mL) was added to precipitate the product, which was subsequently collected by 

https://static-content.springer.com/esm/art%3A10.1038%2Fs42004-025-01779-6/MediaObjects/42004_2025_1779_MOESM1_ESM.pdf
https://www.nature.com/articles/s42004-025-01779-6#MOESM3
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centrifugation. Subsequently, the precipitate was redissolved in DMF/H2O (2:1, v/v). Then, 6-

azidohexanamido-VA-PABC-MMAE S9 (35.5 mg, 0.03 mmol), CuSO4·5H2O (20 mg, 0.08 mmol), and 

sodium ascorbate (31.7 mg, 0.16 mmol) were added sequentially. The reaction mixture was stirred at room 

temperature (r.t.) for 1 hour. The crude product was subsequently purified by preparative HPLC and then 

lyophilized to afford the final desired product P1 as a white powder with a yield of 40.2mg (79.3%). and a 

purity of 98%. HR ESI–MS: exact m/z calculated for C121H188N25O32S+ (M + H)+: 2535.3567, found 

2535.3541 (see SI Scheme S3, Figure S17-18).  

The synthesis procedure of P2-P4 follows a methodology similar to that described previously. For 

detailed experimental conditions and synthetic parameters, the reader is referred to the supporting literature 

(See Scheme S4-S6) 

Biological assays 

Materials:  

Dulbecco’s phosphate-buffered saline (DPBS, pH 7.4), phosphate-buffered saline (PBS, pH 7.4), DMEM 

basic (1×), DMEM/F-12 (1:1) basic (1×), fetal bovine serum (FBS), and trypsin/EDTA were obtained 

from Gibco™. ECM proteins (extracellular matrix proteins: Recombinant Human Vitronectin Protein, 

catalog no. 2308-VN-050; Recombinant Human LAP (TGF-beta 1) Protein, catalog no. 246-LP-025; 

Recombinant Human fibronectin, catalog no. 4305-FNB-200), human integrin proteins (Recombinant 

Human Integrin αvβ3, catalog no. 3050-AV-050; Recombinant Human Integrin αvβ5, catalog no. 2528-

AV-050; Recombinant Human Integrin αvβ6, catalog no. 3817-AV-050; Recombinant Human Integrin 

αvβ8, catalog no. 4135-AV-050; Recombinant Human Integrin αIIbβ3, catalog no. 7148-A2-025; 

Recombinant Human Integrin α5β1, catalog no. 3230-A5B-050), detection antibodies (Human Integrin 

alpha V/CD51 Biotinylated Antibody, catalog no. BAF1219; Human Integrin beta 3/CD61 Biotinylated 

Antibody, catalog no. BAF2266; Human Integrin beta 1/CD29 Biotinylated Antibody, BAF1778) and 

Streptavidin-HRP (catalog no. DY998) were purchased from R&D. Cell counting kit-8 (CCK-8, catalog 

no. C0039) and 4,6-diamidino-2-phenylindole DAPI (catalog no. C1002) were obtained from Beyotime. 

Anti-LAMP1 antibody (catalog no. ab278043) was purchased from Abcam. Cy3-conjugated AffiniPure™ 

Goat Anti-Rabbit IgG (H+L) (minimal cross-reaction to Human, Mouse, and Rat Serum Proteins) was 

purchased from Jackson (catalog no. 111-165-144). Ki67 Cell Proliferation Kit (IHC) (catalog no. 

E607235-0100) was obtained from Sangon Biotech (Shanghai, China). DMSO (>99.9%, HPLC) was 

purchased from MACKLIN. All aqueous solutions were prepared using Milli-Q purified water (18.2 MΩ). 

Flat bottom 96 well cell culture plates were purchased from Corning Incorporated Costar. Human breast 

cancer cell line MDA-MB-231, human hepatoma cell line Huh-7 cells and human lung carcinoma cell line 

A549 cells were initially purchased from the Chinese Academy of Science Shanghai Institute of Cell Bank 
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(Shanghai, China). Male nude mice (SPF, 5-6 weeks) were purchased from GemPharmatech (Guangdong, 

China). The absorption was recorded by microplate spectrophotometer (TECAN, Infinite E Plex). Confocal 

fluorescence imaging was performed using the confocal laser scanning microscope (Leica STELLARIS). 

