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Abstract

high-order structures via non covalent bonds, is a physical principle allowing nanostructures to 

be created from the bottom-up, extending nano-order to macroscales. In that spirit, this thesis 

tetrabiotinylated and trifurcated hexabiotinylated connectors. 

a linear tetrabiotinylated connector spontaneously assembled into a one-dimensional strepta-

served as a template for the nucleation, the growth and the assembling of calcite microcrystals.  

-

polymers were imaged by electron microscopy. 

step assembly approach was investigated. Designed mixed bis-biotinylated monolayers on gold 

were used to anchor streptavidin, which was successively exposed to linear tetrabiotinylated or 

trifurcated hexabiotinylated connectors and streptavidin. The stepwise elongation process was 

followed in situ -

atomic force microscopy in the hydrated state.

Keywords: 
 protein structure, nanotechnology, self-assembly, biotin/streptavidin recognition, calcite 
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Chapter I

Introduction
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I  General  Introduction

 Protein and nucleic acid biopolymers are well appreciated for their high-performance 

capabilities for molecular recognition, catalysis and information storage.1 In recent years, both 

have become important building blocks for assembling larger structures from the bottom up. 

Although different systems incorporating proteins and/or nucleic acids were reported to self-as-

semble into larger nanostructures,2-7 one of the key challenge is to organize them to a scale large 

enough for nanotechnological application. The following section highlight recent advances in 

the use of protein- and nucleic acid-related materials as smart building blocks in nanotechnol-

ogy.

1.1 Proteins and DNA in Bionanotechnology

 Seeman proposed the use of DNA as a scaffold for protein organization at the beginning 

of the 1980s.8 Since then, DNA has become one of the most promising materials for nanobio-

technology. One of the advantage of DNA over proteins resides in his predictable self-assembly 
9 DNA gives re-

presenting a width of 2 nm and a 3.4 nm length for a 10-base helical pitch (B-form). In addition, 

toolbox to process DNA material with atomic precision.10 

 
11 

Double-crossover (DX) motifs presenting proper sticky ends self-assembled into 2D arrays 

extending to the micrometer scale (Fig. 1a). Fully addressable DNA tiles were later reported by 

the groups of Yan and LaBean.12
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a) b) c)

Figure 1 Models of some representative DNA tiles and their assemblies into periodic 2D arrays. (a) Double-helix 
m 

star and smiley face DNA origami tiles self-assembled by folding a 7 kb ssDNA with more than 200 helper strands 

Figure 2 DNA-directed assembly of multicomponents nanoarrays. a) Programmable streptavidin 2D arrays formed 
on biotinylated DNA lattices and corresponding AFM image (1 m ! 1 -

assembled from two rectangular origami subunits where SAv was selectively positionned in zigzag arrangement. 

a) b) c)

proach to create fully addressable molecular pegboards by introducing the DNA origami.13 

Upon addition of 226 short helper ssDNA, a viral circular ssDNA scaffold folded into different 

shapes presenting 226 addressable positions (Fig 1c). 

 In the past decade, numerous examples outlining the precise patterning of different en-

tities, such as gold nanoparticles (Au NPs), were reported.  A two-tile system, with one of 

the tiles being biotinylated, was used to create density-controlled streptavidin (SAv) arrays
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Figure 3 Dynamic DNA cycles allow the preparation 
of a) 3D prisms and b) nanotubes that can be used for 

(Fig. 2a).

scaffold via hybridization to form an ordered Au NPs array.16

rows of Au NPs separated by a distance of ~60 nm. Taking advantage of the origami structure, 
17 

A rectangular origami scaffold was also involved in the creation of nanowells selectively modi-
18

 All structures discussed so far have been exclusively assembled from oligonucleotides

of various lengths. However, by synthesizing 

introduced an alternative method to construct 

-

-

ated a library of DNA polygons (triangles, 

(Fig. 3a).19 This was done by connecting the 

DNA polygons top and bottom, using link-

-

bling these polygons longitudinally, they cre-

ated some DNA nanotubes20 which were able 

to encapsulate and selectively release Au NPs

(Fig. 3b).  These materials are promising for 

drug delivery and nanowire growth.

 

 Taking a step towards soft attachment  

et al. tethered a DNA 

hexagon to a lipid membrane using three por-
22 The weak an-

a)

b)

Figure 4 Scheme of a DNA network anchored to a li-
pid membrane using three porphyrins. Adapted from 
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the membrane surface. This dynamic yet surface bounded assembly could open the way to self-

repairing material.

 Although proteins do not have the versatile base-pair rule to program DNA assemblies, 

-

nism.23

scale is achievable as observed in the crystalline cell surface layers (S-layers). S-layers consist 

of a single protein, which spontaneously forms highly regular two-dimensional lattices of vary-

 

p3 p6

p4p2p1

a) b)

Figure 5

S layer
50 nm

 -

ed. Schulz and coworkers produced protein nanostructures based on the ligand-directed assem-

bly of a biotin tagged tetrameric aldolase and SAv.26 Biotin and bis-biotin mediated connections 

between the subunits directed their assembly into two-dimensional network sizes extending 

improved by anchoring the system on a planar monolayer, irregularities in the lattice structure 

persisted. We showed that metalorganic protein frameworks (MOPFs) were assembled into 

one-dimensional protein bundles, which mimics collagen assembly in biomineralization pro-

cesses, by using the strong interaction between SAv and bis-biotinylated organometallic linear
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M13 virus Co3O4 
nanowire

anode electrolyte cathode

a) b)

Figure 6 Viruses in nanotechnological application. a) Model of TMVP labeled with chromophores for energy 
transfer in light harvesting systems. b) Schematic diagram of the virus-enabled synthesis and assembly of nanow-

Virus Biotemplating Li ion Battery

connectors.27

peptide scaffolds where SAv-functionalized Au NPs were incorporated in the cage-like unit 

cells made from biotinylated peptides.28

 Traditionally considered as infectious agents, viruses offer many exciting opportunities 

for creating new materials with advanced properties. They present a highly symmetrical and 

monodisperse structure, and can assemble on multiple length scales. Different studies have 

highlighted the utility of viral capsids to template the mineralization of different inorganic 

material,29 and for encapsulation.30 Viruses were more recently exploited as targeted imaging 

agents 31 and energy-converting materials.32 For example, tobacco mosaic virus proteins (TMVP) 

bearing chromophores were reported to self-assemble into a synthetic light harvesting system 

(Fig. 6a).33 Belcher and coworkers successfully fabricated virus-templated Co3O4 nanowires 

as anode materials for lithium ion batteries (Fig. 6b).34 They further exploited the toolkits of 

genetic engineering, multilayer assembly methods, and soft lithography to stamp microbattery 

electrodes on platinum microbands.  These developments demonstrate the potential of protein-

1.2 Self-Assembled Monolayers

 With the aim of developing biosensors for bioanalytical and biomedical applications, 
36 

Self-assembly is one of the most popular bottom-up approaches to modify surfaces and intro-
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-

properties.37, 38 

oriented monolayers on gold, which are nowadays commonly referred to as self-assembled 

monolayers (SAMs).39 Whitesides pioneering work in using SAMs for biological applications 

was a driving force in the development of the current biosensors based on this technology.40, 

41

widely applied class of SAMs derives from the adsorption of alkane thiol on gold. The latter is a 

relatively inert metal, and is easy to pattern by a combination of lithographic tools and chemical 

reaction with them.38

 

-

-

sibility to the biomolecules. The best protein-resistant surfaces presently known are the ones 

n 

(n = 3, 4, 6) group form a dense, ordered monolayer with the same molecular conformation 

found for n-alkanethiols, i.e. all-trans chains tilted by 30° from the surface normal. The terminal 

amorphous conformation.42 -

ene glycol chains are responsible for their resistance to protein adsorption.43

  

 Considering the above discussion, one approach to immobilize biomolecules on a sur-

-

posed of two different alkanethiols - one reactive towards the biomolecule of interest and  the 

n terminated thiols. The presence of biotinylated probes into a mixed mon-

olayer enables the strong noncovalent interaction with SAv to be exploited for oriented immobi-
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lization of biotinylated biomolecules. For these reasons, mixed SAMs of alkanethiols bearing 

4 and biotin terminal groups on gold were used during this thesis (chap. 2.4). An overview 

of the published work using this immobilization platform is given in the next section.

1.2.1 Biotinylated mixed Self-Assembled Monolayers

-

gesting potential application as biosensors.44 Using mixed SAMs prepared by coadsorption 

a multilayer system of biotinylated antibody Fab fragments/SAv/Biot-SH to detect a protein 

detection platform was not sensitive enough to be used as commercial pregnancy test. Stayton 

-

tion of wild-type and mutant SAv on biotinylated mixed SAMs.46 They proposed that at low 

(<10%) and high (>60%) biotin surface coverage, SAv was bounded via a single biotin binding 

-

4-terminated 

10% of biotinylated thiols monitored by QCM-D.47 -
48 they explained the drop of dissipation observed upon 

SAv adlayer formation being due to SAv rearrangement into a more rigid layer.

 

 In order to obtain a surface presenting well-distanced immobilized SAv units, biotin 

probe density controlled by using a labile dendron spacer was demonstrated.49 In this process, 

interactions of the bulky dendrons controlled the density of anchor molecules bound to the sur-

the attachment of biotin.  Although the binding of the immobilized SAv towards biotinylated 
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biomolecules was not tested, it produced a surface with controlled spacing among probe mol-

ecules. 

n (n = 7-9) 

-

 Monolayers containing 1% of the 

-

complex was repeatedly removed by basic treatment and, again immobilized. The biotinylated 

sensors proved to be stable and showed the possibility of protein interaction studies by QCM-D. 

1.3 Methodology

 

section. 

1.3.1 Atomic Force and Electron Microscopy

-

sembled biomaterials. It is based on interaction forces occuring between a very sharp probe and 

the scanned surface. The probe is generally made of silicon or silicon nitride, and has a diameter 

-

ing the voltage through a piezo, the probe can be move a few Ångström in every step. The de-

tection mechanism consists of an optical lever system, where a laser beam focuses onto the end 

 As the probe moves due to alteration 

-

ate in tapping mode, which oscillate the probe over the surface of the sample or, in contact 

mode, which bends the probe in direct contact with the sample’s surface and a constant force
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is applied while scanning.

the most popular to observe biological samples since deformation the latter is minimized. The 

scanned area are smaller then 100 m x 100 

by AFM range between 102 to 109 times.  However, the atomic resolution obtained for hard 

surfaces has not been reached for biological samples.  For example, the highest resolution 

allowed the observation of substructural details of single membrane proteins.

 

at high voltage. The wavelength of this electron beam depends on the applied potential that ac-

celerates the electrons in the direction of the anode. Powerful electromagnets act on the electron 

beam as lenses. On passage of electrons through the sample, which must be kept very thin, 

inelastic and elastic scattering occur at the sample atoms.  The enlarged image of the sample, 

which is generated by interaction of the incident electron beam with sample atoms, is presented 

the observed contrast depends on the average atomic number of the atom, biological sample are 

usually stained with material exhibiting pronounced electron-scattering properties (e.g. uranyl 

acetate). 

-

-

sample has to be conducting and is usually imaged under high vacuum. Insulating specimens 

are usually coated with a thin layer of conducting material (e.g, carbon, gold, platinum) to avoid 

charging of the sample.



12

1.3.2 Biosensing Techniques

phenomenon. When the incident light travels from the higher refractive index medium 1 to the 

-

dent angle, , is greater than the critical angle, c, where sin( c) = n2/n1 (Fig. 1). 

Figure 1

-

fractive index medium. Surface plasmons, a surface electromagnetic wave whose propagation 

and existing in the medium 2 (Fig. 2). 

incident light

refracted light

n1

n2
n1>n2

c

1< 2
2

1

no
rm

al

incident light

2)

glass  (n1)

evanescent wave

gold layer

Figure 2

When this happens, the resonance energy transfer from evanescent wave to surface plasmons 
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, depends on the refractive index of media 2 at the vicinity of the 

metal surface. Adsorption and desorption of biomolecules on the gold surface are translated into 

changes in refractive index of the media 2 near the metal-dielectric interface. Since variation 

in refractive index can be related to the adsorbed mass using a linear relationship,  monitoring 

of the 

solid interface.

In the BIAcore system, the changes in -

-

mately 100 ng/cm2 in surface protein concentration.

b) Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

-

sitive to mass changes.60

f  m denotes the mass 

change per unit area. The mass sensitivity constant, cQCM f0, 

the density, , and the shear modulus, , f0  

cQCM is 17.7 ng·Hz-1·cm-2

to the sensor oscillation, i.e. both the mass of biomolecules and the solvent bound or hydro-

dynamically coupled to the layer.61 For that reason, the mass provided by Sauerbrey relation 

overestimates the amount of biomolecules immobilized onto the sensor. The second physical 

value detected by QCM-D, the energy dissipation ( D), corresponds to the energy loss related

(1)

 

fn =
2nf0

2

qµq

m =
n
cQCM

m
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f at several 

from the data.62 This so-called Voigt-based model is used to analyze and characterizes dissipa-

tive layers. A layer is considered dissipative when D > 1·10-6 or D/ f > 1·10-8 Hz-1.63

1.4 Scope of the Thesis

dimensional and dendritic nanoarchitectures. 

