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Abstract

Increasing the specificity of cancer therapy, and thereby decreasing damage to normal cells, 

requires targeting to cancer-cell specific features. The αvβ6 integrin is a receptor involved in cell 

adhesion and is frequently up-regulated in cancer cells compared to normal cells. We have selected 

a peptide ligand reported to bind specifically to the β6 integrin and have synthesized a suite of 

multispecific molecules to explore the potential for targeting of cancer cells. A combination of 

solid-phase peptide synthesis and chemoselective ligations was used to synthesize multifunctional 

molecules composed of integrin-targeting peptides, cytotoxic platinum(IV) prodrugs, and 

fluorescent or affinity probes joined with flexible linkers. The modular synthesis approach 

facilitates the construction of peptide–drug conjugates with various valencies and properties in a 

convergent manner. The binding and specificity of the multifunctional peptide conjugates were 

investigated using a cell line transfected with the β6 integrin and fluorescence microscopy. This 

versatile and highly controlled approach to synthesizing labeled peptide–drug conjugates has the 

potential to target potent cytotoxic drugs specifically to cancer cells, reducing the doses required 

for effective treatment.

iDORCID
Anne C. Conibear: 0000-0002-5482-6225
Christian R. Kowol: 0000-0002-8311-1632
Christian F. W. Becker: 0000-0002-8890-7082
*Corresponding Authors: christian.becker@univie.ac.at. Phone: + 43-1-4277-70510. Fax: + 43-1-4277-9705; 
petra.heffeter@meduniwien.ac.at. Phone: +43-1-40160-57594. Fax: + 43-1-40160-957557.
‖Author Contributions
A.C.C. and S.H. contributed equally to the manuscript.

Notes
The authors declare no competing financial interest.

Europe PMC Funders Group
Author Manuscript
Bioconjug Chem. Author manuscript; available in PMC 2018 September 04.

Published in final edited form as:
Bioconjug Chem. 2017 September 20; 28(9): 2429–2439. doi:10.1021/acs.bioconjchem.7b00421.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://orcid.org/0000-0002-5482-6225
http://orcid.org/0000-0002-8311-1632
http://orcid.org/0000-0002-8890-7082


Introduction

Antibody–drug conjugates have shown promising results in cancer therapy because they 

couple the cytotoxic activity of small molecule drugs with the specificity of antibodies for 

cancer cell markers, thereby reducing the amount of damage to other cells.1–3 Peptides are 

also increasingly being used for selective cancer targeting in peptide–drug conjugates 

because they can bind with high specificity to receptors over-expressed on tumor cells.4,5 

Whereas the attachment of drug molecules to antibodies is mostly restricted to conjugation 

at free lysine amines or to cysteine thiols, peptides offer a wider variety of conjugation 

options because of their synthetic accessibility. The former strategy of conjugation to free 

lysine or cysteine residues, although successfully employed for the synthesis of the two 

antibody–drug conjugates on the market (brentuximab vedotine and trastuzumab emtansine), 

can yield heterogeneous products with a distribution in the antibody-to-drug ratio and 

provides only very limited control over the regioselectivity of drug attachment.1,3 In 

contrast, conjugation of a drug to a synthetic peptide can be precisely controlled. In addition 

to the targeting role of peptides, the properties of cell-penetrating peptides and the properties 

of self-assembling peptides to form nanostructures of various kinds have also been used for 

drug delivery.5,6

Selective conjugation of a drug to a peptide or antibody via chemoselective ligation 

strategies allows the generation of conjugates with defined targeting moiety-to-drug ratios 

and precise localization of the drug.7,8 Approaches involving enzymatic conjugation, 

engineered cysteine residues or glycan modification have shown potential; however, 

biorthogonal conjugation enables an even-greater degree of control over the drug 

conjugation.3,8,9 Introduction of biorthogonal functionalities into recombinantly expressed 

proteins can be achieved with enzymatic modification (often in combination with genetically 

introduced tags) or amber codon suppression but remains challenging.10 In contrast, the 

chemical synthesis of peptides or protein fragments allows the flexible and site-specific 

incorporation of biorthogonal functionalities (for example, azides and alkynes for copper-

catalyzed azide–alkyne click (CuAAC) ligation, maleimides for thiol–maleimide ligation, 

and ketones or aldehydes and aminooxy groups for oxime ligation).8,11 Furthermore, 

peptides can be readily optimized and modified to study and improve the targeting properties 

to cancer cells and to develop cleavable linkers for the conjugation of cytotoxic drugs.12,13

Taking advantage of the flexibility and versatility afforded by peptide synthesis, we designed 

a series of peptide–drug conjugates to target a platinum(IV) prodrug specifically to cancer 

cells. The branched Y-shaped scaffold (Y) is composed of a short peptide linker, a biotin tag, 

and two monodisperse polyethylene glycol (PEG27) polymers (Figure 1) that provide spatial 

separation between the two targeting peptides. Alkyne functionalities on the termini of the 

PEG27 chains allow the chemoselective ligation to integrin-targeting peptides (P1) via 

CuAAC ligation14,15 and a cysteine residue on the scaffold allows for thiol–maleimide 

ligation16 to either an oxaliplatin-based platinum(IV) prodrug (oxali-Pt)17 or a fluorescent 

label (Cy5). The monodisperse PEG27 polymers were selected for their flexibility, 

hydrophilicity, and chemical inertness. In addition, the length of the PEG27 chain mimics the 

approximate distance between the Fc and Fab portions of an antibody18 and might allow the 

simultaneous binding of the two targeting peptides to their receptors, increasing the affinity. 
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The peptide–platinum(IV) drug conjugate, however, differs significantly from an antibody–

drug conjugate in that it is much smaller (~7 kDa compared to ~150 kDa for an antibody–

drug conjugate) and is generated entirely by chemical synthesis. The peptide–drug conjugate 

(oxali-Pt–Y1) is designed for a modular assembly so that any of the functionalities can be 

exchanged easily for optimization or screening.