The biochemical indicators (ALT, AST and UREA) testing was performed on a fully automated 

biochemical analyzer (mindray, BS-240VET). 

Integrin Binding Assay 

The activity and selectivity of cyclic peptide integrin ligands were assessed through an integrin-

extracellular matrix interaction assay based on ELISA detection, following the previously reported 

method40. Using 6 c(RGDyK) as a reference reagent, other reagents including ECM proteins, human 

integrin proteins, detection antibodies. Initially, ECM proteins were dissolved in carbonate buffer (15 mM 

Na2CO3, 35 mM NaHCO3, pH 9.6), then added to a flat-bottom 96-well plate at 100 μL per well, incubated 

overnight at 4°C. The plate was then washed with PBS-T buffer (phosphate-buffered saline/Tween20, 137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.01% Tween20, pH 7.4; 3 × 200 μL), followed 

by blocking with TSB buffer (Tris-saline/BSA buffer, 150 μL/well, 20 mM Tris-HCl, 150 mM NaCl, 1 mM 

CaCl2, 1 mM MgCl2, 1 mM MnCl2, pH 7.5, 1% BSA) at room temperature for 1 h. Meanwhile, serial 

dilutions of the reference reagent and test compounds were prepared in a separated 96-well plate, starting 

from 1 μM and following a 3-fold gradient dilution across 10 concentration points. After washing the assay 

plate with PBS-T (200 μL) three times, 50 μL of each dilution was transferred to each well from B-G of the 

assay plate. Well A was filled with 100 μL of TSB solution as a blank, and well H was filled with 50 μL of 

TSB buffer. Then 50 μL of human integrin in TSB buffer was added to wells H-B, and the plate was 

incubated at room temperature for 1 h. The detection antibody was added after washing the plate with PBS-

T buffer three times (100 μL per well). Following a 1 h incubation at room temperature, the plate was 

washed three times with PBS-T buffer. Then Streptavidin-HRP was then added (diluted 1:10, 100 μL per 

well) and incubated at room temperature for 1 h, after which the plate was washed three times with PBS-T 

buffer. Then the substrate SeramunBlau was quickly added to the plate (50 μL per well) and incubated in 

the dark for 5 min. Then 50 μL of 3 M H2SO4 stop solution was added to each well, and the absorbance was 

measured at 450 nm using a microplate reader (TECAN, Infinite E Plex). The IC50 for each compound was 

tested in duplicate and analyzed using Origin 2025 software. 

Cell culture 

MDA-MB-231 cells and Huh-7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), 

and A549 cells were cultured in DMEM/F-12 (1:1). The medium was supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin streptomycin solution. The cells were grown in sterile cell culture flasks 

and maintained in 5% CO2 in a humidified incubator at 37 °C. 

Flow cytometry analysis for cell surface integrin proteins 
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MDA-MB-231, A549 and Huh-7 cells were added to each centrifuge tube at a density of 2 × 105 for αvβ3 

determination and 5 × 105 for αvβ6 determination. Then, 1 mL buffer (2% FBS/98% DPBS) was added to 

disperse cells and centrifuged (400 × g, 5 min). After discarding the supernatant, antibody (αvβ3, catalog 

no. 304415, Biolegend; αvβ6, catalog no. FAB4155A, R&D) was added and incubated in the dark at 0 °C 

(αvβ3 for 20 min, αvβ6 for 40 min). Then cells were washed with pre-chilled buffer (2 mL) twice. Dead 

cells were stained with PE Annexin V Apoptosis Detection Kit I (catalog no. 51-68981E, BD) for 20 min. 

Finally, the assay was performed on a flow cytometer (CytoFLEX LX). 