 

-

ferent BBA-based connectors. Based on the work previously accomplished by Stayton and 

Wilbur, BBA moiety 1  Fol-

lowed the synthesis of compounds 2, 3 4. The synthesis of a trifurcated ligand 

analog to compound 3  

 In the second part, the self-organization of SAv combined with linear and trifurcated 

BBA-based connectors was studied in bulk solution. The resulting nanostrucures were analyzed 

by gel electrophoresis, electron and probe microscopy. 

 The third part covers the ability of the SAv-based linear polymers to form bundles when 

exposed to calcium ions, and template the mineralization of calcite.

 Finally, we immobilized the system via a mixed biotinylated SAM on gold and studied 

followed in situ

microscopy (AFM).
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Scheme 1 Chemical structure of the bis-biotin anchor (BBA) moiety and BBA-based connectors.

2

1

3

4
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2 Results and Discussion

2.1 Synthesis of BBA-Based Connectors

2.1.1 Bis-Biotin Anchor (BBA) 

 The biotin dimer 1 was readily synthesized (Scheme 1), according to the published 

experimental procedures.1

biotin and diacid 7

obtained. 

 Biotin-PFP 5 was prepared via the formation of an O-acylisourea intermediate using 

was acylated with biotin-PFP 5 to afford compound 6 with 61% yield. Alternatively, the reac-

Scheme 1 3 2
Boc2O, 0°C 8 3
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tion was carried out with crude compound 5

the reaction mixture and crude compound 5 was directly reacted with an excess of dioxadiami-

ne to afford 6

Boc-protected amine 7, which was further reacted with PFP, using DCC, to afford the activated 

PFP-diester in 70% yield. The coupling of 8 with an excess of biotin derivative 6 provided Boc-

protected BBA 9. 

 Compound 9 

9 - 

from 6 h down to 20 minutes - and to increase the reaction yield - from 71 up to 80%. A repre-

9 are annexed in Appendix 1. BBA (1

of compound 9 with TFA. With BBA (1) in hand, attention turned to the synthesis of linear li-

gand BBA2 (2).

2.1.2 Linear Connector - BBA2 

 The synthesis of compound 12 

on a published procedure,2

Scheme 2 2Cl2 3N, 11
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afforded PFP-activated diester 10 -

11 was coupled to PFP-activated diester 10 

to produce model compound 12,

hexane. Three in situ activation-coupling methods were then tested to synthesize compound 

12 (Scheme 3).  The reactions were only tested on small amount of starting materials and 

activating agent, the desired product formed in minority compared to side-products. However,

Scheme 3  Linear connector model reaction a) Bu3N, isobutylchloroformate, 12
12 12, 

when CDMT-NMM was used, the TLC showed that all diacid was consumed to form the cou-

pling product 12. This successful coupling reaction condition was therefore also applied to 

synthesize target linear connector BBA2 (2). The coupling reaction of BBA (1) with PFP-acti-

vated  diester 10 afforded target compound BBA2 (2) in slightly better yields than the method 

Scheme 4 BBA2 (2 3N, 1, DMF, 60°C, 24h. b) CDMT, NMM, 1, DMF, 60°C, 24h.
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low, compound 2 was isolated in analytically pure form. 

of BBA2 (2). 

 The 1 2 is displayed in Fig.2. The signals from the two 

numbering system and detailed signals attribution). All the signals from 3.80 ppm  to 3.33 ppm 

were assigned to the ethylene glycol methylene protons. The sharp singlet at 4.22 ppm was as-

signed to the methylene protons alpha to the carbonyl (synthon 10). The integration ratio of this 

2 (2). 

Figure 1 2 (2).
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2.1.3 Trifurcated Connector - BBA3

connectors. Two different synthetic routes using peptide coupling chemistry were used to obtain 

BBA3-1 (3) -

ing six months, synthesized analogue BBA3-2 (13

the synthetic approach of Dr Oohora has shown to be superior in terms of reaction yields, both 

approaches are discussed in this section.

Figure 2 1
2 (2).

BBA 
aromatic protons 

MeOH-d4

H2O

CH2Cl2
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3-1 (3) began with the formation of com-

pound 16 (scheme 6). Following a published procedure,3 dioxadiamine was reacted with 

di-tert-butyl dicarbonate to give the monoprotected diamine 14 in 42% yield. A three-fold 

excess of monoamine 14 was then reacted with trimesoyl chloride, to afford the tris Boc-

protected amine derivative 15

Scheme 5 Synthetic overview of trifurcated connectors BBA3-1 (3)  and BBA3-2 (13).
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Scheme 6 Diverging synthetic route to BBA3-1 (3 2 2Cl2
b) 14 3N, CH2Cl2, 0°C 2Cl2, 1h. d) Succinic anhydride, CH3CN/DMF, 40ºC, 10h. e) 
CDMT/NMM, 1, DMF, 60°C, 30h.
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the liberated triamine was converted to the corresponding triacid 17, using succinic acid an-

hydride,4 in 62% yield. The peptide coupling reaction of amino compound 1 with triacid 19, 

using CDMT and NMM, afforded BBA3-1 (3). The reaction proceeded in very poor yield (6%). 

Besides the expected mono- and bis-coupled side products, LC-MS analysis from the crude 

reaction mixture of BBA3-1 (3) (see Appendix 1) revealed that cyclisation of the amic acid 

moieties occured, leading to the formation of the corresponding imide rings (scheme 7) as the 

remaining side products. 

Scheme 7 Amic acid undergoing cyclisation with the elimination of water and formation of imide ring.

3-1 (3) by chromatography on silica gel and by reversed-phase 

was attempted but the biscoupled side-product persistently contaminated BBA3-1 (3). In view 

3-1 (3), an alternative convergent 

synthetic route was investigated. 

 Monoprotected amine 14 was reacted with excess succinic anhydride in acetonitrile to 

generate the hemisuccinamide 18 (Scheme 8).  The coupling of 18 with aromatic amine 1, us-

ing CDMT and NMM, produced the Boc-protected amine derivative 19 in 71% yield. The Boc 

group was removed by treatment with TFA, and the liberated amine was coupled in a three-fold 

excess to trimesoyl chloride to afford target compound BBA3-1 (3) in 12% yield. That reaction 

-

-

matography on silica gel. 

3-1 (3

 (Fig. 3). 
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Scheme 8 Convergent synthetic route to BBA3-1 (3 3CN, 
40ºC, 12h. b) CDMT/NMM, 1, 2Cl2 3N, CH3Cl/DMF, 
0°C . 

Figure 3 3-1 (3).
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 Due to the low solubility of BBA3-1 (3 1H-

3 and MeOH-d4 (Fig. 4). The singlet at 8.39 

ppm, the least shielded of the aromatic protons, was assigned to the aromatic proton of the 

trimesate core. It was followed by the aromatic protons of the BBA unit, the doublet at 8.10 

molecular structure of BBA3-1 (3).

CDCl3

H2O MeOH-d4

Trimesate 
aromatic proton 

BBA 
aromatic protons 

Figure 4 1
3-1 (3).

 A BBA-based tripod analog was synthesized using the Cu(I)-catalyzed Huisgen cycload-

dition (click reaction).6 The synthetic strategy involved 1,3-diplolar cycloaddition of triazido 

compound 20 to BBA-propiolamide 21 to produce trifurcated ligand BBA3-2 (13) (Scheme 9).  
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-

acted with trimesoyl chloride, to afford the triazido compound 20

preparation of compound  21 demanded some efforts. The coupling of propiolic acid 

with aromatic amine 1 was attempted using usual coupling agents (e.g.

21 was successful-

ly synthesized in 49 % yield by reacting aromatic amine 1 with propiolic acid in the pres-

 With the triazide 20 and the BBA-propiolamide 21 in hand, synthesis of BBA3-2 (13) via 

20  and BBA-propiolamide 21 

Scheme 9 3-2 (13
2Cl2,  0°C 20 4, 

sodium ascorbate, DMF/H2
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3-2 (13) in 84% 

yield. 

3-2 (13) displayed the triply and doubly charged ion peaks at 

Figure 5 3-2 (13).

 

 As for BBA3-1 (3), the 1 BBA3-2 (13) was recorded in a mix-

ture of CDCl3 and MeOH-d4 (Fig. 6). The spectrum is, as expected, very similar  to the one 

from BBA3-1 (3). The singlet at 8.39 ppm was assigned to the aromatic proton of the trimes-

ate core, the least shielded of the aromatic protons. The following signal, a singlet at 8.24 

ppm, corresponded to the triazole ring proton. It was followed by the aromatic protons of the 

BBA unit, the doublet at 8.10 ppm and the triplet at 7.94 ppm.  All the biotin protons were 

detailed signals attribution). The integration ratio of the trimesate core proton to the triazole 
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Trimesate aromatic proton 

BBA aromatic protons 

CDCl3

DMF

Triazole ring proton 

DMF

Figure 6 1
3-2 (13).

2.1.4 Thioalkane BBA-Based Ligand - BBA-S-S-BBA 

 Compound 4 was obtained in one step by using the previously synthe-

sized compound 19

Scheme 10 2Cl2, 1h. b) 16-carboxyhexade-

3-2 (13).
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Figure 7  (4).

 Due to solubility issues, the characterization of BBA-S-S-BBA (4 -

7 was attempted but all the reso-

CHCl3

 The 1
3 and MeOH-d4 (Fig. 18), pre-

sented some overlapping signals, which were assigned by using 1H-1H COSY, 1H-13C HMQC 

and HMBC experiments (see Appendix 1). The aromatic protons of the BBA unit, the dou-

blet at 8.11 ppm and the triplet at 7.98 ppm, presented an integration ratio differing from the

TFA, and a three-fold excess of the liberated amine was acylated with 16-carboxyhexadecyl 

4) in 21% yield.

4 -

 (Fig. 7). 
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Figure 18 1 4).

MeOH-d4

BBA aromatic protons 

amide protons 

CDCl3

ethylene glycol 
methylene protons 

*

*
*

* *

*
*

-

nal at 8.10 ppm corresponding to an amide proton. All the signals corresponding to methylene 

complicated the assignment of the resonance signals. The integration of the resonance signals 

indicated a large excess of protons in the aliphatic region. This was partially explained by the 

3NH

-

tion for hydrogens numbering system and detailed signals attribution), due to the excess of 

protons observed in the aliphatic region, the chemical structure of BBA-S-S-BBA (4) could not 

 With all the BBA-based ligands synthesized and characterized at hand, our focus turned 

to the study of the self-assembly of SAv with the different BBA-based ligands (Chap. 2.2 - 2.4).
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2.2  Streptavidin Self-Organization from Bulk Solution

 Our aim was to program the self-organization of wild-type streptavidin (herea"er re-

ferred to as SAv) by using BBA-based ligands (Fig. 1). 

SAv-WT

2

BBA3-2

Figure 1 Nanolegos used for the self-organization from bulk solution experiments.

BBA34

BBA2
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multiplicity between the BBA units contains the intrinsic information about the geom-

etry of the resulting architectures, SAv acting basically as a linear linker in the self-or-

ganization process. A one-dimensional linear nano-structure was expected when us-

2

BBA2SAv

{BBA2  SAv}

+

SAv

+

BBA3

Figure 2 Schematic representation of hypothetical SAv-based nanostructures generated by linear and trifurcated 
connectors, BBA2 and BBA3 respectively.

honeycomb networkdendritic structure
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ing an issue during the self-organization process. If the sources of errors mentioned above are 

avoided, BBA2 and BBA3 should be effective in programming the self-assembly of SAv into a 

 In order to assess the use of BBA-based connectors and SAv as building blocks of a molec-

ligands towards SAv was investigated by HABA displacement assays.1 The binding pattern of

as BBA3 -

mensional network of honeycombs as basic patterns, or a dendritic structure (Fig. 2). To create 

a program using BBA-based connectors to organize SAv, polymerization should occur solely 

along the axial direction of the protein (Fig. 3). This translates into ascertaining the fact that 

the BBA moiety binds exclusively to two cis-related sites in SAv (Fig. 3). The second obvious 

it has to be long enough to circumvent protein-protein repulsion, hence steric hindrance becom-

SAvBBA

+
axial direction

intermolecular bindingintramolecular binding

Figure 3 Schematic representation of the two binding possibilities of the BBA ligand to SAv. An intramolecular 
binding where BBA binds to two cis
organization. 

9
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BBA with SAv and the ability of BBA2 and BBA3

2 Finally, the nanostructures composed of SAv and BBA2 and/or 

BBA3 were scrutinized using electron and probe microscopy.