We selected the RGD-containing decapeptide P1 that binds to the αvβ6 integrin to target the 

cytotoxic platinum(IV) prodrug to cancer cells.19 Integrins are heterodimeric 

transmembrane receptors that are involved in cell–cell and cell–substratum adhesion and 

have an important role in cell proliferation and migration.20 The β6 integrin subunit 

dimerizes only with the αv subunit, is specific to epithelial cells, and is up-regulated in 

cancer and wound healing but is not expressed in healthy adult tissue, making it a suitable 

cancer-specific target.20 Oyama et al. identified a 20-mer RGD-containing peptide (TP 

H2009.1) from a phage-display screen and found it to be 300-fold more selective for lung 

cancer cells than normal cells.21 Subsequent studies identified the binding target to be the 

αvβ6 integrin, as supported by binding of TP H2009.1 phage to SW480 cells transfected 

with the β6 integrin but not to untransfected cells.22 In contrast to the cyclic RGD peptide 

c(RGDfK) and derivatives that target αvβ3 and αvβ5 integrins,23,24 few examples of αvβ6–

targeting peptide–drug conjugates have been reported. Tetramers of TP H2009.1 were 

synthesized on a trilysine core, and the construct was found to localize to the nuclei and to 

block phage uptake more efficiently than the monomer, suggesting possible benefits of 

multimerization.21,25 The 20-mer TP H2009.1 has also been conjugated to doxorubicin, to 

quantum dots, and to a PET label.22,25–27 Further studies identified the first 10 residues 

(P1) with a C-terminal amide as the minimum binding domain, and an Alexa-488-labeled 

10-mer was specific for αvβ6-expressing cells and the mediated internalization of the β6 

integrin.26 These studies suggested that P1 is a suitable peptide for the selective targeting 

and uptake of the cytotoxic platinum(IV) complex to cancer cells.

The potent cytotoxic activity of DNA-coordinating platinum complexes has revolutionized 

cancer therapy and prompted several approaches to increase their specificity and thereby 

minimize the severe side effects that are often associated with their usage.28,29 One such 

approach is to administer octahedral platinum(IV) prodrugs, which are reduced to the active 

square-planar platinum(II) complexes in the hypoxic and reductive environment of cancer 

cells.29 In addition to being more inert than their platinum(II) counterparts and, thus, less 

likely to undergo undesired premature interactions with biomolecules before they interact 

with DNA, the platinum(IV) complexes provide the possibility of conjugating molecules at 

the axial positions that can be used for selective targeting of the complex.29,30 For example, 

mono- or bismaleimide-bearing linkers at the axial position(s) of cis- and oxaliplatin-based 

platinum(IV) compounds have been used to conjugate the platinum(IV) complexes to thiol-

containing proteins such as albumin.16,17 This conjugation resulted in greatly increased 

plasma half-life and tumor accumulation in a mouse model compared to the respective 

succinimides, which are not able to bind to thiols. Furthermore, distinctly improved 

antitumor activity of the albumin-conjugated platinum(IV) derivative compared to the 

approved platinum(II) reference compound oxaliplatin was observed.17 We therefore 

selected the monomaleimide functionalized cis- and oxaliplatin-based platinum(IV) 
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complexes (cis-Pt and oxali-Pt, Figure 1) for conjugation to the scaffold bearing the 

integrin-targeting peptide (P1) to enhance the selective targeting of platinum(IV) prodrugs to 

tumor cells.

Here, we describe the design and synthesis of the peptide-drug conjugate oxali-Pt–Y-1 
composed of a cytotoxic platinum(IV) prodrug (oxali-Pt) conjugated via a thiol–maleimide 

ligation to a core peptide–PEG27 scaffold (Y) to which two β6 integrin-targeting peptides 

(P1) are conjugated by CuAAC ligation (Figure 1). We explore the activity of oxali-Pt–Y-1 
in terms of its binding, uptake, and cytotoxicity on cells positive and negative for β6 integrin. 

Furthermore, we demonstrate the versatility of the modular design by synthesizing related 

peptide conjugates bearing a cisplatin-based platinum(IV) prodrug (cis-Pt–Y-1), scrambled 

targeting peptides and a fluorescent label, which were used as control compounds or for 

visualization.

Results

Solid-Phase Peptide Synthesis of the Scaffold (Y) and Binder Peptides (P1)

The biotinylated scaffold for conjugation of the platinum(IV) prodrug and the targeting 

peptides was successfully synthesized by manual solid-phase peptide synthesis (SPPS) using 

the fluorenylmethoxycarbonyl (Fmoc)-protection strategy. The peptide Boc–C(StBu)–G–A–

S–G–G–K(Mtt)–K(Mtt) was assembled on a biotin-linked resin. Next, the methyltrityl (Mtt) 

lysine side-chain protecting groups were removed leaving the N-terminal Boc group and 

cysteine-t-butylthio (StBu) group intact. Fmoc–NH–PEG27–COOH was coupled to both of 

the lysine side chains, and the propargylglycine residues were coupled to the amino termini 

of both PEG27 chains to provide the alkyne moieties for the CuAAC reaction. The peptide–

PEG27 construct (Y, structure in the Supporting Information) was cleaved from the resin 

(retaining the cysteine-t-butylthio protecting group) and purified by reverse-phase high-

performance liquid chromatography (RP-HPLC). The scaffold for conjugation to the 

fluorescent label (structure in the Supporting Information) was synthesized similarly but 

differed in the core sequence to which the PEG27 chains and propargylglycine residues were 

coupled. Manual SPPS was also used to synthesize the integrin-targeting P1 peptides 

bearing an ε-azido lysine residue at the C-terminus (structure in the Supporting 

Information), separated from the targeting peptide sequence by a PEG3 spacer. The peptides 

were characterized by electrospray ionization mass spectrometry (ESI-MS) and purified by 

RP-HPLC.

CuAAC Ligations of the Targeting Peptide (P1) to the Scaffold (Y)

The integrin-targeting peptides P1 were ligated to the peptide–PEG27 scaffold (Y) by a 

CuAAC reaction in a dimethylformamide (DMF)/water (4:1) mixture (Figure 2a). Double 

ligation of P1 to both PEG27 chains was complete within 15 min, and the product Y-1 was 

purified by RP-HPLC (see the Supporting Information). The use of sodium ascorbate to 

reduce the copper(II) to copper(I) resulted in partial removal of the t-butylthio protecting 

group from the cysteine, but the two products could both be recovered and used in further 

reactions. Ascorbate was also found to modify the arginine residues in the integrin-targeting 

peptide, a phenomenon that we recently studied in more detail.31 This modification of 
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arginine by ascorbate, which resulted in a side-product having a mass of +174 Da, could be 

minimized by decreasing the amount of ascorbate used and by quenching the reaction as 

soon as the CuAAC reaction was complete.31 Scrambled versions of the integrin-targeting 

peptide (scP1) were also successfully prepared by SPPS and linked to the scaffold to yield 

Y-sc1, which was used as a nonbinding control. A monovalent construct in which only one 

PEG27 chain was coupled to the scaffold was also ligated to P1 using a CuAAC ligation to 

give Y-mono-1.