Confocal microscopy of Cy5-labeled peptides binding to αvβ3-expressing cells 

MDA-MB-231 (1.8 × 10⁴ cells per well) and Huh-7 (1.6 × 10⁴ cells per well) cells were seeded in a flat-

bottom 96-well plate with transparent glass bottoms and cultured in DMEM high glucose medium for 48 

hours, respectively. After microscopic observation confirmed that the cells had reached an appropriate 

density, the culture plate was incubated at 4 °C for 20 minutes. Meanwhile, Cy5-labeled compounds 6-Cy5 

and 5j-K-Cy5 were prepared as 5 μM test solutions in DMEM high-glucose medium and subsequently 

maintained in the dark at 4 °C for the same duration. After removing the old medium, the test solutions 

were added to the corresponding wells, then the cells were incubated with 5 μM of 6-Cy5 and 5j-K-Cy5 at 

4 °C in the dark for 1 hour. Following incubation, the test solutions were removed, and the cells were 

carefully washed twice with pre-cooled PBS (1×). Subsequently, the cells were fixed with 4% 

paraformaldehyde solution at room temperature for 20 minutes. After discarding the fixative, the cells were 

washed twice with PBS (1×). Subsequently, 100 μL DAPI solution (1:5000) was added to each well to stain 

the nuclei at room temperature for 20 minutes. After washing twice with PBS (1×), 55 μL of DAPI-free 

antifade mounting medium was added to seal the plates. Finally, the plates were observed and imaged under 

an inverted confocal fluorescence microscope (Leica STELLARIS). 

Confocal microscopy of internalization of Cy5-labeled peptides into the αvβ3-expressing cell  

MDA-MB-231 cells (1.8 × 10⁴ cells per well) were seeded in a flat-bottom 96-well plate with transparent 

glass bottoms and cultured in DMEM high glucose medium for 48 hours. After discarding the medium, the 

cells were incubated with 5 μM of pre-prepared Cy5-labeled peptide solutions in DMEM at room 

temperature for 4 hours. Subsequently, discarding the solutions, the cells were washed twice with PBS (1×), 

and the cells were fixed with 4% paraformaldehyde for 20 min. After that, washed twice and permeabilized 

with 0.15% Triton X-100 for 15 min. Then, the cells were blocked with 10% goat serum at room 

temperature for 1 hour and incubated with anti-LAMP1 primary antibody (1:300) at 4 ℃ in the dark 

overnight. After incubation, cells were returned to room temperature and washed three times with PBS. 

Next, Cy3-conjugated AffiniPure™ goat anti-rabbit (1:300) secondary antibody was incubated with the 

cells at room temperature for 1 hour. After washing, the nuclei were stained with (DAPI). Finally, the 
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fluorescence staining was observed and photographed with an inverted confocal microscope (Leica 

STELLARIS). 

Measurement of cytotoxicity by CCK-8 assay 

The toxicity determination CCK-8 experiment was carried in 96-well plates. MDA-MB-231 (3.0 × 103 

cells per well) and A549 cells (3.0 × 103 cells per well) were seeded in 96-well plates and incubated for 24 

h. Then the medium was discarded and treated with 5j-K, 6, P1, P2, P3 or P4 in various concentrations 

(5.0 μM, 2.5 μM, 1.0 μM, 333.33 nM, 111.13 nM, 37.04 nM, 12.35 nM, 4.12 nM, 1.37 nM) for another 72 

h. Following with conventional CCK-8 treatment. After 1 h, the formazan dye was quantified using a 

microplate reader to assess absorbance at 450 nm (measurement wavelength) and 630 nm (reference 

wavelength). Non-treated cells were used as controls. The percentage viability of cells was estimated as the 

percentage fluorescence intensity in the experimental wells relative to that in the blank and negative control 

wells. Each experiment was repeated three times. 

RNA interference for αvβ3 and cell viability detection 

A549 cells were seeded in 96-well plates at a density of 500 cells per well and allowed to adhere 

overnight in high-glucose DMEM supplemented with 10% fetal bovine serum (FBS) without antibiotics. 

Small interfering RNAs (siRNAs) targeting human ITGAV (sequence: 5’-3’ 

CCAUGUAGAUCACAAGAUAdTdT) and ITGB3 (sequence: 5’-3’ 

GCUACAGUCUGUGAUGAAAdTdT) were used at 1.2 pmol per well each (total 2.4 pmol/well). A non-

targeting siRNA negative control (siRNA NC, same dosage; GenScript Biotech Corporation, Order No. 