N.B.: Both trifurcated BBA3-1 and BBA3-2 (section 2.1.3) produced the same results for the 
experiments conducted during this thesis. Since BBA3-2 was isolated in bigger amount, all the 
experiments (in chapter 2.2 and 2.4) could be conducted at least in duplicate with this ligand. 
Therefore we will present the results obtained with BBA3-2 solely, hereafter referred to as 
BBA3.

2.2.1 Stoechiometry of Bis-Biotin Ligands Binding

 The binding stoechiometry of the different BBA ligands toward SAv was determined 

by 2-(4’-hydroxyazobenzene)benzoic acid (HABA, a hydrophobic dye weakly bound within 

the biotin-binding pocket) displacement assays. BBA ligands were titrated into a solution con-

3 The biotin-binding event between the BBA ligands and SAv was

                        

1.0

0.8

0.6

0.4

0.2

0

no
rm

al
iz

ed
 a
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or

ba
nc

e 
ch
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ge

Figure 4 SAv by BBA, BBA2 and BBA3 was 
  added 

with respect to the concentration of biotin binding sites.
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max

displacement of HABA by the BBA ligand. The HABA displacement assays were plotted as the 

percent change in HABA occupied biotin-binding sites versus the ratio of BBA moiety added 

to the biotin binding-site concentration (Fig. 4). The expected ratio of two BBA molecules per 
3 One 

2 per SAv was needed to displace HABA  SAv, which corresponds 

of BBA3 per SAv was observed. When an excess of BBA3 was added, the solution turned highly 

was exceeded. Nevertheless, these results suggested that BBA3 has the ability to oligomerize 

SAv. The binding stoechiometry of each BBA ligands towards SAv being promising, the self-

2.2.2 SDS-PAGE Analysis of Streptavidin Self-Assembly from Bulk Solution

 Before evaluating the propensity of BBA2 and BBA3 -

-

cated on one face of a tetrameric SAv. To do so, a SAv solution (PBS 0.1 M, pH 7.4) was mixed 

 Although most of the self-assembly experiments throughout this thesis were carried 

4 Intermolecular reactions being often 

favored over intramolecular binding at higher concentration, we performed the experiment at 

different SAv units. According to the intensity analysis of the different bands, the amount of 



44

Lane      M   1  2 3 4 5 6 87 9
kDa
220
160
120

10 11 12 13 14 1615M

tetramer (66 kDa)

di-tetramer
tri-tetramer
tetra-tetramer

100
80

50
60

Lane SAv (eq.) BBA(eq.)
1 & 10 1 -

2 " 0.25
3 & 11 " 0.5

4 " 0.75
" 1.0

6 & 13 " 1.5
7 & 14 " 1.75

" 2.0
9 " 2.5
16 " 3.0

SAvBBA

Figure 5 SAv. The self-assembly experiments were carried 

in the above table.

BA

maximum of four SAv units and this, only in traces amount. It is to mention that the different 

-

tration of SAv-based species varied between the samples, and the intensity of the different 

the fact that the diluted self-assembly experiments produced essentially the same results as the 

2 and BBA3

concentration of SAv.

2 and BBA3 were added to 

-

species, 6% acrylamide gels were used for these electrophoretic analysis. Both BBA2 and BBA3 



tetramer (66 kDa)

di-tetramer

tri-tetramer
tetra-tetramer
penta-tetramer
hexa-tetramer
hepta-tetramer

higher oligomers

kDa

230

150

100
80

60
50

Lane  M   1  2 3 4 5 6 87 9 10 11 12 13 14 15MM

Lane SAv (eq.) BBA (eq.) BBA2 (eq.) BBA3 (eq.)
1,7 & 9 1 - - -

2 " - -
3 " - 1.0 -
4 " - -

" - 2.0 -

6 " - 4.0 -
8 " - -
10 " - -

11 " - -
12 " - -
13 " - - 0.66
14 " - - 0.80

" - - 1.0

BBA

BBA3

BBA2

A B C

Figure 6 
each experiments using BBA2 (gel A) and BBA3 (gel C) are given in the above table. An electrophoretic analysis 
of BBA SAv on a 6% acrylamide gel (gel B) is also shown for comparison.

}

SAv

very high molecular weight oligomerized products formed (Fig 6). In some cases, the species 

were too big to migrate through the gel and almost no SAv-based material was observed. For 

instance, in lane 3, only traces of SAv oligomers were observed, suggesting that polymerization 

2. The presence of shorter oligom-

-

lent or that BBA2

Considering the intensity of the bands from lane 3 to 6, we clearly observed that upon increasing 

the ratio of BBA2 with respect to SAv, the yield in shorter SAv oligomers as in tetrameric SAv
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BBA3

values, the resulting nanostructures were too big to migrate through the gel and no SAv-based 

different BBAs ligands was remarkably consistent. Therefore, the number of SAv units present 

3

used, odd numbers of SAv-assemblies were solely observed (Fig, 6, lanes 10 & 11). This sug-

gested that BBA3 binds three SAv units, and hence, is an effective trifurcated connector. When 

3 -

sembly product added up to the previously odd entities. 

2 and BBA3 to oligomerize SAv, we investigated 

the SAv-based nanostructures generated with each ligand. For that purpose, electron and probe 

microscopy was used. 

2.2.3 Microscopic Analysis of the Nanostructure

 Although it is a known fact that mature WT-SAv tends to form high order aggregates,  

no literature on the molecular aspect of those aggregates was found. Since our aim was to con-

trol the self-assembly of SAv, we obviously had to identify to which extent those aggregates 

were organized. Tetrameric SAv and the self-assembled nanostructures with BBA2 and BBA3 

!"!"#"$%&'()*+,-%./)+,0),12%&31(+/4(-*0

 

 Samples prepared from 8 M SAv solutions in PBS (0.1 M, pH=7.4) were scrutinized with 
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circular (Fig. 7 c, d) and linear (Fig.7 e, f) structures observed were considered as artifacts in 

2 and BBA3.

2 and SAv in PBS (0.1 M, 

pH=7.4) 

30 to 100 nm wide were typically observed (Fig. 8a). 

2 M 

BBA2 

contrast, when an excess of BBA2

2

Figure 7 M SAv in PBS 
M SAv in PBS (0.1 M, pH=7.4) stained with uranyl acetate. 

200 m

A B C

FED
500 nm

200 nm50 nm 50 nm

50 nm

20 m
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10 m

1 m

A

100 nm

20 nm

1.9 nm

22 nm

C

1 m

1 m

B

D

±2 nm, and showed a tendency to aggregate into bundles. Since 

drying artefacts can cause samples to appear more densely packed or with a completely dif-

ferent structure than that present in the hydrated state,6 we could not conclude whether the 

100 nm

Figure 8 2

2 (8 M in PBS 0.1 
M SAv in PBS (0.1 M, pH=7.4) 

2.

 The nanostructures generated by SAv (8 M in PBS 0.1  M, pH= 7.4) in the presence of 

3 

In all cases, except an apparent network pattern also observed for samples of SAv in the presence 

of CaCl2 

-

3/BBA2/SAv was used, a struc-

of a better resolution image was attempted but the heat generated inside the specimen melted the
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2 m

A

D

B C

E F

structure as evidenced on the micrograph. Similar samples (diluted 10-fold) were then stained 

time reaching a diameter up to 7 

-

ments of the stained samples. 

!"!"#"!%56.%&31(+/4(-*0

 The samples were also analyzed by atomic force microscopy (AFM) in air by tapping 

-

face demarcated by step features that correspond either to cleavage edges or microcrystallite 

Figure 9 3

3 with respect to SAv (8 M in PBS 0.1 
3, BBA2

structures generated by 0.8 3 

3 and BBA2 , respectively.

100 m 1 m 500 nm

100 nm5 m

1 m 50 nm
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boundaries.7 Dry samples were prepared from a 0.8 M solution of SAv in PBS (0.1 M, pH=7.4), 

and the AFM micrographs of the samples showed that the protein adsorbed evenly onto the sub-
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± 0.2 

be resolved.  

 A serie of samples with varying ratios of BBA2

BBA2

±

±

of BBA2 ±

2 with respect to SAv was 

m scan window (Fig. 12f), but only isolated SAv 

±

BBA3 -

crographs obtained from a scanned area of 10 m suggested an extended 2D network assembly. 

3 with 

3 with respect to SAv were 

respectively 2.9 nm ± 0.3 nm (n = 17) and 3.4 nm ± 3 

was used, the micrograph obtained from a 2 m scanned area (Fig. 13f) showed that the network 

was disrupted, the partially connected network presented a height of 3.0 nm ±

 Although a 2D-network structure was observed for the self-assembly experiments of 
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state. AFM images of the structures generated by 0.8 

3.

A B

C D

F

SAv with BBA3 2

AFM experiments. As hydrophobic surfaces have been reported to denature water-soluble pro

2 m

2 m

m

2 m

m

m



teins,7-9 8 can destabilize 

-

trol experiments consisting in imaging the samples on mica were attempted. Unfortunately, no 

adsorption of SAv was observed in the conditions used (0.8 M in PBS 0.1 M pH = 7.4).

microscopic analysis of the self-assembly products revealed to be non-trivial. Overall, there 

self-assembly products of SAv and BBA2 -

3, a 2D network forma-

 Since drying artifacts can cause samples to appear more densely packed or with a com-

pletely different structure than in the hydrated state,6 -

nostructures present in solution.  In addition, the use of a highly hydrophobic surface for the AFM 

experiments added another level of uncertaintity in ascertaining the existence of the observed na-

nostructures in solution. For theses reasons, we considered the microscopic results with caution.

imaging the system in a hydrated environment.6 If the microscopic analysis of the self-assembly 

-

sorbed SAv on mica, different parameters like buffer composition, pH or ionic strength of the 

protein solution10, 11

hydrophobic surfaces on the formation of the nanostructures observed during this work could 

be assessed.

 



studied the ability of the one-dimensional polymer to template the mineralization of calcium 

carbonate (Chap. 2.3). The second and most exciting part was dedicated to further investigate 

the structures generated by BBA2 and BBA3 with SAv. To achieve this goal, we set out to im-

mobilize SAv on gold via biotinylated mixed SAMs, to follow the growth of the SAv-based 
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2.3 One-Dimensional Streptavidin-Based Block Copolymer as a Matrix for 
Calcium Carbonate Mineralization

 This section focuses on the ability of one-dimensional SAv-based block copolymer to 

self-assemble in bundles when exposed to calcium ions solution. In the presence of carbon di-

oxide vapors, these bundles template the nucleation, the growth, and the assembling of calcite 

microcrystals. 

2 -

tion in the published results, the organic analog BBA2 was initially used, and produced the same 

results. Thus, the following article, reprinted with permission from the publisher, condenses the 

calcium carbonate mineralization experiments conducted during this thesis.

 Hierarchical Self-Assembly of One Dimensional Streptavidin 
          Bundles as Collagen Mimetic for the Biomineralization of Calcite

Angew. Chem. Int. 
Ed. Engl. 2007, 46
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2.4 Step-by-Step Assembly of Streptavidin Units

assembly approach was investigated. Biotinylated self-assembled monolayers (SAMs) on gold 

were used to anchor SAv, which was successively exposed to BBA-based connectors - BBA2 or 

BBA3 - and SAv (Fig.1). 

Figure 1 Schematic representation of the SbS assembly of SAv units. a) A bis-biotinylated mixed SAM was 
formed on gold and b) SAv was anchored onto the functionalized monolayer. c) The latter was exposed to BBA2 
or BBA3 followed by d) further immobilization of SAv. 

BBA2 BBA3

SAv

OEG-SH

BBA-SHA

B

C

D

1st elongation step } }
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 In addition, this SbS assembly approach enabled us to produce monodisperse and size-

 The stepwise elongation process was followed in situ

estimation of the amount of protein immobilized at each elongation step. These valuable infor-

mations were used to probe whether the growth process followed a linear or exponential trend 

when BBA2 or BBA3 was respectively involved in the nanoconstructs.

as a diluting component of the SAMs.1-4 Monolayers containing 1% of biotin have been ex-

tensively studied by different research groups e.g, 

Figure 2 Schematic representation of the discrete nanostructures generated by an immobilized SAv unit being 
three times successively exposed  to a) BBA2 3 and SAv. 

A B
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Figure 3 -

achieve the immobilization of a full monolayer of SAv,10 it was used as a starting point to in-

vestigate the SbS assembly of SAv with BBA2 and BBA3. Indeed, a low-density coverage of 

rationalized that well-distanced SAv-based nanostructures would be easier to identify and scru-

tinize by AFM compared to a compact multi-layered system. Besides, steric hindrance was to 

be expected when growing SAv-based architectures onto a high-density adlayer of SAv, espe-

cially with BBA3, considering the increase of the footprint area expected after each extension 

step. However, sub-monolayer coverages of immobilized SAv were reported to be less stable  

and to result in substantially less binding of biotinylated molecules.9,10 This instability has been 

attributed to the fact that, at low biotin fraction, SAv is bound to the monolayer through one 

biotin only.  In addition, full monolayer of SAv are believed to undergo a 2D structural rear-

rangement leading to a more compact and rigid phase.12-14  

 In the pursuit of our goal to obtain well-distanced SAv units anchored on a SAM, we

BBA-S-S-BBA

Biot-SH

OEG-SH

13

1313
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speculated that the immobilization of SAv units through two biotin binding-sites would increase 

the stability of a low-density adlayer. For that purpose, BBA-S-S-BBA (Fig. 3) synthesized be- 

forehand (section 2.1.4), was used to create a new immobilization platform suiting our needs. 