Maleimide Ligation of Platinum(IV) Prodrugs (cis- and oxali-Pt) and Fluorescent Label 
(Cy5) to Y-1

Removal of the t-butylthio protecting group from the cysteine of Y-1 with tris(2-

carboxyethyl)phosphine (TCEP) afforded the free thiol after isolation by RP-HPLC. The 

maleimide-functionalized platinum(IV) prodrugs (cis- and oxali-Pt) were synthesized as 

previously described,17 and the maleimide ligation was achieved by dissolution in freshly 

degassed water and addition to the thiol-bearing scaffold Y-1 under argon (Figure 2a). The 

reaction reached completion in 20 min, and the peptide–drug conjugate oxali-Pt–Y-1 could 

be recovered in good yield (88% after HPLC) and purity (Figure 2b). A trace amount of the 

ascorbate adduct was detected with MW 7673.5 (+ 174), which can be seen as a minor 

charge series in the mass spectrum in Figure 2b. Ligation of cis-Pt and Cy5–maleimides was 

carried out in a similar fashion, giving rise to cis-Pt–Y-1 and a fluorescently labeled scaffold 

with two integrin-binding peptides Cy5–Y-1 (see the Supporting Information). The 

platinum(IV) prodrug is stable in PBS (Figure S1) but is designed to be released on 

reduction to Pt(II), leaving the peptide scaffold to be disposed of.

Synthesis of Scaffold with Integrin-Binding Peptides (Y–1) by SPPS

To facilitate the synthesis of sufficient quantities of the peptide–drug conjugate oxali-Pt–Y-1 
for cellular uptake and ICP-MS experiments, we developed a second synthesis strategy. 

Although the modular synthesis route described above was successful, the need for HPLC 

purification of the individual peptides and the products after the CuAAC reaction and StBu 

removal led to a loss of material. In a faster route to generate the multimilligram quantities 

of peptide–drug conjugate required for ICP-MS studies, the residues of the integrin-binding 

peptides were assembled on resin rather than conjugated by CuAAC. The lysine residues on 

the scaffold Y were protected with 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidine)-3-

methylbutyl (ivDde), and the N-terminal residue was Boc–Cys with an S-trityl protecting 

group. After the removal of the ivDde protecting groups and coupling of the PEG27 chains, 

the two integrin-binding peptides P1 were assembled simultaneously on both PEG27 chains. 

Cleavage from the resin afforded a peptide construct Y-1 (structure in the Supporting 

Information) with a free thiol ready for maleimide ligation of the maleimide-bearing 

platinum(IV) compounds. The ligations of cis- and oxali-Pt were successfully carried out on 

the crude peptide and the peptide–drug conjugates oxali-Pt–Y-1 (Figure 2c) and cis-Pt–Y-1 
(see the Supporting Information) were isolated by RP-HPLC. Although the platinum(IV) 

complex, scaffold, and targeting peptides are identical in the oxali-Pt–Y-1 conjugates 

generated by both strategies, it should be noted that the chemical structures (and, hence, 

MW) differ in the linkage between the PEG27 chains and the C-terminus of the targeting 
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peptides; in the modular synthesis, the linkage is composed of the triazole formed during the 

CuAAC reaction between the propargyl glycine on the scaffold and the ε-azido lysine-PEG3 

spacer of the targeting peptide, and in the combined synthesis, the targeting peptide is linked 

directly to the PEG27 chain by an amide bond (structures in the Supporting Information).

Transfection of Integrin β6 into SW480 Cells

Transfection of the integrin β6-negative cancer cell line SW480 with ITGB6, the gene 

encoding integrin β6, allowed us to develop a system to test the integrin β6 binding of the 

peptide–drug conjugates. Integrin β6 (ITGB6)-negative SW480 cells32 were transfected 

with ITGB6 and subsequently enriched for their ITGB6 overexpression by fluorescence-

activated cell sorting (FACS). Over-expression of integrin β6 in the transfected cell lines, 

called SW480 ITGB6 low (before sorting) and SW480 ITGB6 high (after sorting), was 

confirmed by immunofluorescence using a commercially available integrin β6 antibody 

conjugated to allophycocyanin (APC). As shown in Figure 3a, the allophycocyanin 

fluorescence approximately doubled on transfection of SW480 with ITGB6 (SW480 ITGB6 

low) and increased 4-fold after sorting of the cells for their ITGB6 expression (SW480 

ITGB6 high). Expression of integrin β6 and its dimerization partner integrin αv was also 

confirmed by Western blot (Figure 3b). Although both integrin β6 and integrin αv were 

detected in the transfected SW480 ITGB high cell line, the levels were low in comparison to 

the epidermoid carcinoma cell line A431, which endogenously expresses integrin β6 

(Figures 3b and S2).33 Nevertheless, binding studies were pursued with the SW480 cell line 

to compare the binding of the peptide–drug conjugates with an ITGB6-positive and an 

ITGB6-negative cell line.

Integrin β6 Binding of Biotinylated Y-1 Conjugates

Binding experiments to the integrin β6-transfected cell line SW480 ITGB6 high were carried 

out with the biotin-labeled construct Y-1 without the platinum(IV) complex. This allowed 

the determination of the integrin β6-dependent binding without any confounding cytotoxic 

effects of the prodrug. Initial experiments with scaffolds bearing one (Y-mono-1) and two 

(Y-1) copies of the integrin-targeting peptide P1 indicated that the monovalent construct Y-
mono-1 does not show high binding (Figures 3d and S6) and so subsequent experiments 

focused on the bivalent construct Y-1. Figure 3c shows that titration of Y-1 on integrin β6-

over-expressing SW480 ITGB6 high cells in relation to non-expressing SW480 cells 

resulted in a continuous increase in fluorescence intensity up to a concentration of 0.5 nM, 

demonstrating specific integrin β6 binding with an approximate half-maximal binding 

concentration of 0.3 ± 0.1 nM (based on a one-site specific binding curve fit). In contrast, 

the nontargeting scrambled construct Y-sc1 shows no fluorescence increase in integrin β6-

overexpressing SW480 ITGB6 high cells compared to non-expressing SW480 cells. 

Although Y-1 binding appears to reach a maximum at 0.5 nM on SW480 ITGB6 high cells, 

binding continued to increase up to the highest concentration tested (2.5 nM) on A431 cells, 

corresponding to their higher integrin β6 expression (Figures S2 and S3).