C717J577G0) served as the control. The siRNA mixtures were complexed with 0.2 μL/well Lipofectamine 

RNAiMAX Reagent (Invitrogen, REF: 13778100) in OPTI-MEM (Gibco, catalog no. 31985-062) and 

incubated at room temperature for 20 minutes before being added to the cells. At 6 hours post-transfection, 

the medium was replaced with high-glucose DMEM containing 10% FBS and 1% penicillin-streptomycin 

(P/S). Test drugs were administered at 48 hours post-transfection, and after 72 hours of co-incubation, cell 

viability was assessed using the CCK-8 assay (Beyotime, catalog no. C0039). 

Western Blot Analysis for αvβ3 Knockdown Verification 

Parallel plates of A549 cells transfected for 48 h were lysed with strong RIPA lysis buffer (Beyotime, 

Catalog No. P0013B). Proteins (30 µg) were separated by 4-12% SDS-PAGE (ACE Biotechnology, Cat. 

ET15412LGel) and transferred to PVDF membranes using 10× WB Transfer Buffer (Solarbio, Cat. No. 

D1060). Membranes were blocked with 5% skim milk in TBST (Servicebio, Cat: G0001-2L) for 2 h. 

Primary antibodies were diluted in Beyotime Western Primary Antibody Dilution Buffer (Beyotime, 

Catalog No. P0023A-500ml): rabbit anti-ITGB3 (ABclonal, A19073, 1:1000) or mouse anti-GAPDH 

(Santa Cruz, sc-32233, 1:2000), and membranes were incubated with these antibodies overnight at 4 °C. 
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Secondary antibodies (Invitrogen, 31460 or 31430, 1:5000) were diluted in Beyotime Western Secondary 

Antibody Dilution Buffer (Beyotime, Catalog No. P0023D-500ml) and incubated with membranes for 1.5 

h at room temperature. Bands were visualized using Clarity™ Western ECL Substrate (Bio-Rad, Cat. #170-

5061) and imaged with a Tanon 5200 imaging system. Band intensities were quantified using Gel-Pro 

Analyzer 4 software, and ITGB3 signal was normalized to GAPDH. 

In vivo assay 

All animal experiments were carried out using 6-week-old male nude mice weighing 20–25 g purchased 

from GemPharmatech (Guangdong, China). These mice were maintained in a specific pathogen-free 

environment with free access to water and food. Experiments were approved by the Ethics Committee for 

Animal Experimentation of Greater Bay Area Institute of Precision Medicine (Guangzhou) in compliance 

with relevant laws and institutional rules. To establish xenograft models, A549 cells were injected (1 × 107 

cells/200 μL) into the right flank of athymic nude mice. Mice were randomly divided into groups (n = 6/7) 

after the tumors had reached a size of 100-150 mm³. Drug solutions (100 μL each) were administered 

through the tail vein once every 2 days for a total of 10 injections (21 days): 2.0 mg kg-1, 1.0 mg kg-1 and 

0.5 mg kg-1 per injection of P1, 0.29 mg kg-1 per injection of MMAE, and PBS as a control. The body 

weights and tumor sizes of each mouse were measured before drug injections. And tumor volume was 

estimated using the following equation: TV (mm3) = d2D/2, where d and D are the shortest and the longest 

diameter, respectively63. Tumors were dissected, measured, and photographed on day 21 after mice were 

sacrificed by cervical dislocation. Cell proliferation was determined by immunohistory chemical staining 

of Ki67 according to the Ki67 Cell Proliferation Kit (IHC) ( E607235, Sangon Biotech, China). Image 

acquisition was performed using Nikon ECLIPSE Ni-U microscopes with 40x objective. The percentage 

of Ki67 positive cells was analyzed by ImageJ (NIH). The biological activity of P1 and the other substances 

was compared using one-way ANOVA. Statistical analyses were performed using Origin 2025. and p < 

0.05 was considered significant. Error bars in the figures indicate standard deviations of the mean. 