 

 To study the SbS growth of SAv-based nanostructures with BBA2 and BBA3, we pro-

Biot-SH = 0.01 

SH SAMs with BBA-SH = 0.001 and 0.0001, as the SbS extensions of SAv units with BBA2 and 

BBA3 -

NB: A detailed explanation of the QCM-D and SPR data interpretation and analysis is annexed 

in Appendix 2. 

 To study the assembly of SAv SbS, it was of importance to obtain an immobilization 
10 In that 

2

-

 

( R 2 in-
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Figure 3 .10-6 M in PBS) and BBA2 (2.10-6 M in HBS-P (1% 
-

l/min was used during the whole procedure. The SAv and BBA2
indicated respectively by the pink and grey colored bands.

 Time (103 sec)

3
2.0

0

1.0

3.0

SAv

BBA2

=

=

R

2

used as a diluent component for all the biotinylated mixed SAMs used in this work. 

2.4.2 Characterization of SAv Immobilization onto 1% Biot-SH Sensors

 Before proceeding to the SbS assembly of SAv experiments, the initial anchoring step of 

-

-6  was 

recorded at the 3rd overtone by QCM-D. These are in the range of earlier reported values for 

SAv monolayer formation on biotinylated mixed SAMs.10, 11, 13 -

cy shift observed at different overtones gave essentially the same value, Sauerbrey relation,  

mQCM = -CQCM f  (CQCM = 17.7 ng·cm-2·Hz-1),  was used to estimate an adsorbed mass for SAv of 
2. 

 

et al., a response shift of was 
6 2, the observed response shift corre-

sponded to 2 of immobilized SAv.17 This is below the value (~230 ng/cm2) usually 

associated with the formation of SAv 2D layer on biotinylated surfaces.6, 13

SAv differs from the widely used core SAv by 20 additionnal residues at the C-terminus, we 
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2.4.3 Step-by-Step Assembly of SAv on SAMs Composed of Biot-SH and OEG-SH

 The SbS assembly of SAv using BBA2 and BBA3 was attempted on 1% Biot-SH sensors. 

Two extension steps using BBA2 (Fig.4) and four steps using BBA3 

-

D and f  values recorded 

D/ f < 1·10-8 Hz,20 

Sauerbrey relation was used to translate the recorded f into mass uptake. 

The difference observed between mQCM and m

coupled solvent. By comparing the optical and hydrated masses, a hydration of 69% was es-

timated for the immobilized layer of SAv. This result is consistent with results previously re-

ported for SAv monolayer formation onto biotinylated supported lipid bilayers (SLBs).12, 18, 19 
-1, the immobilized mass of SAv (144 

ng/cm2) corresponded to an available area of 76 nm2 per SAv unit. Assuming a footprint area of 

~30 nm2  for SAv, we speculated that the linear SbS assembly of SAv using BBA2 could poten-

tially be successful.

Table 1 

and stable one. The error indicates the variation between four measurements. The degree of hydration was calcu-
lated by comparing mQCM (calculated from f m  (calculated by using the as-

2). The occupied area per SAv unit was estimated by using m  and a molecular 
-1 for SAv.

1% Biot-SH SAMs

f3/3 (Hz) 
7#%8$9

:;<%

m  (ng/cm2)

mQCM (ng/cm2)

hydration (%) 69

area per SAv (nm2/SAv unit) 76
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Figure 5 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 1% Biot-SH sensor. f and D 
vs time traces (3rd overtone) recorded upon successive exposure of the biotinylated surface to SAv (1.10-6 M in 
HBS-P) and BBA3 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with running 

3
pink and green colored bands.

                                                                                                                                           Time (min)
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Figure 4 QCM-D measurements for the SbS assembly of SAv using BBA2 on a 1% Biot-SH sensor. f and D 
vs time traces (3rd overtone) recorded upon successive exposure of the biotinylated surface to SAv (1.10-6 M in 
HBS-P) and BBA2 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with running 

2
pink and grey colored bands.
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 In parallel to the QCM experiments, ten extension steps of SAv using BBA2 (Fig.6) and 

3 

R val-
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Figure 6 2
l of  SAv (1.10-6 M in PBS) and BBA2 (2.10-6 M in HBS (1% 

2

over the surface and no adsorption was observed.

8.0

6.0

3

4.0

2.0

0

 Time (104 sec)

SAv

BBA2

=

=

0           0.2          0.4          0.6          0.8          1.0          1.2         1.4          1.6         1.8
Time (104 sec)
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SAv
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BBA3

Figure 7 3 on a 1% Biot-SH sensor. 
l of  SAv (1.10-6 M in HBS-P) and BBA3 (2.10-6 M in HBS-P 

3
steps are indicated respectively by the pink and green colored bands.



80

Figure 8 Variation of the adsorbed mass of SAv at each elongation step using BBA2 3 

The resulting mQCM and m  obtained for the successive elongation steps of SAv using 

BBA2 and BBA3

Eff = mn/ mn-1 were determined.

Table 2 Eff) of each elongation step of SAv using BBA2 and BBA3 for the SbS assembly 

 

Eff values obtained were below 1.0 and 2.0 for the successive extension steps using BBA2 and 

BBA3, respectively (Table 2). The results suggested that, onto 1% Biot-SH sensors,  BBA3 

Eff value of 

0.96 obtained at the sixth extension step using BBA2 approached the ideal value expected for 

m 2

about 1/3 of the amount of SAv immobilized at the initial anchoring step.  We concluded that 

              1 2 3 4 6 7 8 9 10
Eff 2 (QCM) 0.70 - - - - - - - -

0.87 0.76 0.76 0.78 0.91 0.96 0.90 0.93 0.94 1.0

                 BBA3 (QCM) 1.2 0.72 1.2 - - - - - -
0.92 0.91 1.04 1.06 - - - - -

              8        9       10
       elongation steps

600

300

400

200

100

0

m
mQCM

m
 (n

g/
cm

2 )



80 81

the SbS assembly of SAv. 

 

 The SbS elongation of SAv using BBA3 onto a 0.1% Biot-SH SAM was followed by 

-

fn=3 = -4.9 Hz) and an increase in dissipation ( Dn=3 
-6). 

D
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F3/3
F

D3
D

SAv

=

Figure 9 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 0.1% Biot-SH sensor. f and D 
SAv (1.10-6 

M in HBS-P) and BBA3 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with run-
3

the pink and green colored bands. 

=

BBA3

and, more importantly, when the immoblized SAv units were exposed to a BBA3 solution 

fn=3 = 2.8 Hz. This behavior was observed throughout the experi-

3  

(mass loss due to desorption). Taking into account the mass loss recorded after the BBA3 -

tion steps (see Appendix 2 for detailed f and D values), elongation efficiency values of 2.7, 

2.2 and 1.7 were respectively obtained for three successive elongation steps of SAv. The fact 

that the first two extension steps exceed the theoretical value of 2.0 can be explained by rear-

the sensor surface.

 Considering the lack of stability observed for the 0.1% Biot-SH monolayer towards the 
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SbS growth of SAv nanostructures using BBA-based ligands, the next step consisted of testing 

2.4.4 Preparation of SAMs Composed of BBA-SH and OEG-SH

-

-

posed to a solution of BBA-S-S-BBA for 30 min and then immersed into an ethanolic so-

(Table 3). For the coadsorption method, no nitrogen was detected in the elemental analy-

sis of the monolayer composition. This suggested that BBA-S-S-BBA, the only thiolated 

component bearing nitrogen atoms, was not incorporated into the SAM or, at least, not in 

Table 3 XPS data of surface elemental percentages of 1% BBA-SH SAMs prepared by coadsorption and stepwise 
procedures.

detectable amounts. The mixed SAMs prepared by the stepwise procedure presented 2.7% 

-

biotin moieties were on average more abundant at the surface of the monolayer than at the 

SAM-gold substrate interface.  

Method % C % N % O % S
coadsorption 73.9 - 23.3 2.8

72.2 2.7 21.2 3.9
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Figure 10 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 0.1‰ BBA-SH sensor. f and
D vs time traces upon successive exposure of the biotinylated 

surface to SAv (1.10-7 M in HBS-P) and BBA3 (4.10-7 M in HBS-P (1% MeOH)) solutions. The surface was rinsed 

3 -
tively by the pink and green colored bands. 

f, were analyzed from then on. 

 In contrast to the Biot-SH sensors, our tailor-made BBA-SH monolayer revealed to be 

extension steps and no increase was observed for both BBA3  and buffer rinsing steps (see 

Appendix 2 for detailed f and D
-6  (3rd ov-

D/ f > 1·10-8 Hz-1,20 -

Eff values obtained for the 

SAv

=

=

BBA3

2.4.5 Step-by-Step Assembly of SAv on SAMs Composed of BBA-SH and OEG-SH

  The SbS extension of SAv using BBA2 and BBA3 was attempted on 0.1‰ BBA-SH 

signal at the begining of the QCM experiments. Although the SbS assembly of SAv using BBA2 

steps of SAv using BBA3
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Figure 12 3 on a 0.1‰ BBA-SH sensor. To cor-
l/min was increase to 20 

l/min. 80 l of  SAv (1.10-7 M in HBS-P) and 
BBA3 (3.10-7

3 -
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                                                                                                                                     Time (103 sec)
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Figure 11 2 on a 0.1‰ BBA-SH sensor. 
l of  SAv (1.10-7 M in HBS-P) and BBA2 (4.10-7 M in 

2
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For that reason, we did not analyze the QCM-D data using a viscoelastic model.

 In parallel to the QCM-D experiments, six elongation steps of SAv using BBA2 (Fig.11) 

and BBA3 

without any decrease recorded at the washing steps (see Appendix 2 for detailed R values). The
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              1 2 3 4 6
Eff 3 (QCM) - - 1.22 1.28 1.18

1.60 1.38 1.29 1.19

                 BBA2
0.99 0.93 0.99 0.93 0.93 0.94

Figure 13 Variation of the adsorbed mass of SAv at each elongation step using BBA2 3 

Table 4 Eff) values obtained for each elongation step of SAv using BBA2 and BBA3 during 

200

100

0

m
 (n

g/
cm

2 )

               
elongation steps

m
mQCM

2 of SAv were immobilized at the initial an-

choring step. This value being essentially the detection limit of the QCM device used through-

out this work explained the baseline drift problems encountered during the QCM experiments. 
2 corresponded to an available area of ~2 m2 per SAv unit,  

which was well enough space to accomodate both linear and dendritic growth processes. 

  The mQCM and m  values (Table 

4) obtained at each elongation step of SAv onto 0.1‰ BBA-SH SAMs, are presented below. 

2

 Eff values from 0.93 to 0.99 were recorded for the successive elon-

gation steps of SAv. However, the results obtained for the SbS assembly of SAv using BBA3 

Eff values did not approach the value of 2.0, as expected 
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Figure 14 Schematic representation of growth cases scenario for the SbS assembly of SAv using BBA3 onto 0.1‰ 

-
ferently and the Eff values expected at each step appear in the above table.

A B

              1 2 3 4 6
Eff 2 2 3/2 7/6 8/7

         scenario b 3/2 4/3 9/8 14/9

scenario (Fig. 18a), a honeycomb-based network growing from an isolated anchorage point was 

two neighboring anchorage points. The Eff values for each elongation step were calculated for 

i.e. when steric hindrance comes into play, the Eff values for the second case scenario are closer 

to our experimental results.

 In order to gain additional information, the SbS assembly of SAv where BBA2 and 

BBA3 were successively alternated was studied.  A six-steps elongation of SAv for the alter-

2 and SAv, could not be analysed and therefore were 

3 immobilization step). The R , f  and D -

nexed in Appendix 2.
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Figure 16 2 and BBA3 on 
a 0.1‰ BBA-SH sensor. 

l of SAv (1.10-6 M in HBS-P) and 
BBA2 (4.10-7

l/min was needed to recovered a stable baseline. For that reason, a volume of 40 l for SAv, BBA2 
and BBA3 (3.10-7 l was used 

2 and BBA3

presented sensorgram.
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Figure 15 QCM-D measurements for the SbS assembly of SAv using BBA2 and BBA3 on a 0.1‰ BBA-SH sen-
sor. f and D vs time traces upon successive exposure of the 
biotinylated surface to SAv (1.10-7 M in HBS-P) with alternating BBA2 (4.10-7 M in HBS-P (0.2% DMF) and BBA3 
(4.10-7 M in HBS-P (1% MeOH)) solutions. 2
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              1 2 3 4 6
   Eff  (QCM) - - 0.64 1.48 0.84 1.74

1.49 0.83 0.76

Figure 17 Variation of the adsorbed mass of SAv at each elongation step by alternate use of BBA2 
and BBA3

Table 5 Eff) of each elongation step of SAv by alternate use of BBA2 (Eff values in black) 
and BBA3 (Eff values in green) for the SbS assembly experiment on 0.1‰ BBA-SH SAMs followed by QCM-D 

The mQCM and m  translated from the R and f recorded at each extension step of SAv 

are presented below (Fig. 17). An interesting trend emerges from the corresponding Eff values 

An Eff 2. For the subse-

Eff 3 and BBA2 were 

used, respectively. To rationalize these results, a growth case scenario for the SbS assembly 

Eff values similar to the ones 

BBA3 and BBA2, respectively.   