Integrin β6 binding was also supported by fluorescence microscopy using biotin-labeled Y-1 
and Cy5–Y-1. SW480 and SW480 ITGB6 high cells were treated with biotin-labeled Y-1, Y-
mono-1, or Y-sc1 and then with avidin–FITC, and the relative fluorescence was quantified 
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(Figures 3d and S4–S6). The fluorescence of SW480 ITGB6 high cells treated with Y-1 was 

significantly higher than those treated with Y-sc1 or Y-mono-1 and was also significantly 

higher than the integrin β6-negative SW480 parental line. The Cy5-labeled construct Cy5–
Y-1 allowed the direct visualization of cellular uptake and intracellular localization in living 

cells. As shown in Figure 3e–f, after 10 min of treatment with 0.5 μM Cy5–Y-1, SW480 

ITGB6 high cells displayed a higher fluorescence signal than the integrin β6-negative 

SW480. Furthermore, in these experiments on living cells, the Cy5–Y-1 appeared to be 

intracellular rather than bound to the cell membrane and tended to localize around the 

nucleus, possibly indicating a rapid internalization of Y-1. Nuclear localization has also been 

reported for the tetrameric P1 peptide.21

Uptake and Cytotoxicity of oxali-Pt–Y-1 Peptide–Drug Conjugates

To confirm that the platinum(IV) complex is internalized along with the targeting Y-1 
construct, integrin β6-dependent cell uptake of oxali-Pt–Y-1 and the respective succinimide-

functionalized platinum(IV) reference compound (oxali-Pt–succ; structure shown in the 

Supporting Information)17 were quantified by ICP-MS. Figure 4a shows the results of 

incubating SW480 and SW480 ITGB6 high cells with 50 μM oxali-Pt–Y-1 or oxali-Pt–succ 
for 3 h. This high concentration of the peptide–drug conjugate and platinum(IV) complex 

was necessary to reach the minimum detection range of the ICP-MS instrument and to 

compensate for the small amount recovered from the cell lysate. In agreement with the data 

on the APC-labeled conjugates, SW480 ITGB6 high cells had a significantly higher cell-

associated platinum content than the parental SW480. Moreover, uptake of the platinum(IV) 

complex lacking the integrin β6-targeting moieties showed no integrin β6-selective increase. 

This demonstrates a selective uptake of oxali-Pt–Y-1 by integrin β6-over-expressing cells.

To investigate whether the novel peptide–drug conjugates had integrin β6-selective 

anticancer activity, cell viability experiments were initially performed for 72 h, but no 

reduction in cell viability was observed (data not shown). This was thought to be due to 

insufficient reduction of platinum(IV) to the active platinum(II) compound within this time 

frame. Although previous studies suggest that oxaliplatin-based platinum(IV) compounds 

are reduced slower than cisplatin-based platinum(IV) compounds,17 the rate, location, and 

mechanism of reduction in cells, and especially in tumors, is still poorly understood.34,35 

Cell viability experiments with oxali-Pt–Y-1 were then carried out over 14 days, and the 

peptide–drug conjugate showed distinct integrin β6-dependent activity in contrast to the 

respective unbound platinum(II) and platinum(IV) complexes (Figure 4b). Thus, in integrin 

β6-negative cells, only a ~25% reduction in final cell count was observed, which was 

increased to 77% and 97% in SW480 ITGB6 low and high cells, respectively. In contrast, 

Y-1 peptides without platinum loading had no anticancer activity on either SW480 or 

SW480 ITGB6 high cells under these conditions (Figure S7). Interestingly, ITGB6 

transfection did not impact on the sensitivity to the clinically evaluated RGD-targeted cyclic 

peptide cilengitide (Figure S7), indicating that transfection with integrin β6 alone is not 

sufficient to provide sensitivity to RGD binding. In A431 cells, which endogenously express 

integrin β6, cytotoxicity became more apparent with increasing incubation times with oxali-
Pt–Y-1 and reached comparable levels to the unselective platinum(IV) succinimide oxali-
Pt–succ after 14 days (Figure S8).
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Discussion

The modular chemical synthesis and ligation strategy designed for oxali-Pt–Y-1 
demonstrates the flexibility with which biorthogonal functionalities for ligation can be 

introduced site-selectively, and the versatility with which the modules can be exchanged. For 

example, substitution of the β6 integrin-binding peptides for peptides targeting other 

integrins or other receptors over-expressed on cancer cells could be easily achieved, leading 

to rapid optimization or tuning of affinity and specificity. Ligation of the cytotoxic drug 

could also be extended to other drugs in addition to the cis- and oxaliplatin-based prodrugs 

demonstrated in this study. The selection of two conjugation strategies in the modular design 

enables variation at two locations in the molecule, and several other combinations of 

ligations could be envisaged. However, the orthogonality of the two ligations needs to be 

considered carefully; for the oxali-Pt–Y-1 peptide–drug conjugate, the CuAAC reaction of 

the targeting peptides was carried out before the maleimide reaction as the platinum(IV) 

prodrug might be unstable to the reducing agents in the CuAAC reaction mixture.

Once the modular design of oxali-Pt–Y-1 had been established for the conjugation of Y to 

P1 by CuAAC ligation and then to oxali-Pt by maleimide ligation, SPPS synthesis of Y-1 
followed by maleimide ligation of oxali-Pt to the crude peptide gave access to larger 

amounts of oxali-Pt–Y-1 for biological assays. The chemoselective ligations in the modular 

strategy were efficient, and each of the ligation reactions was high-yielding. Nevertheless, a 

significant loss of material resulted from the need to purify the individual scaffold and 

binder peptides and the products of the CuAAC reaction and StBu removal by HPLC. 

Synthesizing the targeting peptides directly on the scaffold also avoids use of the CuAAC 

reaction with the associated ascorbate–arginine side-product. Nevertheless, the modular 

strategy offers greater versatility for screening, optimization, and small-scale binding assays. 

Both approaches, however, yield homogeneous products with a defined ratio of cytotoxic 

drug molecules to targeting peptides.

The Y-shaped modular design and two targeting peptides on the PEG27 linkers of the 

peptide–drug conjugates described here distinguish them from antibody–drug conjugates, 

small molecule–drug conjugates, and peptide–drug conjugates that have been described 

recently.36,37 Multivalency of the P1 β6 integrin-targeting peptides has been shown to be 

advantageous;21,25 however, further studies are necessary to determine the avidity effects of 

the targeting peptides and whether they are able to bind simultaneously to two different 

receptors. Tetramers of P1 displayed on a lysine core were found to obstruct phage uptake 

more effectively than trimers, dimers, or monomers, but it is unlikely that the shorter PEG10 

linkers used would allow simultaneous binding to two receptors.26 Internalization of the 

integrin receptors on binding to the target peptides might also preclude simultaneous 

binding. Our results, however, show a higher internalization of the divalent construct Y-1 
than of the monovalent construct Y-mono-1.