Plasma stability assay  

Firstly, internal standard testosterone was chosen to be dissolved in ACN to be a concentration of 500 

nM. Side chain-deprotected bicyclic peptide 5j-K (1.51 mg) was dissolved in 1.4 mL of DMSO to be a 

stock solution, then 10 μL stock solution was diluted using 190 μL MeOH, then 2.5 μL dilution was added 

to rat plasma (pH 7.5) at 37 °C to give final concentration for bicyclic peptide of 1 μM. The plasma was 

incubated for 24 h at 37 °C and 600 rpm. At 0, 0.5, 1, 2, 4, 6, 8, and 24 h, 25 μL of plasma was withdrawn 

and precipitated with 50 μL of cold quenching solution consisting of ACN with a final concentration of 333 

nM testosterone as an internal standard. The samples were stored at 4 °C and centrifuged (12000 g, 4 °C, 5 

min). The supernatant was analyzed by LC−MS (injection volume, 5 μL). The degradation was determined 

by comparing the peak area of the MS signal of the internal standard with the tested compound. And the 
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percentage of the remaining amounts of 5j-K at each time interval was calculated based on the 0 h of peak 

area.  

Liver and kidney functions 

Blood was collected from the mice before euthanasia, then centrifuged to obtain plasma for measuring 

biochemical indicators of liver and kidney function. The biochemical tests (ALT, AST, and UREA) were 

performed on a biochemical analyzer (Mindray, BS-240VET) using ALT Kit (IFCC method) (Mindray, 

Lot 140124026), AST Kit (IFCC method) (Mindray, Lot 140224024), and UREA Kit (Urease-GLDH, UV 

method) (Mindray, Lot 141325001), respectively. 

Tissue distribution  

For tissue distribution tests, xenografts with tumors in the flank were prepared as mentioned previously. 

The compound solution of P1 (1 mg kg-1) was administered into mice (n = 3) by intravenous tail vein 

injection (100 μL). Blood was collected after 4 h of injection, then the mice were euthanized, and the organs 

(tumor, brain, heart, liver, lung, kidney, stomach, and pancreas) were collected and kept in a deep freezer 

until further use. The weight of each dissected tissue was measured, and PBS at a ratio of 1:3 (tissue weight: 

PBS volume) and ultrasonically homogenized to prepare a homogenate. The resulting homogenous solution 

of 25 μL was diluted with 50 μL acetonitrile solution containing internal standard testosterone, vortexed, 

centrifuged at 12000 × g for 5 minutes, and collected the supernatant,then injected into LC-MS. The amount 

of payload MMAE in tissue was determined by LC-MS chromatogram equipped with a UV detector. The 

operation conditions of HPLC were the same as used in the calibration curve (gradient: 0.1-3.1 min, 5%-

95% ACN, 3.1-5.0 min, 95% ACN, 5.0-5.5 min, 95%-5% ACN, 5.5-6.5 min, 5% ACN, 0.4 ml/min, 

equipped Phenomenex Kinetex® 2.6 μM F5 100 Å 50×2.1 mm column). The AUCs of each sample were 

obtained in triplicate. All animal tests were conducted in the Ethics Committee for Animal Experimentation 

of Greater Bay Area Institute of Precision Medicine (Guangzhou) in compliance with relevant laws and 

institutional rules. 

Kiss-and-run experiment with conjugates P1 and P3 

MDA-MB-231 (3.0 × 103 cells per well) and A549 cells (3.0 × 103 cells per well) were seeded in 96-well 

plates and incubated for 24 h. Then the medium was discarded and treated with P1 or P3 in various 

concentrations (40 μM, 20 μM, 10 μM, 5 μM, 2.5 μM, 1.25 μM, 0.625 μM, 0.3125 μM) for 1h at 37 ℃, 

followed by a washout of the treatment and a further incubation of the cells up to 72 h. Then a conventional 

CCK-8 treatment followed. After 1 h, the formazan dye was quantified using a microplate reader to assess 

absorbance at 450 nm (measurement wavelength) and 630 nm (reference wavelength). Non-treated cells 

were used as controls. The percentage viability of cells was estimated as the percentage fluorescence 

intensity in the experimental wells relative to that in the blank and negative control wells. Each experiment 

was repeated three times. 
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Data availability 

Data generated during this study are included in the published article and in the supplemental information 

files supplied (Supplementary Data 1–3). All other datasets generated during this study are available from 

the corresponding authors upon reasonable request. 
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Figure legends 

Figure 1. Reported structures of bicyclic peptides targeting αvβ3: a) RGD4C and b) CLIPS peptide 

CT3HPQcT3RGDcT3. c) Design strategy of bicyclic peptides in this study; R* corresponds to Arg, norArg, and 

homoArg; G# corresponds to Gly, βAla and GABA. 

