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S1. Weka analysis FiJi plugin  
 
Images are segmented prior with the FiJi Trainable Weka Segmentation plugin, classifying foreground 
(cell) versus background (well). Fluorescent images and trained cell models are used as input. The script 
output: (i) A pixel value histogram for each image with foreground and background split. (ii) Cell 
probabilities from the Weka segmentation. (iii) Masks used to segment the image. 

 
 



 

 
S2. Image processing workflow and scripts 
For the modelling of receptor distributions, 3 images were selected at random per condition and 
subjected to the workflow detailed below in Wolfram Mathematica. We assumed the presence of two 
normal distributions of pixel intensities corresponding to background and signal respectively and 
proceed with relative fitting. Pixel intensity values lower than that of the intersection of the 
distributions are set to zero (background). The intensities of the pixels in the image are summed. Then, 
the intensity value attributed per receptor is calculated by dividing the total pixel intensity of an image 
by the corrected number of integrin ⍺5β1 receptors. Next, the integrin ⍺5β1 receptors are distributed by 
individual pixel intensity and the inter-receptor distances within a pixel (3.115 pixels µm-1) are 
calculated assuming an even distribution. 
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S3. Table of reference values for colourmap generation 
 
Listed below are the reference values used to generate our custom colormap through a script 
replicating the approach of the function Blend in Mathematica. 
 

Starting 
point 

R G B Ending 
point 

R G B 

0.00000 0.18824 0.12549 0.51373 0.15294 0.27490 0.18230 0.72730 
0.15294 0.40060 0.30210 1.00000 0.32157 0.80060 0.74900 0.99960 
0.32157 0.10460 0.70040 1.00000 0.49020 0.65277 0.93243 1.00000 
0.49020 0.20565 0.96565 0.08898 0.66275 0.72212 1.00000 0.55815 
0.66275 0.97227 0.93823 0.19231 0.83137 1.00000 0.97672 0.59822 
0.83137 0.90980 0.40784 0.40784 1.00000 0.95686 0.72157 0.72157 

 
 
S4. Table of DNA sequences for bivalent scaffolds 
 
All ssDNA strands listed below were ordered from Integrated DNA Technologies, Coralville, Iowa, 
USA, with modifications when indicated for peptide conjugation. 

Sequence Name Sequence Modification 
Bivalent-7-1 GTTGCTAGTGGTGTCCAAAC 5’ azide 
Bivalent-7-2 GTTTGGACACTCAGCCTAACGCTAG 5’ azide 
Bivalent-7-3 CCATAGACTAGCAACTTTCACCCTAGCGTTAGGCTGACACTAGC

AAC 
 

Bivalent-24-1 TTCCTCTACCACCTACATCACCTAGCGTTGCTAGTGGTGTCCAAA
CGCTAG 

 

Bivalent-24-2 TTCCTCTACCACCTACATCACCTAGCGTTTGGACACTCAGCCTAA
CGCTAG 

 

Bivalent-24-3 CCATAGACTAGCAACTTTCACCCTAGCGTTAGGCTGACACTAGC
AACGCTAG 

 

Bivalent-36-1 TTCCTCTACCACCTACATCACGCGTTGCTAGTGTCAGCCTAGCGT
TGCTAGTGGTGTCCAAACGCTAGAATACTGCAGTACGATC 

 

Bivalent-36-2 TTCCTCTACCACCTACATCACGATCGTACTGCAGTATTCTAGCGT
TTGGACACTCAGCCTAACGCTAG 

 

Bivalent-36-3 CCATAGACTAGCAACTTTCACCCTAGCGTTAGGCTGACACTAGC
AACGCTAGGCTGACACTAGCAACGC 

 