Although the peptide–drug conjugates were designed for selective delivery of cytotoxic 

drugs to cancer cells, the conjugation of the fluorescent label Cy5 illustrates a further 

application of the versatile scaffold for imaging. Such fluorescently labeled peptide 

conjugates could be used to visualize receptor expression levels by fluorescence microscopy, 
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and other labels could be conjugated for applications such as PET imaging. For example, in 

a similar study, a c(RGDfK) peptide was conjugated to a platinum(IV) prodrug and a 

fluorescent label to image drug-induced apoptosis.38

Establishment of a stably transfected SW480 cell line expressing integrin β6 enabled testing 

of the binding and specificity of oxali-Pt–Y-1 and Y-1 constructs and provided insights into 

the integrin β6 dependency of binding and cytotoxicity. Although the transfection with 

integrin β6 was successful, the relative expression levels were low in comparison to the 

A431 cell line, which endogenously expresses integrin β6 at high levels. Furthermore, the 

dimerization partner integrin αv was also minimally expressed in the SW480 cell line. 

Resulting reduced availability of the dimer integrin αvβ6 might therefore explain the 

moderate binding levels observed and rapid saturation of the binding sites at low 

concentrations. Nevertheless, the saturation of the binding sites at low concentrations 

indicates a high affinity of the peptide–drug conjugate for the integrin β6-expressing cells. 

The half-maximal binding concentration of 0.3 ± 0.1 nM calculated from the binding 

experiments on SW480 ITGB6 high cells is in a similarly low nanomolar range to 

previously reported binding experiments.26,27 These experiments, however, were conducted 

mostly with H2009 cells, and binding was determined by inhibition of phage uptake by 

tetrameric peptides, so the EC50 values cannot be directly compared. The selective and rapid 

uptake of the Y-1 constructs demonstrated by fluorescence microscopy provides an 

additional explanation for modest binding to the surface of the transfected cells. Although it 

might make detection of the Y-1 binding more difficult, rapid internalization is a desired 

property of the peptide–drug conjugates and should result in accumulation of the cytotoxic 

drug inside the cells, as supported by the ICP-MS results and selective cytotoxicity.

Integrin-targeting peptides have been used in several studies to target platinum(IV) prodrugs 

and other metal-based anticancer complexes to cancer cells; however, the majority of these 

studies used the well-known cyclic c(RGDfK) peptide that targets αvβ3 and αvβ5 integrins.

19 For example, a cisplatin-based platinum(IV) prodrug conjugated to either one or two 

RGD peptides (either linear or cyclic) showed higher cytotoxicity than nontargeted or 

nonconjugated controls.39 Similar to our results, the RGD peptides themselves did not 

inhibit cell growth. Although this was not observed in our case, a dual cytotoxic effect of 

both the RGD peptide and the platinum drug could be beneficial from a therapeutic 

perspective and this property could be optimized by attaching other targeting peptides. In 

another study, c(RGDfK) peptides were conjugated to a picoplatin-based platinum(IV) 

prodrug in mono- and tetravalent form. Although both constructs increased the cytotoxicity 

of picoplatin, the tetravalent conjugate showed higher internalization, and cells expressing 

higher levels of integrin had higher intracellular platinum levels in ICP-MS studies, similar 

to our results.40 A number of other recent studies have demonstrated the versatility of 

integrin-targeting RGD peptides in various constructs: conjugation to light-activated 

platinum(IV) and ruthenium(II) complexes,41,42 conjugation to cisplatin prodrug-loaded 

carbon nanotubes,43 and conjugation to platinum(IV) prodrug-encapsulated polymer 

nanoparticles.44 In contrast to the above studies, in which the targeting peptide is conjugated 

directly to the platinum(IV) prodrug or to a nanomaterial, we have conjugated the αvβ6 

integrin-targeting peptides to PEG27 chains that provide flexibility, solubility, and the 
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potential for simultaneous binding to two receptors. Furthermore, the bivalent construction 

described here is homogeneous, has a multifunctional scaffold that can also be used for 

imaging and targets a different integrin (αvβ6) to that targeted by c(RGDfK).

In conclusion, chemical synthesis and chemoselective ligation reactions were used to 

construct a multifunctional peptide–drug conjugate, oxali-Pt–Y-1, composed of two 

identical cancer targeting peptides, a cytotoxic platinum(IV) prodrug and a biotin or 

fluorescent tag. In initial biological assays, the oxali-Pt–Y-1 construct showed integrin β6-

dependent selectivity for integrin-expressing cells, and the platinum(IV) complex was taken 

up selectively into cells and retained its cytotoxic activity. More extensive biological testing 

would provide further insights into the integrin receptor expression and internalization and 

the rate at which the platinum(IV) is reduced to platinum(II). This peptide–drug conjugate 

design has the potential to be expanded and adapted to combine alternative cancer-targeting 

peptides, cytotoxic drugs, and labels to increase the specificity of cancer therapy and 

imaging. Furthermore, higher drug loadings or alternative positions of the cytotoxic drug 

could be achieved to optimize selective targeting and cytotoxic properties.

Methods

Solid-Phase Peptide Synthesis

Peptides were synthesized by manual solid-phase peptide synthesis using the Fmoc 

protecting group strategy. Unless specified otherwise, amino acids (2.5 equiv) with standard 

side-chain protecting groups [Arg(Pbf), Asp(tBu), Gln(Trt), Ser(tBu), and Thr(tBu)] were 

used and coupled with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU, 2.4 eq., 0.5 M in DMF) and diisopropylethylamine (DIPEA, 5 

equiv) for 30 min and then deprotected with piperidine (20% v/v in DMF, 3 × 5 min). 

Peptides were cleaved from the resin with trifluoroacetic acid (TFA)/triisopropylsilane 

(TIPS)/dimethylsulfide/H2O (90:2.5:5:2.5, v/v/v/v) for 3 h followed by precipitation with 

cold diethyl ether and centrifugation. Crude peptides were dissolved in water/acetonitrile 

(ACN, 50:50 with 0.1% TFA) and lyophilized. Purification was carried out by RP-HPLC on 

a C4 column (Kromasil, 1%/min gradient of ACN 5–45% at 20 mL/min on a Waters 

AutoPurification HPLC/MS system). Peptide purity was monitored by electrospray 

ionization mass spectrometry (Waters 3100 Mass Detector) in positive ion mode and 

analytical RP-HPLC (Kromasil 300-5-C4 or 300-5-C18 column using a flow rate of 1 mL/

min, 5–65% linear gradient of ACN + 0.08% TFA in distilled and deionized water (ddH2O) 

+ 0.1% TFA over 30 min on a Dionex Ultimate 3000 instrument).