Figure 2. Impact of the sidechain guanidine on integrin selectivity. a) Chemical structures of 5d, 5i, 5j, 6 c(RGDyK), 

7 (Eptifibatide). b) IC50 values and selectivity of peptides with various Arg-homologs (5d, 5i, 5j, 6 and 7) for integrin 

αvβ3 and αIIbβ3 (ratioa =αIIbβ3: αvβ3). c-d) MD simulations and molecular docking of the binding mode of peptide 

5j with c) αvβ3 (PDB: 1L5G) and d) αIIbβ3 (PDB: 8T2U) integrin. Stick model: compound 5j (deep pink), protein 

side chains of the integrin binding pocket (green sticks, with their secondary structures illustrated as a cartoon). The 

interactions were visualized using ChimeraX. 

Figure 3. Binding and internalization of Cy5-labeled peptides in αvβ3-expressing cell. a) Expression of integrin αvβ3 

and αvβ6 in MDA-MB-231 (αvβ3+, αvβ6-), A549 (αvβ3+, αvβ6-) and Huh-7 (αvβ3-, αvβ6-) cells. b) Cell binding 

assay. MDA-MB-231 and Huh-7 cells were incubated with 5 μM of Cy5-labeled peptides (at 4 ℃ for 1 h). Cells were 

washed, fixed, labeled with DAPI, and imaged with confocal microscopy. c). Cellular uptake and co-localization of 

Cy5-labeled peptides with lysosomes in MDA-MB-231 cells. d-e) Co-localization curve of Cy5-labeled peptides with 

lysosome marker. Cells were pretreated with 5 μM Cy5-labeled peptides for 4 h, then fixed, labeled with DAPI and 

LAMP1. Fluorescence signals indicating the colocalization of Cy5-labeled peptide (red) with the lysosome marker 

(LysoTracker, green) in MDA-MB-231 cells (blue is the nucleus, green is the lysosome, and red is the fluorescence 

of Cy5, the scale is 10 μm). 

Figure 4. In vivo antitumor activity and safety profile of peptide-drug conjugates. a) Chemical structures of P1, P2, 

P3, P4. b-e) A549 tumor-bearing mice (n = 7) were injected intravenously with 1.0 mg kg-1 P1 and 0.29 mg kg-1 

MMAE every two days for three weeks. PBS was used as a vehicle. Tumor volumes and body weight were recorded. 

f) Liver and kidney functions were evaluated at the end of the treatment. g) Representative images of Ki67 staining of 

tumor sections in different groups. Bar = 50 μm. Statistical significances were analyzed by one-way ANOVA with 

Tukey’s multiple comparisons test. All the data were plotted as mean ± SD. (*): p < 0.05, (***): p < 0.001. 
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Scheme 1. Synthesis and reaction conditions of a bicyclic octapeptide library: Fmoc-AA1-n-OH can stand for Fmoc-

Pro-OH, Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Trp-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-

homoCys(Trt)-OH or Fmoc-D-Cys(Trt)-OH, R* or G#; R* is Fmoc-Arg(Pbf)-OH, Fmoc-homoArg(Pbf)-OH or Fmoc-

norArg(Pbf)-OH; G# is Fmoc-Gly-OH, Fmoc-β-Ala-OH or Fmoc-GABA-OH; (a) 20% piperidine in DMF for 10 min 

(twice); (b) Fmoc-AA-OH (4.0 eq.), TBTU (4.0 eq.), DIEA (12.0 eq.), DMF, 1h; (c) 2 mg/ml I2 in DMF, N2, 2 h; (d) 

HFIP:DCM (3:7), 10 ml, r.t., 2 h; (e) HATU (2.0 eq.), DIEA (2.2 eq.), 0 oC to r.t., 12 h; (f) TFA:TIPS:H2O (95:2.5:2.5), 

30 min. 

 

Table 1. Inhibition constants for synthetic peptides against the integrin subtypes αvβ3, αvβ5, αvβ6, αvβ8, α5β1, and 

αIIbβ3, (competitive ELISA; see Methods). 3-MPA is 3-mercaptopropionic acid, GABA is γ-aminobutyric acid. 