Peptide 
antihandle 

GTGATGTAGGTGGTAGAGGAA 3’azide 

Dye antihandle GGTGAAAGTTGCTAGTCTATGG 3’ Cy5 
 



S5. Peptide synthesis and Characterization (RGD and RAD) and ssDNA coupling 
 
65µmol Fmoc-based solid phase peptide synthesis (SPPS) was conducted of the following peptides 
(GRGDSGGGC, GRADSGGGC) on Fmoc-Rink Amide MBHA resin. The entire synthesis was 
conducted in solid phase synthesis vessels under a steady stream of Argon. Fmoc deprotection was 
performed by mixing the resin in a 20% (v/v) NMP supplemented with 0.1M  HOBt for five minutes. 
This was followed by six washing steps of NMP. For each amino acid coupling, four molar equivalents 
relative to resin loading of Fmoc-protected amino acid, four molar equivalents of HBTU in NMP and 
16 molar equivalents of DIPEA in NMP were added to the reaction chamber and mixed at room 
temperature. The first 5 amino acid couplings were conducted for 1 hour and the remaining for 2 hours. 
The efficiency of coupling and deprotection was assessed as previously reported.18 After the last 
deprotection and washing step, an additional washing step with 4 times 8mL of DCM was conducted. 
The resin was then dried under compressed air for 30 minutes. Peptide cleavage from the resin and 
removal of side chain protecting groups was carried out with the following cleavage cocktail for four 
hours. The 2mL cleavage cocktail was composed of 90% (v/v) TFA, 2.5% (v/v) Milli-Q, 2.5% (v/v) 
thioanisole, 2.5% (w/v) phenol, and 2.5% (v/v) EDT. Precipitation was conducted with cold diethyl 
ether, and incubated for 30 minutes at -20°C. The solution and precipitate was then centrifuged at 2000 
x g for 20 minutes. The precipitate was washed with 40mL cold diethyl ether and the centrifugation 
step repeated. Then, the precipitate was dissolved in ddH2O, lyophilised and stored at -80°C in powder 
form. For CF488-peptide conjugation, peptide dissolved in Milli-Q was first added in a 1:1 (v/v) ratio 
to Pierce™ Immobilized TCEP Disulfide Reducing Gel and incubated on a shaking platform for 90mins. 
To separate the TCEP Gel from the reduced peptide sample, the mix was added to Pierce™ Spin Cups 
and centrifuged for 1minute at 1500 x g into microcentrifuge tubes containing the CF488-maleimide, in 
1.2X molar excess.  

 
Figure S5a. HPLC chromatograms and ESI-MS of RGD(left) and RAD(right) peptides. Peptide 
molecular weight was analysed by ESI-MS. m/z Calcd. [M+H]+: 764.29Da Obsd. [M+H]+: 764.31Da 
[M+2H]2+: 382.66Da (CGGGGRGDS) m/z Calcd. [M+H]+: 778.30Da Obsd. [M+H]+: 778.33Da [M+2H]2+: 
389.67Da (CGGGGRADS). The peptides synthesised were characterised by RP-HPLC. A gradient of 
15% to 75%B over 24 minutes was used with A: Milli-Q with 0.1% (v/v) TFA and B: acetonitrile with 
0.1% (v/v) TFA.  
 
 



 
Figure S5b. Chemical structure of RGD and RAD peptides conjugated to CF488 dye. Peptide-CF488 
conjugates were characterised on 4-20% Native Gels for 1h20, 120V. 
 
 
 
 
 
 
 
S6. Characterization of the DNA tripods 
 
Peptides were conjugated to ssDNA strands with azide modification (Table S4) for annealing to the 
DNA Scaffolds. All the following steps were conducted at room temperature. ssDNA was resuspended 
in 0.01XDPBS-10mM EDTA targeting a concentration of 300µM. Dibenzocyclooctyne (DBCO)-
maleimide stock was prepared in anhydrous DMSO at 25mM, added in 4-fold molar excess to the 
ssDNA and incubated for 2h. In parallel, 2mg of peptide was dissolved in Milli-Q and added in a 1:1 
(v/v) ratio to Pierce™ Immobilized TCEP Disulfide Reducing Gel and incubated on a shaking platform 
for 90mins. After incubation, Zeba™ Spin Desalting Columns 7K were used to remove excess DBCO-
maleimide according to the manufacturer’s instructions.3 To separate the TCEP Gel from the reduced 
peptide sample, the mix was added to Pierce™ Spin Cups and centrifuged for 1minute at 1500 x g into 
microcentrifuge tubes containing the purified ssDNA-maleimide sample. The solution was incubated 
for 2h, characterised and stored at -20°C in solution (Figure S6a).  
 
All bivalent scaffolds were annealed in for 1h in a thermal cycler at either a one-pot (Bivalent-7) or two-
pot (Bivalent-24, Bivalent-36) in Bivalent Scaffold Buffer (10mM MgCl2, 5mM TRIS, 1mM EDTA). 
Annealing protocol: i) Denaturation, 95°C, 2min. ii) Cooling at 65°C, 5 min. iii) Hold, 60°C, 2 min. iv) 
Ramp, 60°C to 20°C at 1°C/min (repeated 40X). Stored at 4°C. In the second-pot peptide-antihandles 
were added 1.2X in excess per handle and annealed at 37°C for 1h. The peptide liganded bivalent 
scaffolds were subjected to 4-20% Native PAGE characterisation (Figure S6b), 2h30, 120V. In Red (Cy5-
Bivalent Scaffold) and blue (SYBR Gold-DNA). 
 
 
 
 



 

Figure S6a. (Right) SPAAC conjugation of azide modified ssDNA to cysteine bearing peptides. (Left) 
20% Native PAGE gel of peptide-ssDNA conjugates. Peptides ligand functionalised ssDNA antihandles 
were characterized by 20% Native PAGE. 2µM, 5µL samples were loaded on 20% Native PAGE gels 
and run for 2h30-3h30 hours at 150V.  
 
 
 

 
 
Figure S6b. Native PAGE gel characterisation of Bivalent Scaffolds. 