 These results suggested that the SbS assembly process onto 0.1‰ SAMs is well des-

cribed by a situation approaching the model where two BBA anchorage points are localized in 

the vicinity of one another. 
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 To circumvent the problems related to the QCM detection limit, mixed SAM con-

taining 0.1% of BBA-SH were prepared. Three extension steps of SAv using BBA2 were 

monitored by QCM (Fig 19). With this SAM composition, a stable baseline could be re-

-
-6  (3rd over-

tone) (see Appendix 2 for f and D 

Figure 18 Schematic representation of a growth scenario for the SbS assembly of SAv with alternating ligand 

differently and the Eff values expected for each step appear in the above table.
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Figure 19 QCM-D measurements for the SbS assembly of SAv using BBA2 on a 0.1% BBA-SH sensor. f and
SAv (1.10-6 M 

in HBS-P) and BBA3 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three times with running 
2
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Figure 20 QCM-D measurements for the SbS assembly of SAv using BBA3 on a 0.1% BBA-SH sensor where a 
mixture . f and
to SAv (1.10-6 M in HBS-P) and BBA3 (2.10-6 M in HBS-P (1% MeOH)) solutions. The surface was rinsed three 

2

presented

= S-S +

BBA-S-S-BBA BBA

=

=

Eff  = 0.94 and 0.98, respectively - tended 

towards the value expected for a linear growth process.  

         The SbS assembly of SAv using BBA3 on a 0.1% BBA-SH was also attempted . However, 

following the initial immobilization of SAv, the available biotin binding sites were partially 

stage, be cleaved off from the sensor. Counting in the blocking step, four elongation steps of 

step of SAv are listed in table 6. A Eff

suggesting that ~2/3 of the bioting binding sites got effectively blocked. The following elonga-

tion step of SAv using BBA3 resulted in an Eff of 2.0, the expected value when using an effec-

 Eff values tending towards 1.0, 

suggesting steric hindrance and hence BBA3
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 A last observation is that the results obtained onto 0.1% BBA-SH sensors were very 

f recorded for the elongation steps where BBA3 f ~ 

-12 Hz) were very similar to the values recorded using BBA2 ( f  ~ -11 Hz) (c.f Appendix 2).  

 Considering the knowledge accumulated for the SbS assembly of SAv through the QCM 

2.4.6 AFM Experiments in Liquid

 

21

 After exposure of the biotinylated SAMs to a SAv solution, the samples were imaged 

m scanned area (Fig. 21c) showed what appeared as 

well-distanced immobilized SAv units. From the 1 m scanned areas, protusions corresponding

              1 2 3 4
   Eff   BBA2 (QCM) 0.92 0.94 0.98 -

           BBA3 (QCM) 0.36 a 2.02 1.14 1.00

Table 6 Eff) for each elongation step of SAv using BBA2 and BBA3 on 0.1% BBA-SH SAMs 
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Figure 21 Typical AFM topographs of 0.1‰ BBA-SH SAMs before (a, b) and after (c, d and e) being exposed 
to a SAv solution (1·10-6 M in HBS-P). The AFM topographs were recorded in PBS buffer and exhibit a full color 
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for 2D crystals of SAv on biotinylated SLBs.22

          

the diameter observed by AFM depends on the stylus shape and diameter.23 Since the latter 

varies even for tip of the same kind, the observed diameter is not a reliable measurement.24 

For that reason,  we could not conclude whether the protrusions observed on the micrographs 

corresponded to one or two SAv units. Nevertheless, the amount of SAv observed on the AFM 

 The SbS assembly using BBA2

was successively exposed to BBA2 and SAv solutions until four elongation steps of SAv was

Figure 22 Typical AFM topographs of 4 elongation steps of SAv on 0.1‰ BBA-SH SAMs. The AFM topographs 
were recorded in PBS buffer and exhibit a full color range that corresponds to the vertical scale of a) 10 nm and 
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reached. The resulting immobilized nanotructures were scrutinize by AFM (Fig. 21). The AFM 

-

were observed, some isolated ones were also present (Fig. 21b). 

 The SbS assembly of SAv using BBA3 -

ages of the dried 0.01% BBA-SH functionalized QCM sensor onto which six elongation steps 

of SAv were recorded (experiment presented in Fig. 10) can be found in Appendix 2. 

SAv. Through those experiments, the SAM composition permitting unhindered SbS growth  of 

SAMs, our tailor-made immobilization platform enabled a much lower surface coverage of SAv 

failed in anchoring well-distanced SAv units. This is most probably due to the fact that the di-

BBA2, a growth process more complex than expected was observed when BBA3 was involved.

 

-

lized linear nanoconstructs were successfully imaged but, due to the fragility of the latter, 2 m 

For that reason, we could not fully prove, through AFM imaging, that monodisperse and size-
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Chapter III

Conclusions and Perspectives
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3. Conclusions and Perspectives

macroscales is a very challenging task. 

Kd~ 10-14 M) 

prevents self-healing of the nanostructures once they are created.1 To devise a nanolego set 

-

senting a precise positioning of the biotin moities. In addition, the symmetry of the connector 
2

the nanolegos.  All the data gathered during this work suggest that 1) BBA binds to two cis-re-

2  and 

BBA3 -

tion of SAv. Through the self-organization experiments in bulk solution, we have demonstrated 

that SAv combined with a linear connector, BBA2 2 , spontane-

ously assembled into a one-dimensional SAv-based polymer. In the presence of calcium ions, 

 Although the stoechiometry of binding of BBA3 to SAv (HABA-displacement assays), 

3 to be an 

of BBA3 remains unresolved. 

 The fact that each monomeric mature WT-SAv presents a hydrophobic tail at the C-ter-

minus, brings the play of self-assembly on a higher level. If further self-assembly experiments 

using BBA3 were to be conducted, the widely used core WT-SAv could be a better candidate 

be emphasized. 
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-

-

Biot-SH = 0.01, the immobilized layer of SAv is too dense to enable a regular elongation pro-

cess of SAv using BBA2 Biot-SH = 0.001, displacement of the immobilized SAv by BBA3 

BBA-SH = 0.001, a near to linear SbS elongation of SAv using BBA2 is 

Biot-SH
2 of SAv, a near to linear elongation process 

of SAv using BBA2 is achieved, and the thiolated BBA probes are paired on the monolayer. 

SAMs should be systematically characterized. SAMs prepared from concentrations spanning 

from 0.001% to 1% of BBA-S-S-BBA should be analyzed by contact angle measurements, el-

lipsometry and XPS. 

probe is one allowing control over the space around each probe individually to both reduce 

probe-probe interactions and maximize the density of probe molecule.3 With the aim of achiev-

ing well-distanced BBA probe units on the SAM, BBA-S-S-BBA could be reduced prior to the 

SAM preparation. In most biosensing applications taking advantage of the biotin-SAv technol-

ogy via biotinylated SAMs on gold, a full monolayer of SAv is used to immobilize the bio-

molecules of interest. However, the results obtained on 1% Biot-SH sensors during this work 

-

4

results suggest that the probes, the thiolated BBA, are on average paired on the monolayer, 
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BBA2 and BBA3

i.e

surface unit, would be tailor-made to immobilize biomolecules of know volume. The biomolo-

ecule of interest could then be screened against protein/protein or drug/protein interactions for 

 Another possible avenue to investigate would consist in conferring some functionality 

to the system. Once a low concentration of well-distanced SAv would be immobilized, BBA-S-

S-BBA could be introduced in the SbS assembly. A reducing agent would then act as a trigger 

to liberate the size controlled and monodisperse nanostructures. 
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4 Materials and Methods

4.1 Materials and Reagents

Solvents and reagents were of analytical grade and were purchased from Aldrich, Fluka or 

-

degree of purity. Streptavidin wild-type was prepared by the team of biologists in our laboratory 

according to published results.  

4.2 Instruments and Methods

Nuclear Magnetic Resonance (NMR)
1H, 13C and 31

-

Liquid chromatography (RP-HPLC) 

-

UV-visible diode-array detector. Biotin derivatives 9, BBA2 (2) and BBA3-1 (3) were analyzed 

-

2O) and additives (TFA) utilized 

were of HPLC-grade.
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Electron Spray Ionization Mass Spectrometry (ESI-MS) 

 9 L·min-1 -

tion and treatment. 

Self-Assembly from Bulk Solution Experiments

A Sav sample (8·10-6 M to 1·10-8

SDS-PAGE Electrophoresis

being poured (~7mL) between two glass plates secured in a casting frame. The gel mixture was 

-

Solution components  6% Acrylamide 8% Acrylamide
H2O 7.9 6.9

30% Acrylamide solution 3.0 4.0

3.8 3.8

20% SDS
0.1 0.1

0.012 0.009

tot
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2

-

ning gel. Sample loading wells were made into the stacking gel by inserting a multi well comb. 

w/v SDS).

-10

also loaded. The gel was then allowed to run at 120 V using the powerpac HC TM (Biorad) until 

bromophenol blue present in the loading buffer reached the end of the gel. To reveal the bands 

containing B4F TM 

TM -

Switzerland).

Scanning Electron Microscopy  (SEM) Experiments

-

sive tab and allowed to adhere for 1 min. The excess solution was then blotted off and samples 
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Transmisson Electron Microscopy (TEM) Experiments

off and the grids were washed twice with H2 -

H2

Atomic Force Microscopy (AFM) Experiments

L of the solution as described above was deposited onto 

-

ter. The samples were dried overnight at room temperature before imaging in oscillation mode 

at a scan rate of 1 Hz. 

using a Nanoscope III (Di-Veeco, Santa Barbara, CA) and Si3N4 cantilevers (NPS series, Di-

kHz. To achieve minimal imaging forces between AFM stylus and sample, the drive amplitude 

Surface Functionalisation 

-

bation in thiol solutions. To prepare 1% BBA-SH SAMs by coadsorption method we proceeded 

-

tion (8 mL) of BBA-SS-BBA (87 



108 109

-

before proceeding to the XPS experiments.

during 10 min at 60°C  followed by extensive washing with water. After being blown dried 

-6 M 

were rinsed in ethanol and blown dried with nitrogen before proceeding to the SPR and QCM-C 

experiments.

immediately immersed in a BBA-S-S-BBA solution (8.7 -6 M solution in DMF 

. #e surface was then rinsed with ethanol before being blown dried with nitrogen. 

X-ray photoelectron spectroscopy (XPS) Analysis (performed by Dr Laurent Marot)

-7 Pa 

gold sample at 84.0 eV. Moreover, large scale XPS-spectra from 0 to 1200 eV were perfomed 
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tion, using UNIFIT for Windows (Version 2011) software. A convolution of Lorentzian and 

-

Step-by-Step assembly of SAv

L) of 

Sav 8 

L HBS), a drop (100 L) of  BBA2 2 M in HBS (100 

100 L HBS)  the substrate was introduced in a SAv solution  as described above, and the pro-

cedure was repeated to obtain four elongation steps.  

QCM-D Measurements

-

0 

solutions.

SPR Measurements

-

den). The experiments were conducted at 22 -

was used as running buffer and to prepare the SAv and ligands solutions.
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4.3 Synthesis 

 

4.3.1 N-(8-Amino-3,6-dioxaoctanyl)biotinamide (6) 
 
 

Biotin (3.0 g, 12.3!10-3 mol, 1 eq.) was dissolved in hot dry DMF (75 mL) and the 

solution was cooled to room temperature. PFP (2.9 g, 16.0!10-3 mol, 1.3 eq.) and DCC 

(3.7 g, 17.8!10-3 mol, 1.5 eq.) were then added, and the mixture was stirred at 60ºC 

during 1 hour and at room temperature for 3 more hours. The DCU that precipitated 

was filtered off. The next reaction step was carried on without further purification of 

the PFP ester. The biotin-PFP solution was added drop by drop to a solution of 2,2-

ethylenedioxy)diethylamine (19.2 g, 0.13 mol, 10 eq.) and Et3N (2.9 ml, 0.02 !10-3 

mol) dissolved in 200 mL of DMF. The reaction mixture was stirred at room 

temperature during 5 hours, and the solvent was removed under reduced pressure. The 

resulting oil was triturated in 450 mL of Et2O and filtered to give a white solid. The 

crude product was purified on a silica gel column, eluting with MeOH/ EtOAc (8/2) 

to give 2.26 g (49%) of 6 as a beige waxy solid. 