Reference compounds are c(RGDyK) 6 and Eptifibatide 740. 

Number Compounds 
IC

50
 (nM) 

α5β1 αvβ3 αvβ5 αvβ6 αIIbβ3 αvβ8 

6 c(RGDyK) 
502 ± 

203 
1.4 ± 0.8 11.1± 4.3 136± 73 615 ± 490 216 ± 6.0 

5a 
 

361 ± 5.4 <0.51 
13.2 ± 

1.2 
224 ± 88 1.9 ± 0.3 >1000 

5b 
 

958 ± 64 7.8 ± 0.4 113 ± 19 30.4 ± 16 5.7 ± 1.7 >1000 

5c 
 

127 ± 14 
0.2 ± 

0.002 

25.3 ± 

1.0 
14.1± 4.5 0.2 ± 0.04 438± 118 

5d 
 

164 ± 3.0 <0.51 5.9 ± 0.3 
36.7 ± 

14.7 
7.3 ± 3.4 143 ± 52 

5e 
 

947 ± 

30.6 
4.9 ± 0.4 

126 ± 

23.7 

37.5 ± 

22.6 
9.0 ± 1.1 

30.3 ± 

27.4 

5f 
 

>1000 
25.8 ± 

2.6 
>1000 >1000 >1000 >1000 

5g 
 

>1000 234 ± 15 >1000 >1000 16.4 ± 4.4 >1000 
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5h 
 

57.8 ± 

29.1 
2.9 ± 0.2 

19.0 ± 

2.7 
131 ± 46 

86.5 ± 

42.9 

244 ± 

87.3 

5i 
 

>1000 
45.2 ± 

8.3 

718 ± 

198 
>1000 16.7 ± 0.1 >1000 

5j 
 

80.0 ± 

23.1 
0.7 ± 0.1 8.6 ± 1.3 

111 ± 

10.6 

164 ± 

24.0 

496 ± 

103 

5k  121 ± 0.7 
0.3 ± 

0.003 
2.2 ± 0.2 165 ± 7.7 2.9 ± 0.4 

451 ± 

243 

7 
 

>1000 >1000 >1000 >1000 2.4 ± 0.5 >1000 

 

 

Table2. Cytotoxicity of peptide 5j-K, 6 c(RGDyK), free MMAE, P1, P2, P3 and P4 in αvβ3 positive cell lines MDA-

MB-231 and A549. 

Compounds 
IC50 (nM) 

MDA-MB-231 A549 

5j-K >5000 >5000 

P1 (5j-PEG8-VA-MMAE) 41.3 ± 4.1 28.9 ± 4.6 

P2 (5j-C8-VA-MMAE) 31.3 ± 4.3 18.5 ± 4.0 

P3 (8-PEG8-VA-MMAE) 72.2 ± 7.9 94.1 ± 25.9 

6 [c(RGDyK)] >5000 >5000 

P4 (6-PEG8-VA-MMAE) 58.5 ± 3.9 37.9 ± 8.4 

MMAE <1.37 <1.37 

 

Table 3. In vitro cytotoxicity of compounds P1, P2, P4 and MMAE against A549-si-NC (αvβ3+) and A549-KD 
(αvβ3-) cells. 

 

 

Compounds 
IC50 (nM) 

A549-si-NC (αvβ3+) A549-KD (αvβ3-) 

P1 (5j-PEG8-VA-MMAE) 10.9 ± 1.4 17.0 ± 0.6 

P2 (5j-C8-VA-MMAE) 5.2 ± 0.1 10.0 ± 1.9 

P4 (6-PEG8-VA-MMAE) 10.5 ± 1.7 18.4 ± 3.5 

MMAE <0.15 <0.15 
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Editor’s Summary 

Bicyclic peptides targeting integrin are promising drug candidates, yet achieving high selectivity 

for specific integrins remains challenging. Here, the authors design RGD-containing bicyclic 

peptides with a tryptathionine bridge, demonstrating that peptide 5j selectively targets integrin 

αvβ3, and induces αvβ3-targeted cytotoxicity by drug-peptide conjugates. 
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