 
 



S7. Working concentration regime for bivalent binding  
 
HUVEC, CHO and HeLa cells were seeded in 96 well ibidi angiogenesis µ-plate at 3’000 cells/well and 
incubated overnight at 37°C, 5% CO2, 95% relative humidity. The following day, cells were incubated 
in full media (supplemented with activator SNAKA51 primary antibody 1µg mL-1) for 1h. The 
following steps were conducted at room temperature. Cells were fixed in 2% PFA for 15 mins. Cells 
were then washed with DPBS, blocked in BSA3% or BlockAid for 30 mins, Image-iT™ FX Signal 
Enhancer for 15 mins and DAPI (1:1000), 3 mins. Bivalent-24-RGD (Figure S7a) or CF488-RGD (Figure 
S7b) were added in different concentrations to the cells and incubated for 1h. The Bivalent Scaffolds 
were incubated in Bivalent Scaffold buffer prior to plate reader imaging. Imaging conditions: LED 
intensity :10; Integration time : 600ms; Camera Gain : 10. LUT Applied, Cy5 : Red; DAPI : Blue. 
Monovalent LUT Applied, CF488 : Green; DAPI : Blue. 
 
 
 

 
 
Figure S7a. (Top) Bivalent Scaffold binding concentration range on HUVECs. (Bottom) CHO and 
HeLa controls at 20µM Bivalent-24. 



 
 
Figure S7b. Monovalent RGD binding concentration regime. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



S8. RAD non-binding ligand to confirm no a-specific interactions  
 
 
 
 

 
 
Figure S8. (Top) 1mM RGD-CF488 controls on HUVEC, CHO and HeLa. (Bottom) Free CF488 dye 
and RAD non-binding peptide controls. HUVEC, CHO and HeLa cells were seeded in 96 well ibidi 
angiogenesis µ-plate at 3’000 cells/well and incubated overnight at 37°C, 5% CO2, 95% relative 
humidity. The following day, cells were incubated in full media (supplemented with activator 
SNAKA51 primary antibody 1µg mL-1 ) for 1h. The following steps were conducted at room 
temperature. Cells were fixed in 2% PFA for 15 mins. Cells were then washed with DPBS, blocked in 
BlockAid for 30 mins and Image-iT™ FX Signal Enhancer for 15 mins. CF488-RGD, CF488-RAD or free 
CF488 dye was added at 1mM to the cells and incubated for 1h prior to confocal imaging.  

 
 
 
  



S9. Statistical analysis of selectivity  
 
Grouped 2way ANOVA between “resting conditions” and “activated state” 
HUVEC: 
Source of Variation % of total variation P value P value summary Significant? 
Column Factor 55.31 <0.0001 **** Yes 
 
CHO 
Source of Variation % of total variation P value P value summary Significant? 
Column Factor 47.55 <0.0001 **** Yes 
 
HeLa 
Source of Variation % of total variation P value P value summary Significant? 
Column Factor 1.217 0.5045 ns No 

 
 
HUVEC t-test between each scaffold in resting versus activated state 
 
Column B 7nm activated 
vs. vs. 
Column A 7nm resting 
Unpaired t test  
P value <0.0001 
P value summary **** 
Significantly different (P < 0.05)? Yes 
 
Column D 24nm act 
vs. vs. 
Column C 24nm rest 
Unpaired t test  
P value <0.0001 
P value summary **** 
Significantly different (P < 0.05)? Yes 
 
Column F 36nm act 
vs. vs. 
Column E 36nm rest 
Unpaired t test  
P value 0.0149 
P value summary * 
Significantly different (P < 0.05)? Yes 



CHO t-test between each scaffold in resting versus activated state 
 
Column B 7nm act 
vs. vs. 
Column A 7nm rest 
Unpaired t test  
P value 0.5308 
P value summary ns 
Significantly different (P < 0.05)? No 
 
Column D 24nm act 
vs. vs. 
Column C 24nm rest 
Unpaired t test  
P value <0.0001 
P value summary **** 
Significantly different (P < 0.05)? Yes 
 
Column F 36nm act 
vs. vs. 
Column E 36nm rest 
Unpaired t test  
P value <0.0001 
P value summary **** 
Significantly different (P < 0.05)? Yes 
 
 
 
 
HeLa t-test between each scaffold in resting versus activated state 
 
Column B 7nm act 
vs. vs. 
Column A 7nm rest 
Unpaired t test  
P value 0.0509 
P value summary ns 
Significantly different (P < 0.05)? No 
 
Column D 24nm act 
vs. vs. 
Column C 24nm rest 
Unpaired t test  
P value <0.0001 
P value summary **** 
Significantly different (P < 0.05)? Yes 
 
Column F 36nm act 
vs. vs. 
Column E 36nm rest 
Unpaired t test  
P value <0.0001 
P value summary **** 
Significantly different (P < 0.05)? Yes 
 