Synthesis of the Scaffold (Y)

The scaffold (Y, structure in the Supporting Information) was synthesized on Biotin 

NovaTag resin (Merck) on a 0.2 mmol scale as described above. Lys(Mtt) was used for 

selective deprotection and coupling of the PEG27 chains, and Boc–Cys(StBu) was used as 

the N-terminal residue. After the assembly of the peptide chain, the resin was washed with 

DCM, and then the Mtt groups were selectively removed with DCM/TFA/TIPS (98:1:1, 6 × 

5 min) followed by washing with DCM and then DMF. Monodisperse Fmoc–NH–PEG27–

COOH (Polypure, 2.75 equiv) was coupled to the free lysine side chains with 1-[bis-
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(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-pyridinium 3-oxide 

hexafluorophosphate (HATU, 2.6 eq, 0.5 M in ACN/DMF 4:6) with DIPEA (5 equiv) 

overnight. After the removal of the Fmoc protecting groups, Fmoc–propargyl–glycine (5 

equiv) was coupled to the PEG chains with HATU (4.8 eq., 0.5 M in DMF) and DIPEA (10 

equiv) for 2 h. The N-terminal Fmoc groups were removed, and the peptide was cleaved 

from the resin and purified as described above.

Synthesis of the Integrin-Targeting Peptide P1

The integrin-binding peptide P1 (structure in the Supporting Information) was synthesized 

on Rink Amide MBHA resin on a 0.1 mmol scale with a PEG3 linker between the Lys(N3) 

and the binder peptide sequence. Fmoc–Lys(N3) was coupled to the resin followed by 

Fmoc–PEG3 (16 atoms, Novabiochem) using the standard coupling conditions, and then the 

P1 sequence was coupled and the peptide cleaved from the resin and purified as described 

above.

Synthesis of Y-1

The combined Y-1 peptide (structure in the Supporting Information) was synthesized on 

Biotin NovaTag resin on a 0.05 mmol scale as described for the peptide–PEG scaffold 

except that Fmoc–Lys(ivDde) was used for the first two C-terminal residues, and Boc–

Cys(Trt) was used at the N-terminus of the scaffold. Following coupling of the Boc–

Cys(Trt), the ivDde protecting groups were removed with 2% hydrazine monohydrate in 

DMF (3 × 10 min). Fmoc–PEG27 was coupled to the lysine side chains as described for the 

scaffold (Y), and then the peptide sequence P1 was synthesized on both PEG27 chains 

simultaneously, doubling the amount of reagents.

Synthesis of the Scaffold for Cy5-Labeled Y-1

The scaffold for Cy5-labeled Y-1 (structure in Supporting Information) was synthesized on 

Rink amide resin on a 0.1 mmol scale with Fmoc–Cys(StBu) as the C-terminal residue. 

Following assembly of the peptide chain, the N-terminal methionine was formylated with p-

nitrophenylformate (3 equiv in DMF, 3 h). The Mtt protecting groups were removed from 

the lysine side chains, and PEG27 and propargylglyine were coupled as described for the 

scaffold Y.

Synthesis of Cis- and Oxaliplatin-Based Maleimides and Succinimides

The cis- and oxaliplatin-based platinum(IV) maleimides (OC-6-44)-

acetatodiamminedichlorido[2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethylcarbamato]-

platinum(IV) (cis-Pt), and (OC-6-34)-acetato[(1R,2R)-cyclohexane-1,2-diamine]oxalato[2-

(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethylcarbamato]platinum(IV) (oxali-Pt) (for ligation 

to the scaffold Y) and succinimide (OC-6–34)-acetato-[(1R,2R)-cyclohexane-1,2-

diamine]oxalato[2-(2,5-dioxopyrrolidin-1-yl)ethyl)carbamato]platinum(IV) (oxali-Pt–succ) 

(used as control) were synthesized and characterized as described previously.17

Conibear et al. Page 11

Bioconjug Chem. Author manuscript; available in PMC 2018 September 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



CuAAC Reaction of P1 and sc-P1 to the Scaffold Y

CuAAC reactions were performed in degassed solvents, and the reaction vessels were 

flushed with argon. Stock solutions of CuSO4 (200 mM in ddH2O), TBTA (100 mM in 

anhydrous DMF), and sodium ascorbate (500 mM in ddH2O) were prepared fresh for each 

reaction. The alkyne-bearing scaffold Y and azide-bearing P1 or sc-P1 were dissolved in 

anhydrous DMF in a 2 mL Eppendorf tube flushed with argon. The respective volumes of 

CuSO4 and TBTA were mixed in a separate tube, followed by the addition of the sodium 

ascorbate. This mixture was then added to the peptide solution to give final reaction 

concentrations of the following approximations: peptide–alkyne, 3 mM (1 equiv); peptide–

azide, 8 mM (2.5 equiv); CuSO4, 17 mM (6 equiv); sodium ascorbate, 30 mM (10 equiv); 

TBTA, 19 mM (6.5 equiv); and DMF/H2O, ~4:1 v/v. The reaction mixture was stirred under 

argon for 15 min, and the reaction progress was monitored by LC-MS. After completion, the 

reaction mixture was diluted with water, and the product (Y-1 or Y-sc1) was purified by RP-

HPLC.

Ligations of Cis- and Oxaliplatin-Based Maleimides and Cy-5 Maleimide to Y-1

Prior to maleimide ligation, the cysteine thiol group on the scaffold part of Y-1 was 

deprotected by incubation of the peptide with TCEP (90 mM in degassed H2O with pH = 

6.5) for 20 min in the dark under argon, followed by purification on an analytical RP-HPLC 

column (C4). For the maleimide ligation, the cis- or oxali-Pt maleimide or Cy-5 maleimide 

(5 equiv, 7 mM) was dissolved in degassed water and added to Y-1 (1 equiv, 1.5 mM). The 

reaction mixture was flushed with argon and stirred for 20 min, and then the product was 

purified on a RP-HPLC column (C4).