 

 

Rf (MeOH/AcEt 6:1) = 0.15 
1H-RMN (400 MHz, CD3OD) "H (ppm): 4.50 (ddd, 3J(4-3)=7.9 Hz, 3J(4-5A)=5.0 Hz, 

1H, H4), 4.31 (dd, 3J(3-4)=7.9 Hz, 3J(3-2)=5.0 Hz, 1H, H3), 3.63 (m,  4H, CH2 PEG, H15 

& H16), 3.60-3.51 (m, 4H, CH2 PEG, H13 & H18), 3.36 (t, 2H, H12), 3.21 (ddd, 3J(2-

NHHN

S
O

OH

O

49%

1. DCC, PFP,  DMF, 60°C, 4h
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H
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O
O
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3)=4.4 Hz, 3J(2-6b)=5.8 Hz, 3J(2-6a)=9.0 Hz, 1H, H2), 2.93 (dd, 3J(5A-5B)=12.8, 3J(5A-

4)=5.0, 1H, H ), 2.79 (t, 2H, H19), 2.71 (d, 3J(5A-5B)=12.8 Hz, 1H, H ), 2.22 (t, 
3J(9-8)=7.4 Hz, 2H, H9), 1.67 (m, 4H, H8 & H6), 1.44 (m, 2H, H7). 
13C-RMN (100 MHz, CD3OD) "C (ppm): 176.1 (C10), 166.1 (C2’), 73.4 (CEG, C17), 71.3 

(CEG, C15 & C16), 70.6 (CEG, C13), 63.4 (C3), 61.6 (C4), 57.0 (C2), 42.0 (C19), 41.1 (C12), 

40.3 (C5), 36.7 (C9), 29.8 (C7), 29.5 (C6), 26.9 (C8). 

MS (ESI): m/z (I %): 375.3 [M+H]+ (100%). 

 

4.3.2 5-(tert-Butoxycarbonylamino)isophthalic acid (7) 
 

 
To a solution of 3 (25.3 g, 0.14 mol, 1 eq.) and NaOH (12.3 g, 0.30 mol, 2.1 eq.) in 

DMF/H2O 1:1 at 0°C, di-tert-butyl dicarbonate (32.1 g, 0.15 mol, 1.1 eq) was added. 

The reaction was allowed to come to room temperature and was stirred for 20 h 

before HCl 3M (110 mL) was added. The solution was diluted with water (110 mL) 

and the resulting precipitate was collected, washed with water and dried to yield 34.3 

g (87%) of 7 as a white solid. 

!
Rf (Hex/EtOAc 5:1) = 0.3!

! 

5A

! 

5B

O

HO

O

OH

NH2

O

HO

O

OH

NH
O

O

7

DMF/H2O 1:1, NaOH, Boc2O, 0°C ! RT, 1h

87%

C13H15NO6
MW : 281.3 g"mol-1

O

HO

O

OH

NH
O

O

a
b

c
d

1
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1H-RMN (400 MHz, DMSO) "H (ppm): 8.65 (t, 1H, mJ=1.5 Hz, Ha), 8.54 (d, 2H, 

mJ=1.5 Hz, Hc ), 6.91 (s, 1H, N-H), 1.55 (s, 9H, t-But.) 
13C-NMR (400 MHz, DMSO) "C (ppm): 167.4 ( C1), 153.6 ( Ce), 141.1 (Cd) , 132.5 

(Cb),  124.4 (Ca) , 123.4 (Cc), 50.6 ( Cquat., t-But), 28.9 (CH3, t-But). 

MS (ESI): m/z (I %): 561.3 [2M-H]- (100%), 280.5 [M-H]- (11%) 
 

4.3.3. N-(tert-Butyloxycarbonyl)-5-aminoisophtalate bis-pentaflurophenyl 
Ester (8) 

 

 
To a solution of 7 (2.0 g, 7.1!10-3 mol, 1 eq.) in dry DMF (80 mL), PFP (2.84 g, 

15.4!10-3 mol, 2.2) and DCC (2.2 g, 15.6!10-3 mol, 2.2) were added. The reaction was 

stirred at ambient temperature for 14h and the DMF was removed under vacuum. The 

crude product was purified by chromatography on silica gel eluting with CH2Cl2 to 

provide 3.79 g (87%) of 8 as a white solid.  

Rf (CH2Cl2/AcOEt 1:1) = 0.25 
1H-NMR (400 MHz, CDCl3) "H (ppm): 8.65 (t, 1H, mJ=1.5 Hz, Ha), 8.54 (d, 2H, 

mJ=1.5 Hz, Hc ), 6.91 (s, 1H, N-H), 1.55 (s, 9H, t-But.). 
13C-NMR (400 MHz, CDCl3, 298 K) "C (ppm): 161.7 (C1), 152.4 (Ce), 140.4 (Cd), 

129.0 (Cb), 126.9 (Ca), 125.54 (Cc), 77.43 (Cquat., t-But),  28.5 (CH3, t-But). 
19F-NMR (376 MHz, CDCl3) "F (ppm): -153.34 (d, 3J = 17.2 Hz, 2F, F4), -158.26 (t, 

O

HO

O
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NH

7 8
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3J = 21.7 Hz, 1F, F6), -162.97 (dd, 3J =21.7 Hz, 3J =17.3 Hz, 2F, F5). 

MS (APCI): m/z (I %): 648 [M-H+2H2O]- (100%) 

 

4.3.4. BBA (9) 

 

 
 

To a solution of 6 (2.15 g, 5.7!10-3 mol, 8 eq.) and Et3N (0.5 mL, 3.6!10-3 mol, 5 eq.) 

in DMF (15 mL), a solution of 8 (0.44 g, 0.72!10-3 mol, 1 eq.) in DMF* (20 mL) was 

added drop by drop over a 1h period. The mixture was stirred at ambient temperature 

overnight and the volatiles were removed under vacuum. The remaining solid was 

purified: a) by chromatography on silica gel with a gradient elution (MeOH/EtOAc 

0:100#40:60), to yield 4.02 g (71%) of 9 as a white hygroscopic solid; b) by 

preparative RP-HPLC on a C18 column (40 mm x 150 mm, 10 µm; µ-Bondapak) with 

a gradient elution (CH3CN/H2O 25:75#55:45 in 18 min) at a flow rate of 80 mL/min 

to afford compound 9 in 80% yield.  

 

 

 
Rf (MeOH/AcEt 1:1) = 0.25 
1H-RMN (400 MHz, CD3OD) "C (ppm): 8.05 (d, mJ=1.5 Hz, 2H, Hc), 7.92 (t, mJ=1.5 

Hz, 1H, Ha), 4.50 (dd, 3J(4-3)=7.9 Hz, 3J(4-5A)=5.0 Hz, 2H, H4), 4.30 (dd, 3J(3-4)=7.9 
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Hz, 3J(3-2)= 4.4Hz, 2H, H3), 3.71-3.62 (m, 12H, CH2(EG), H18 & H15 & H16), 3.60 

(t,3J=5.4,  8H, CH2(EG), H19), 3.56 (t, 3J=5.5, 4H, CH2(EG), H13), 3.36 (t, 4H,3J=5.4 Hz, 

CH2(EG), H12), 3.19 (m, 3J(2-3)=4.4 Hz, 2H, H2), 2.93 (dd, 3J(5A-5B)=12.7, 3J(5A-4)=5.0, 

2H, H ), 2.71 (d, 3J(5A-5B)=12.7 Hz, 2H, H ), 2.19 (t, 3J(9-8)=7.4 Hz, 4H, H9), 

1.67 (m, 8H, H8 & H6), 1.55 (s, 9H, t-But), 1.42 (m, 4H, H7). 
13C-RMN (100 MHz, CD3OD) "C (ppm): 175.1 (C10), 168.5 (C21), 165.1 (C3’), 154.0 

(Ccarbonyl t-But), 140.5 (Cd), 135.9 (Cb), 120.2 (CHaromatic), 120.0 (CHaromatic), 80.1 (Cquat. t-

But), 70.4 (CEG, C15 & C16), 69.6 (CEG, C13), 69.5 (CEG, C18), 62.3 (C3), 60.6 (C4), 56.0 

(C2), 40.1 (C5), 40.0 (C19), 39.3 (C12), 35.8 (C9), 28.7 (C7), 28.5 (C6), 27.7 (CH3 t-But), 

25.8 (C8). 

MS (ESI): m/z (I %): 1016.5 [M+Na]+ (100%) 

HPLC-ESI-MS (µ-Bondapak, 4x250 mm, CH3CN:H2O (0.1% TFA) 20:80#35:65 in 

20 min, flow 0.4 mL/min, DAD (225 and 254 nm), T=25°C) Rt= 20.5 min; m/z 994.9 

([M+H+]+), 1016.7 ([M+Na+]+). 

 

4.3.5 3,6,9-Trioxaundecanedioate bis-pentafluorophenyl ester (10) 

 
 

 
 
To a solution of 3,6,9-trioxaundecanedioic acid (5.0 g, 23!10-3 mol, 1 eq.) in CH2Cl2 

(75 mL), PFP (9.5 g, 52!10-3 mol, 2.3 eq) was added followed by EDC (10.5 g, 54!10-3 

mol, 2.2 eq.). The reaction was stirred overnight at room temperature and the solvent 

was removed under vacuum. The thick oily mass was extracted with Et2O (3x50 mL),  

the combined Et2O fractions were washed with NaHCO3(sat.) solution (3x15 mL) and 

water (2x10 mL) before being dried over Na2SO4. The volatiles were removed under 

reduced pressure and the residual oil was purified by chromatography on silica gel 

with a gradient elution (Et2O/Hex 9:1# 4:1) to afford 9.17 g (72%) of 10 as a 

colorless oil. 

! 
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Rf (Et2O/Hex. 1:1) = 0.23 
1H-RMN (400 MHz, DMSO-d6) "H (ppm): 4.66 (s, 4H, H2), 3.73-3.57 (m, 8H, H3 & 

H4). 
13C-NMR (101 MHz, DMSO-d6) "F (ppm): 167.9 (C1), 142-137 (Ca, Cb, Cc, C), 

126.9 (Ca), 125.5 (Cc), 71.1 (CH2 EG, C3 or C4), 71.2 (CH2 EG, C3 or C4), 61.8  

(C2). 
19F-RMN (376 MHz, DMSO-d6) "F (ppm): -153.0 (d, 3J = 19.0 Hz, 2F, F4),  -157.8 (t, 
3J = 23.0 Hz, 1F, F6), -162.4 (dd, 3J =23.0 Hz, 3J =19.0 Hz, 2F, F5) 
 

4.3.6 5-Aminoisophthalate bis-ethyl ester (11) 

 
 

 
A solution of 5-amino isophthalic acid (1.25 g, 6.9!10-3 mol) in EtOH (15 mL) was 

refluxed in the presence of 0,5 mL of concentrated H2SO4 during 20h. The solution 

was poured in an excess of bicarbonate solution, and the product was extracted with 

Et2O (3$10 mL). The organic layer was washed with water (10 mL) and dried over 

Na2SO4 before Et2O was removed under vacuum. The obtained white solid was 

recrystallized from EtOH to give 1.01 g (62%) of 11 as a white solid. 
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Rf (MeOH/EtOAc 1:1) = 0.65 
1H-RMN (400 MHz, CDCl3) "H (ppm): 8.05 (t, mJ=1.4 Hz, 1H, Ha), 7.71 (d, mJ=1.4 

Hz, 2H, Hc), 4.37 (q, 3J(3-4)=7.1 Hz, 4H, H3), 1.40 (t, 3J(4-3)=7.1 Hz, 6H, H4).  
13C-RMN (400 MHz, CDCl3, 298 K) "H (ppm): 166.5 (C1), 147.1 (Cd), 132.2  (Cb), 

121.0 (Ca), 120.1 (Cc), 61.6 (C3), 14.7 (C4). 

MS (ESI): m/z (I %): 238.1 [M+H]+ (100%) 
 

4.3.7  N, N’-Bis(5-aminoisophthalate bis-ethyl ester)-3,6,9-
trioxaundecanediamide (12) 

 
 
 
 

 
 
 
 
To a solution 11 (0.27 g, 1.14!10-3 mol, 2.1 eq.) and Et3N (0.15 mL) in DMF* (25 

mL), PFP diester 10 (0.3 g, 0.54!10-3 mol, 1 eq.) was added and the reaction was left 

under magnetic stirring at room temperature during 6 h before the volatiles were 

removed under vacuum. The residue was dissolved in a minimal amount of EtOAc 

followed by the addition of hexane until precipitation of a beige solid which was 

filtered off and dried under vacuum to afford 0.26 g (73%) of 12. 
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Rf (MeOH/EtOAc (1:1) = 0.33 
1H-RMN (400 MHz, CDCl3) "H (ppm): 8.94 (s, 2H, N-H), 8.37 (t, mJ=1.4 Hz, 2H, 

Ha), 8.35 (mJ=1.4 Hz, 4H, Hc), 4.39 (q, 3J(3-4)=7.1 Hz, 8H, H3), 4.15 (s, 4H, Hg), 3.89 

(m, 8H, Hi & Hj), 1.40 (t, 3J(4-3)=7.1 Hz, 12H, H4). 
13C-RMN (100 MHz, CDCl3) "C (ppm): 168.3 (Cf), 166.1 (C1), 137.7 (Cd), 131.6 (Cb), 

126.3 (Cc), 124.6 (Ca), 70.8 (CEG), 70.2 (Cg), 70.1 (CEG), 61.5 (C3), 14.3 (C4).  