Cell Culture and Transfection of SW480 Cells with Integrin β6

The human colon carcinoma-derived cell line SW480 (ATCC) as well as the human 

squamous carcinoma-derived cell line A431 were used in this study. SW480 was grown in 

minimum essential medium (MEM) and A431 in Roswell Park Memorial Institute medium 

(RPMI 1640) supplemented with 10% FCS. For the establishment of an integrin β6-

overexpressing cell line, SW480 cells were seeded (3 × 105 cells per well) in six-well plates 

and allowed to recover for 24 h. Transfection of integrin β6 pcDNA1 neo-expression 

plasmid45 (no. 13580, addgene) or with a control plasmid was performed using 

Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. Medium was changed after 5 h, and selection medium containing 1.2 mg/mL 

G418 (Sigma, St Louis, MO) was added 24 h after transfection to eliminate nontransfected 

cells. For further selection of highly integrin β6-expressing cells, 106 transfected cells were 

sorted by fluorescence-activated cell sorting (FACS) for the highest integrin β6 expression 

using a commercially available integrin β6 antibody conjugated to allophycocyanin (APC, 

R&D Systems Antihuman Integrin β6-Allophycoycanin, no. FAB4155A). The highest 5% 

were resuspended in growth medium for further proliferation. Expression of integrin β6 was 

confirmed using Western blot and flow cytometry.

Conibear et al. Page 12

Bioconjug Chem. Author manuscript; available in PMC 2018 September 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Western Blot Analysis of Integrin Expression

To assess the integrin expression levels, total protein lysates of at least 80%-confluent cells 

cultivated under normal cell culture conditions were prepared and resolved by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a 

polyvinylidene difluoride membrane for Western blotting as previously described.46 The 

following antibodies were used: integrin β6 (polyclonal rabbit, dilution of 1:1000) from 

Santa Cruz Biotechnology Inc., integrin αV (no. 4711, dilution 1:1000) from Cell Signaling 

Technology, and β-actin (AC-15; no. A1978, dilution 1:1000) from Sigma-Aldrich. 

Additionally, horseradish-peroxidase-labeled secondary antibodies from Santa Cruz 

Biotechnology Inc. were used at working dilutions of 1:10000.

Flow Cytometric Detection of Integrin Expression

Briefly, 2 × 106 cells were trypsinized and incubated in blocking buffer (3% BSA and 5% 

FCS in PBS) for 10 min on ice. Then anti-integrin β6 antibody conjugated to 

allophycocyanine (no. FAB4155A from R&D systems) in blocking buffer was added to a 

fraction of the cell suspension, resulting in 105 cells with a 1:10 dilution of the antibody, and 

incubated for 75 min on ice. After washing, the cells were analyzed by flow cytometry using 

a FACS Calibur (Becton Dickinson, Palo Alto, CA). The results were evaluated and 

quantified using Cell Quest Pro software.

Binding of Biotin–Y-1 and Biotin–Y-sc1 to Integrin β6-Transfected SW480 Cells

Briefly, 2 × 106 cells were trypsinized and incubated in 1 mL of blocking buffer (PBB–150 

mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM MgCl2, 0.5% Igepal CA-630 containing 4 mM 

MnCl2) for 10 min on ice. Then, Y-1 and Y-sc1, diluted in PBB (containing 3% BSA, 5% 

FCS, 5 mM KCl, and 10 mM HEPES in 0.9% NaCl with pH = 7.3), were added in indicated 

concentrations to 50 μL of the cell suspension and incubated for 30 min on ice. After 

washing with buffer (10 mM HEPES in 0.9% NaCl with pH = 7.3), cells were resuspended 

in 1:200 FITC–avidin staining reagent (no. 434411, Life Technologies) in PBB and 

incubated for 15 min on ice. For analysis, cells were washed and resuspended in phosphate-

buffered saline (PBS), followed by flow cytometry using a FACS Calibur (Becton 

Dickinson, Palo Alto, CA). The results were analyzed and quantified using Cell Quest Pro 

software.

Cytotoxicity of oxali-Pt–Y-1 against Integrin β6-Transfected SW480 Cells

For long-term drug exposure, 200 SW480 or SW480 ITGB6 cells per well were seeded in 24 

well plates and allowed to recover for 24 h. Then, the cells were exposed to oxaliplatin, 

oxali-Pt–succ, or oxali-Pt–Y-1 (10 μM) for 14 days. After washing with PBS, the cells were 

fixed with methanol (–20 °C, 20 min) and after another washing step stained with crystal 

violet (1 h). The washed and dried plates were then measured for fluorescence (with 633 nm 

excitation and 610/30 nm BP emission filter) with the imager Typhoon Trio (GE Healthcare 

Life Sciences). The sum of fluorescence intensities per well was measured with ImageJ and, 

after blank subtraction, normalized to untreated cells.
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Fluorescence Microscopy of Cy5–Y-1 and Biotin–Y-1

Cells were seeded either into 8 well microslides (Ibidi) with 3 × 104 cells per well in 150 μL 

of growth medium for live-cell microscopy or on 8 spot slides (Thermo Scientific) with 8 × 

104 cells/mL for fixed-cell experiments and left to recover for 24 h at 37 °C and 5% CO2. 

For the experiment, cells were incubated first with serum-free media for 2 h at 37 °C and 

then, after washing, treated with Cy5–Y-1 (0.5 μM) for living cells and biotin–Y-1 or 

biotin–Y-sc1 (1 μM) for fixed-cell experiments in 1% BSA in PBS for 10 min at 37 °C. 

After a short wash with serum-free phenol-free media, cells stained with Cy5–Y-1 were 

imaged quickly at the confocal Zeiss LSM 700 Olympus microscope (Carl Zeiss AG, 

Oberkochen, Germany). Cells incubated with biotin–Y-1 were, after washing with PBS, 

fixed with 4% paraformaldehyde for 20 min on ice, and permeabilized with 0.5% Triton 

X-100 for 15 min on ice. After another washing step, cells were incubated with 1:200 FITC–

avidin (no. 434411, Life Technologies) in 20% FCS in PBS for 20 min on ice and washed 

again. DAPI (1 μg/mL) in PBS was used as a counterstain with Vectashield (H-1000, Vector 

Laboratories, Inc., Burlingame, CA) for mounting. Fixed and stained cells were then imaged 

at the confocal Zeiss LSM 700 Olympus microscope (Carl Zeiss AG, Oberkochen, 

Germany), and the fluorescence intensity of biotin–Y-1 per cell area was evaluated with 

ImageJ.

Cell-Accumulation Experiments of oxali-Pt–Y-1 and Measurement by ICP-MS

According to an optimized protocol,47 SW480 as well as SW480 ITGB6 cells (3 × 105 cells 

per well) were seeded in 6 well plates and allowed to recover for 24 h. Then, cells were 

exposed to 50 μM of either oxali-Pt–Y-1 or oxali-Pt–succ for 3 h. Subsequently, the cells 

were washed three times with 2 mL of PBS, and platinum was extracted by incubating the 

cells with 500 μL of HNO3 (≥69%, TraceSELECT, Fluka, Buchs, Switzerland) for 1 h. From 

the suspension, 400 μL was diluted 20-fold in ddH20. The experiment was performed in 

triplicate. Cell-free wells exposed to the same compounds (oxali-Pt–Y-1 or oxali-Pt–succ) 

were used as blanks. Cells from three additional wells were trypsinized and counted to 

determine the cell number per well. Ultrapure water (18.2 MΩ cm, Milli-Q Advantage, 

Darmstadt, Germany) was used for all dilutions for ICP-MS measurements. Nitric acid 

(≥69%, TraceSELECT, Fluka, Buchs, Switzerland) was used without further purification. 