MS (ESI): m/z (I %): 683.3 [M+Na]+ (100%) 

 

4.3.8 BBA2 (2) 

 
 

 
 

In a 5 mL round-bottom flask, compound 9 (20.6 mg, 0.02!10-3 mol, 1 eq.) was 

dissolved in of TFA (0.08 mL, 1.0!10-3 mol, 50 eq.)   and the inner wall of the flask 

was rinsed with CH2Cl2 (1.0 mL). The reaction was allowed to stir for 45 min and the 

volatiles were removed under reduced pressure. The residue was dissolved in a 

minimal amount of MeOH, and an excess of Et3N (0.2 mL, 1.4!10-3 mol, 70 eq.) was 

added. The mixture was stirred for 10 min and the excess Et3N and solvent were 

removed under vacuum to afford the free amine 1 that was immediately used for 

peptide coupling. 
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Method B 

To a solution of 3,6,9-trioxaundecanedioic acid (9 mg, 42 µmol, 1 eq.) in DMF* (2.5 

mL), CDMT (16 mg, 93  µmol, 2.2 eq.) and N-methylmorpholine (23 mg, 232 µmol, 

5.4 eq.) were added. The solution was stirred at room temperature during 45 minutes 

before aromatic amine 1 (83 mg, 93 µmol, 2.2 eq.) was added. The reaction was 

stirred at 60°C during 24h and the solvent was removed under vacuum. The crude 

product was purified by chromatography on a silica gel column eluting with 

MeOH/CHCl3 (4:1) to yield 27 mg (15%) of 2 as a brown solid.  

 

Method B’ 

Coumpound 1 (83 mg, 83 µmol) was dissolved in dry DMF (6.0 mL) and Et3N (83 

mg, 83 µmol) was added. To this solution, a solution of of PFP diester 10 (22 mg, 40 

µmol) in DMF* (3.0 mL) was added dropwise over a period of 15 min and reaction 

was stirred at 60°C during 24h. Volatiles were removed under vacuum and the crude 

product was purified by chromatography on silica gel eluting with MeOH/CHCl3, 4:1 

to yield 41 mg (23%) of 2 as a brown solid.  

 

 
 
 

Rf (MeOH/CHCl3 4:1) = 0.23 
1H-RMN (400 MHz, MeOH-d4) "H (ppm): 8.26 (d, mJ=1.5 Hz, 2H, CHaromatic, Hc), 

8.05 (t, mJ=1.5 Hz, 1H,CHaromatic, Ha), 4.48 (dd, 3J(4-3)=7.8 Hz, 3J(4-5A)=4.4 Hz, 2H, 

H4), 4.28 (dd, 3J(3-4)=7.8 Hz, 3J(3-2)=4.4 Hz, 2H, H3), 4.23 (s, 2H, CH2
 
EG, Hg), 3.80-
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3.58 
 (m, 20H, CH2

 
EG), 3.55 (m, 4H, CH2

 
EG), 3.35 (m, 4H, CH2

 
EG, H12), 3.21 (m, 2H, 

H2), 2.91 (dd, 3J(5A-5B=12.7, 3J(5A-4)=4.9, 2H, H ), 2.69 (d, 3J(5A-5B)=12.7 Hz, 2H, 

H ), 2.17 (t, 3J(9-8)=7.4 Hz, 4H, H9), 1.73-1.51 (m, 8H, H8 & H6), 1.38 (m, 4H, H7). 
13C-RMN (100 MHz, CD3OD) "C (ppm): 175.0 (C10), 170.0 (Cf), 167.8 (C21), 164.7 

(C2’), 138.3 (Cd), 135.6 (Cb), 121.8 (Cc), 121.5 (Ca), 69.9 (6 C, CH2 EG, Cg, Ci, Cj, C15 & 

C16)), 69.2 (CH2 EG, C13), 69.1 (CH2 EG, C18), 62.0 (C3), 60.2 (C4), 55.6 (C2), 39.7 (2 C, 

C19 & C5), 38.9 (C12), 35.3 (C9), 28.3 (C7), 28.1 (C6), 25.5 (C8). 

MS (ESI): m/z (I %): 1996.9 [M+Na]+ (100%) 
 

4.3.9 tert-Butyl 8-amino-3,6-dioxaoctylcarbamate (14)  
 
 

 
 
 
 
2,2-ethylenedioxy)diethylamine (12.6 g, 85 mmol, 1.5 eq.) was stirred with 

diisopropylethylamine (4.8 mL, 28 mmol, 0.5 eq.) in CH2Cl2 (50 mL), then di-tert-

butyl dicarbonate (6.1 g, 28 mmol, 0.5 eq.) in CH2Cl2 (50 mL) was added drop by 

drop over 2 hours. The mixture was stirred during 3h at room temperature and the 

solvent was evaporated under vacuum. The residue was purified by chromatography 

(silica gel, EtOH/AcOEt/Et3N, 5:4:1) to afford 14 as a yellowish oil (5.8 g, 42%). 

 

 
 
Rf  (EtOH/AcOEt/Et3N 5:4:1) = 0.31 
1H-RMN (400 MHz, CDCl3) "H (ppm): 5.19 (sl, 1H, NH), 3.60 - 3.56 (m, 4H, CH2

 
EG, 

H6  & H7), 3.51 (t, 2H, CH2
 
EG, H4), 3.49-3.47 (m, 2H, CH2

 
EG, H9 ), 3.31-3.25 (m, 

2H,CH2
 
EG, H3), 2.84 (t, J = 5.2 Hz, 3H,CH2

 
EG, H10), 1.66 (bs, 2H, NH2), 1.40 (s, 9H, t-

But). 
13C NMR (101 MHz, CDCl3) "C (ppm): 156.0 (C1), 79.1 (Cquat t-But), 73.4 (CH2 EG, 

C9), 70.2 (CH2 EG, C6 & C7), 70.2 (CH2 EG, C4), 41.7 (C10), 40.3 (C3), 28.4 (CH3 t-But). 
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MS (ESI): m/z (I %): 249.2[M+H]+ (100%), 497.1[2M+H]+ (43%), 289.2 [M+K]+ 

(15%) 

 

4.3.10 N,N’,N”-Tri(8-t-butoxycarbonylamino-3,6-dioxaoctyl)benzene-1,3,5-
tricarboxamide (15) 

 
 

 

To a solution of trimesylchloride (1.6 g, 5.6·10-3 mol, 1 eq.) in 70 mL CH2Cl2 at 0˚C 

were added 14 (4.2 g, 17·10-3 mol, 3 eq.) and Et3N (8.0 g, 79·10-3 mol, 10 eq.) in 12 

mL CH2Cl2. After stirring for 15h at room temperature, the orange colored solution 

was washed with H2O (4 x 20 mL) and dried over Na2SO4 before removing volatiles 

under reduced pressure. The residue was purified by column chromatography on 

silica gel eluting with CH2Cl2 (200 mL), then CH2Cl2/MeOH 99:1 to yield 2.8 g 

(55%) of 15 as a colorless oil.  
 

 

 

 

 

1H NMR (400 MHz, MeOH-d4) !H (ppm): 8.43 (s, 3H, HCaromatiq), 3.72 – 3.56 (m, 

24H, CH2 EG, H3, H4, H6 & H7), 3.51 (t, J = 5.6 Hz, 6H, H9), 3.20 (t, J = 5.6 Hz, 6H, 

H10), 1.40 (s, 27H, CH3 t-But). 
13C NMR (126 MHz, MeOH-d4) !C (ppm): 168.7 (C1), 158.4 (C12), 136.6 (Cb), 130.0 

(Ca), 80.1 (Cquat t-But), 71.3 (2 x CH2 EG, C6 & C7), 71.1 (C9), 70.5 (C4), 41.2 (C3), 41.1 

(C10), 28.8 (CH3 t-But). 

MS (ESI): m/z (I %): 923.4 [M+Na+]+ (100%) 
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4.3.11 N,N,N”-Tri(8-t-butoxycarbonylamino-3,6-dioxaoctyl)benzene-1,3,5-
tricarboxamide succinic acid (17) 

 

 
 
Trifluoroacetic acid (11.6 g, 0.10 mol, 40 eq.) was added to a solution of 15 (2.3 g, 
2.5·10-3 mol, 1 eq.) in 20 mL CH2Cl2. The mixture was stirred for 2h at room 
temperature and the volatile materials were removed under reduced pressure. The 
residue was dissolved in CH3CN/DMF (10:1) and succinic anhydride (1.3g, 13·10-3 
mol, 5 eq.) was added. After stirring at 40˚C for 14h, the solvent was evaporated 
under reduced pressure. The residue was purified by column chromatography on 
silica gel eluting with CH2Cl2/MeOH/NH3 75:20:5 to yield 1.4 g (62%) of 17 as a 
white hygroscopic solid.  
 

 
 
1H NMR (400 MHz, MeOH-d4) !H (ppm): 8.43 (s, 3H, Ha), 3.74 – 3.57 (m, 24H, CH 

EG, H3, H4, H6 & H7), 3.53 (t, 3J = 5.6 Hz, 6H, H9), 3.52-3.32 (m, 6H, H10), 2.53-2.48 

(m, 2H, H14), 2.47-2.41 (m, 2H, H13) 
13C NMR (126 MHz, MeOH-d4) !C (ppm): 178.1 (C15), 175.2 (C12), 168.7 (C1), 136.6 

(Cb), 130.0 (Ca), 71.3 (CH2 EG, C6 & C7), 70.6 (C9), 70.5 (C4), 41.2 (C3), 40.3 (C10), 32.5 

(C13), 32.1 (C14) 

MS (ESI): m/z (I %): 899.9 [M-H+]- (100%) 
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4.3.12   2,2-dimethyl-4,15-dioxo-3,8,11-trioxa-5,14-diazaoctadecan-18-oic   
acid (18) 

 
 

 
Succinic anhydride (85 mg, 0.85 mmol, 1.1 eq.) was added to a solution of 15 (0.22 g, 

0.744 mmol, 1 eq.) in CH3CN (10 mL). The mixture was stirred during 12h at 40°C 

and the CH3CN was evaporated under vacuum. The remaining oil was purified by 

chromatography on silica gel eluting with CH2Cl2/MeOH 9:1 to afford 0.260 g (97%) 

of 19 as a yellowish oil.  

 
 

 
 
Rf  (CH2Cl2/MeOH, 9:1) = 0.4 
1H NMR (400 MHz, CDCl3) "H (ppm): 7.45 (s, 1H, NH), 6.91 (s, 1H, NH), 3.63-3.59 

(m, 4H, CH2 PEG, H9 & H10), 3.57-3.51 (m, 4H, CH2 PEG, H7 & H12), 3.47-3.42 (m, 2H, 

CH2NH, H6), 3.34 – 3.29 (m, 2H, CH2NH, H13), 2.69 – 2.63 (m, 2H, 

O=CCH2CH2C=O, H2), 2.54 – 2.46 (m, 2H, O=CCH2CH2C=O, H3), 1.45 (s, 9H, CH3 

t-But). 
13C NMR (101 MHz, CDCl3) "C (ppm): 177.5 (C1), 173.0 (C4), 158.0 (C15), 81.1 (Cquat 

t-But), 70.3 (2 x CH2 EG, C9 & C10), 70.2 (CH2 EG, C12), 69.6 (CH2 EG, C7), 41.6 (C13), 

39.3 (C6), 31.4 (C3), 30.3 (C2), 28.4 (CH3 t-But). 

MS (ESI): m/z (I %): 349.2[M+H]+ (100%), 497.1[2M+H]+ (43%), 289.2 [M+K]+ 

(15%) 
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4.3.13 Compound (19) 
 
 

 
 
 
 
 
 
To a solution of 18 (0.177 g, 0.51·10-3 mol, 3.25 eq.) in DMF (6 mL), CDMT (0.098 

g, 0.56·10-3 mol, 3.6 eq.) and NMM (0.17 mL, 1.5·10-3 mol, 9.8 eq) were added. After 

15 min of stirring at room temperature, amino-biotin dimer 1 (0.143 g, 0.16·10-3 mol, 

1 eq.) was added. The solution was stirred during 16h at 50°C and the DMF was 

evaporated under vacuum. The remaining oil was purified by chromatography (to 

yield 0.123 g (64%) of 19 as a white foam. 