Platinum and rhenium standards for ICP-MS measurements were derived from CPI 

International (Amsterdam, The Netherlands). All other reagents and solvents were obtained 

from commercial sources and were used without further purification.

An ICP-MS Agilent 7500ce (Agilent Technologies, Waldbronn, Germany) was equipped 

with a CETAC ASX-520 autosampler and a MicroMist nebulizer with a sample uptake rate 

of approximately 0.25 mL/min. The Agilent MassHunter software package (Workstation 

Software, version B.01.01, build 123.11, patch 4, 2012) was used for data processing. The 

experimental parameters for ICP-MS are given in Table S1. The instrument was tuned on a 

daily basis to achieve maximum sensitivity. Rhenium served as an internal standard for all 

measurements.
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Supporting Information

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and assembly of peptide−drug conjugates.
(a) Comparison between a schematic antibody−drug conjugate and a schematic peptide

−drug conjugate. The antigen-binding regions (green bar) of the antibody bind to specific 

receptors on cancer cells and are used to target the cytotoxic drug (blue hexagon) to the 

cancer cells. The peptide−drug conjugate is composed of targeting peptides (green) that bind 

to cancer cell receptors and a polyethylene glycol (PEG)−peptide scaffold that is conjugated 

to the cytotoxic drug. Chemical synthesis allows the inclusion of a label or tag (orange 

hexagon) and precise control over the targeting-moiety-to-drug ratio and location. (b) 

Conibear et al. Page 18

Bioconjug Chem. Author manuscript; available in PMC 2018 September 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Modular synthesis and conjugation of the peptide−drug conjugate components. The 

maleimide-functionalized cytotoxic drug (oxali-Pt) is conjugated to a thiol on the peptide

−PEG scaffold (Y-scaffold). The targeting peptides (P1) are conjugated to the scaffold via a 

copper-catalyzed azide−alkyne click (CuAAC) ligation. (c) Structures of maleimide-

functionalized cis- and oxaliplatin-based platinum(IV) complexes cis-Pt and oxali-Pt.17
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Figure 2. Synthesis and characterization of peptide−drug conjugates.
(a) Solid-phase peptide synthesis (SPPS, i) was used to synthesize the azide-bearing 

targeting peptides (P1, green bar) and the alkyne-bearing peptide−PEG scaffold (Y) with the 

cysteine thiol protected (gray box). CuAAC ligation (ii) was used to conjugate the targeting 

peptides to the scaffold. The cysteine thiol was then deprotected (iii) and the maleimide-

functionalized cytotoxic drug (oxali-Pt, blue hexagon) conjugated (iv). (b) ESI-MS and RP-

HPLC traces of peptide−drug conjugate (oxali-Pt−Y-1) synthesized by modular synthesis 

(MWcalc 7499.5 and MWobs 7499.0). (c) ESI-MS and RP-HPLC traces of peptide−drug 

conjugate (oxali-Pt−Y-1) generated by synthesis of the combined Y-1 scaffold followed by 

maleimide ligation of oxali-Pt (MWcalc 6472.5 and MWobs 6471.3).
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Figure 3. Integrin β6 transfection of SW480 colon carcinoma cells affects on the binding and 
uptake of targeted peptides.
(a) Integrin β6 expression of SW480 cells and transfected cells SW480 ITGB6 low (before 

sorting) and SW480 ITGB6 high (after sorting) given as fold fluorescence intensity relative 

to autofluorescence after binding of an antihuman integrin β6-allophycocyanin antibody and 

measured by flow cytometry in at least three independent experiments. (b) Integrin β6 and 

αv expression of SW480, SW480 ITGB6 high, and endogenously ITGB6-expressing A431 

cells measured of total protein lysates by Western blot. β-actin levels were used as a loading 

control. Integrin β6 (MW 97 kDa) and integrin αv (MW 135−140 kDa). Full gels in Figure 

S2. (c) Binding of biotinylated Y-1 and nontargeting scrambled version biotinylated Y-sc1 (4 

nM) to SW480 ITBG6 high compared to non-expressing SW480 cells. Fluorescence of 

peptide-binding avidin−FITC was measured by flow cytometry and normalized to samples 

without biotin-labeled peptide. Data is shown as the ratio between SW480 ITGB6 high 

compared to non-expressing SW480 cells, measured in three independent experiments. (d) 

Quantification of fluorescence intensity per cell area of confocal microscopy images of 

SW480 and SW480 ITGB6 high cells incubated with no peptide, 1 μM biotinylated Y-1, 1 

μM biotinylated Y-mono-1, or 1 μM biotinylated Y-sc1. Before imaging, cells were fixed, 

permeabilized, and stained using avidin−FITC (1:200). At least 30 cells of each condition 

were quantified using ImageJ. (e, f) Confocal microscopy images representing (e) living 
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SW480 and (f) SW480 ITGB6 high cells exposed to 0.5 μM Cy5−Y-1 for 10 min at 37 °C 

(scale bar: 50 μm). Values given in panels a, c, and d are the mean ± standard deviation. 

Significance was established using one-way ANOVA with Bonferroni’s multiple comparison 

test (***, p ≤ 0.001; **, p ≤ 0.01; and *, p ≤ 0.05).
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Figure 4. Cellular uptake and cytotoxicity of peptide−drug conjugates in the SW480 model.
(a) Cellular uptake of oxali-Pt−Y-1 or oxali-Pt−succ by SW480 and SW480 ITGB6 high 

cells. Cells were incubated with 50 μM of either drug for 3 h before isolation and 

measurement by ICP-MS. The experiment was performed in triplicate. (b) Cytotoxicity of 

10 μM oxali-Pt−Y-1, oxali-Pt−succ, and oxaliplatin after long-term exposure (14 days) to 

SW480, SW480 ITGB6 low, and SW480 ITGB6 high cells. Cell viability was measured by 

crystal violet staining from duplicates of three independent experiments. Values given in 

panels a and b are the mean ± standard deviation, and significances were established using 
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one-way ANOVA with Bonferroni’s multiple comparison test (***, p ≤ 0.001; **, p ≤ 0.01, 

and *, p ≤ 0.05).
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