 

 

Rf  (EtOH/AcOEt/ Et3N 5:4:1) = 0.31 
1H NMR (400 MHz, MeOH-d4) ! = 8.16 (d, mJ=1.4 Hz, 2H, CHaromatic, Hc), 7.97 (t, 
mJ=1.4 Hz, 1H, CHaromatic, Ha), 4.47 (dd, 3J(4-3)=7.8 Hz, 3J(4-5A)=4.9 Hz, 2H, H4), 4.27 

(dd, 3J(3-4)=7.8 Hz, 3J(3-2)=4.4 Hz, 4H, H3), 3.74 – 3.46 (m, 28H, CH2
 
EG), 3.40-3.32 

(m, 6H, CH2
 
EG), 3.21 (m, J=5.7, 2H, Hr), 3.19 – 3.13 (m, 2H, H2), 2.90 (dd, J=5.0, 

12.7, 2H, H ), 2.76-2.62 (m, 4H, O=CCH2CH2C=O and H ), 2.61 (t, 2H, 
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O=CCH2CH2C=O), 2.17 (t, J=7.4, 2H, H9), 1.75 – 1.49 (m, 8H, H6 and H8), 1.47 – 

1.33 (m, 13H, H6 and CHtBut) 
13C NMR (101 MHz, MeOH) ! = 175.04 ( C10), 173.61 (Cf), 172.23 (Ci), 168.17 

(C21), 164.43 (C3’), 156.4 (Ct), 139.7 (Cd) , 135.9 (Cb), 121.6 (Cc), 121.2 (Ca), 79.1 

(Ctert-boc), 70.4 (CH2 EG, Cn, Co, C15 & C16), 70.3 (O=CNHCH2CH2 EG), 70.1 

(O=CNHCH2CH2O), 69.7 (O=CNHCH2CH2O), 69.55 (O=CNHCH2CH2O), 62.4 (C3), 

60.6 (C4), 56.0 (C2), 40.3 (OCH2CH2NH), 40.1 (2 x OCH2CH2NH), 39.5 

(OCH2CH2NH), 39.3 (OCH2CH2NH), 35.8 (C9), 31.9 (CH2CH2C=O), 30.6 

(CH2CH2C=O), 28.8 (C7), 28.5 (C6), 27.9 (CH3 t-But), 25.9 (C8). 

MS (ESI): m/z (I %): 1996.9 [M+Na]+ (100%) 
 
 
 

4.3.14 BBA3-1 (3) 
 

 
Method A 
To a solution of 17 (26.8 mg, 30·10-6 mol, 1 eq.) in DMF (3 mL), CDMT (18.3 mg, 

0.1·10-3 mol, 3.5 eq.) and NMM (29 µL, 0.26·10-3 mol, 9 eq) were added. After 30 

min of stirring at room temperature, amino-biotin dimer 1 (92 mg, 0.1·10-3 mol, 3.5 

eq.) dissolved in DMF (3 mL) was added. The mixture was stirred during 30h at 50°C 

and the DMF was evaporated under vacuum. The remaining oil was purified by 
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chromatography on silica gel eluting with CH2Cl2/MeOH/NH3 75:20:5 to yield 8 mg 

(6%) of 3 as a brown solid.  

 
Method B 
 
In a 5 mL round bottom flask, 19 (0.088 g, 7.2·10-6 mol, 3.3 eq.) was dissolved in 

TFA (0.16 mL, 2.16·10-3 mol, 30 eq.) and the inner wall of the flask was rinsed with 

CH2Cl2 (1 mL). The solution was stirred at room temperature during 1h and the TFA 

was evaporated under reduced pressure. The deprotected amino compound was 

dissolved in a mixture of DMF (0.5 mL) and CHCl3 (2.5 mL), Et3N (11 µL, 7.9·10-5 

mol, 1.1 eq.) was added and the solution was cooled to 0°C. A solution of 1,3,5-

tris(chlorocarbonyl)-benzene (5.7 mg, 21.6·10-6 mol, 1 eq.) in CHCl3 (0.5 mL) was 

added dropwise to the amine solution at 0°C, and the temperature was brought to 

room temperature. The solution was stirred a room temperature during 30 h and the 

volatiles were evaporated under reduced pressure. The residue was purified by 

chromatography on silica gel eluting with CH2Cl2/MeOH/NH3 15:4:1 to yield 9 mg 

(12%) of 3 as a brown solid.  

 
 

 
Rf  (CH2Cl2/MeOH/ NH3 aq. 15:4:1) = 0.15 
1H NMR (600 MHz, MeOH-d4) ! = 8.39 (s, 1H, CHaromatic, Hu), 8.10 (d, mJ=1.4 Hz, 

2H, CHaromatic, Hc), 7.94 (t, mJ=1.4 Hz, 1H, CHaromatic, Ha), 4.47 (dd, 2H, H4), 4.27 (dd, 

4H, H3), 3.70 – 3.56 (m, 24H, CH2
 
EG), $,&$!-./!'0/!CH2

 
EG1/!3.33 (dt, 6H, CH2
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(dt, J=5.7, 4H, H2), 2.89 (dd, 2H, H ), 2.69 (d, 2H, H ), 2.67 (t, 2H, 

O=CCH2CH2C=O), 2.56 (t, 2H, O=CCH2CH2C=O), 2.16 (t, 4H, H9), 1.73-1.50 (m, 

8H, H8 & H6), 1.42-1.33 (m, 4H, H7). 

MS (ESI): m/z (I %): 1199.19 [M+3Na]3+ (100%), 905.15 [M+4Na]3+ (35%).  

 
 

4.3.15 N1,N3,N5-tris(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)benzene-
1,3,5-tricarboxamide (20) 

 

 
 
A solution of trimesoyl chloride (0.200 g., 0.753 mmol) in CH2Cl2 (5 mL) was added 

to 11-azide-3,6,9-trioxaundecan-1-amine (0.8 g, 3.67 mmol) and N,N-

diisopropylethylamine (0.5 g, 3.87 mmol) in CH2Cl2 (5 mL) under magnetic stirring at 

0°C. After stirring overnight at room temperature, the mixture was washed with H2O 

(30 mL x 5). The organic phase was separated and the aqueous phase was extracted 

with CH2Cl2. The organic phase was collected, dried over sodium sulfate and 

evaporated under reduced pressure. The residue was purified by column 

chromatography on silica gel eluting with CH2Cl2/MeOH/NH3 75:20:5 to yield 1.4 g 

(62%) of 20 as a white hygroscopic solid.  

 

Rf  (CH2Cl2/MeOH 20:1) = 0.2 
1H-RMN (400 MHz, CDCl3, 298 K) "H (ppm): 8.42 (s, 3H, HCaromatiq), 3.81 - 3.64 (m, 

14H, CH2
 
EG), 3.40-3.34 (m, 2H, CH2

 
EG). 

13C NMR (101 MHz, CDCl3, 298 K) "H (ppm): 166.3 (C=O), 135.6 (Caromatiq), 128.8 

(CHaromatiq), 71.0 (3 x CH2 EG), 70.7 (CH2 EG), 70.4 (CH2 EG), 70.1 (CH2 EG), 51.0 (CH2 

EG), 40.6 (CH2 EG). 

MS (ESI): m/z (I %): 833.4 [M+Na]+ (100%), 811.4 [M+H]+ (88%).  
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4.3.16 Compound 21 
 
 

 
 
To a solution of 1 (356 mg, 0.398 mmol) in DMF (1,0 mL), propiolic acid (85.8 mg, 

1.20 mmol) and EEDQ (320 mg, 1.3 mmol) dissolved in DMF (0.5 mL) were added. 

The mixture was left under magnetic stirring at room temperature for 2 days before 

removing the volatiles under reduced pressure. The residue was purified by column 

chromatography on silica gel eluting with CH2Cl2/MeOH/NH3(aq.) 15:4:1 to yield 184 

mg (49%) of 21 as a white waxy solid.  

 

 
Rf (CH2Cl2/MeOH/NH3 (aq.) 15:4:1) = 0.35 
 
1H-RMN (400 MHz, CD3OD, 298 K): !H (ppm) = 8.05 (d, mJ=1.5 Hz, 2H, Hc), 7.92 

(t, mJ=1.5 Hz, 1H, Ha), 4.50 (dd, 3J(4-3)=7.9 Hz, 3J(4-5A)=5.0 Hz, 2H, H4), 4.30 (dd, 
3J(3-4)=7.9 Hz, 3J(3-2)=4.4Hz, 2H, H3), 3.83 (s, 1H, Hh), 3.71-3.62 (m, 12H, CH2(EG), 

H18 & H15 & H16), 3.60 (t,3J=5.4,  8H, CH2(EG), H19), 3.56 (t, 3J=5.5, 4H, CH2(EG), H13), 

3.36 (t, 4H,3J=5.4 Hz, CH2(EG), H12), 3.19 (m, 3J(2-3)=4.4 Hz, 2H, H2), 2.93 (dd, 3J(5A-
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5B)=12.7, 3J(5A-4)=5.0, 2H, H ), 2.71 (d, 3J(5A-5B)=12.7 Hz, 2H, H ), 2.19 (t, 3J(9-

8)=7.4 Hz, 4H, H9), 1.67 (m, 8H, H8 & H6), 1.42 (m, 4H, H7). 

MS (ESI): m/z (I %): 968.4 [M+Na+]+ (100%), 946.4 [M+H+]+ (32%) 

 

4.3.17 BBA3-2 (13) 
 
 
!

!
!
In a 5 mL round bottom flask under N2 atmosphere, triazide (9.7 mg, 0.012 mmol), 

alcyne (41 mg, 0.043 mmol) and DIPEA (13 mg, 0.10 mmol) were dissolved in DMF 

(0.8 mL).  A solution of CuSO4 (1.2 mg, 7.2 mmol) and sodium ascorbate (2.9 mg, 14 

mmol) in H2O (0.2 mL) was added and the mixture was stirred at room temperature 

overnight. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography on SiO2 eluting with CH2Cl2/MeOH/NH3 (aq.) 

75:20:1 to yield 37 mg (84%) of BBA3-2 (13) as a brown waxy solid.  

 
Rf (CH2Cl2/MeOH/NH3 (aq.) 15:4:1) = 0.25 
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1H NMR (400 MHz, methanol-d4): 8.39 (s, 1H, HCaromatiq), 8.24 (s, 1H, HCtriazole), 8.22 

(d, 2H, HCaromatiq, Hb), 8.07 (t, 1H, NHCaromatiq), 7.98 (t, 1H, HCaromatiq, Ha), 4.51 (t, 2H, 

O=CNH), 4.37 (dd, 2H, H4), 4.18 (dd, 2H, H3), 3.79 (t, 3H, O=CNH), 3.75–3.40 (m, 

30 H, CH2
 
EG), 3.38-3.32 (m, 6H, CH2

 
EG,), 3.04–3.00 (m, 2H, H2), 2.78 (dd, 2H, H ), 

2.61 (d, 2H, H ), 2.05 (t, 4H, 7.2 Hz), 1.54–1.44 (m, 8H, H8 & H6), 1.30-1.25 (m, 

4H, H7). 

MS (ESI): m/z (I %): 1239.2 [M+3Na+]3+ (100%), 1847.3 [M+2Na+]2+ (32%) 

 

4.3.18 BBA-S-S-BBA (4) 
 

 

 

 

 

 

 

 

 

 

In a 5 mL round bottom flask, 19 (0.130 g, 0.11·10-3 mol, 3.3 eq.) was dissolved in 

TFA (0.253 mL, 3.31·10-3 mol, 30 eq.) and the inner wall of the flask was rinsed with 

CH2Cl2 (1 mL). The solution was stirred at room temperature during 1h and the TFA 

was evaporated under reduced pressure. To a solution of 16-carboxyhexadecyl 

disulfide (0.019 g, 33.3·10-6 mol, 1 eq.) in DMF (3 mL), CDMT (0.012 g, 70·10-6 mol, 

2.1 eq) and NMM (8 µL, 70·10-6 mol, 2.1 eq) were added. After stirring during 1h, the 

solution was added dropwise to a solution of the deprotected amine and NMM (13 

µL, 0.11·10-3 mol, 3.3 eq.) in DMF (3 mL). The orange solution was stirred during 

15h at 60°C and the volatiles were evaporated under reduced pressure. The residue 

was purified by chromatography on silicagel eluting with CH2Cl2/MeOH/NH3 (aq.) 

75:20:1 to yield 0,016 g (17%) of BBA-S-S-BBA (4) as a brown solid.  

 
Rf (CH2Cl2/MeOH/NH3 (aq.) 15:4:1) = 0.34 
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1. 19, TFA, CH2Cl2, 1h
2. CDMT/NMM, DMF,
     60°C, 15h

2 21%

 C132H220N22O30S6
MW: 2787.68 g!mol-1



! "$"!

1H NMR (400 MHz, MeOH-d4) ! = 10.02 (bs, 1H, O=CNH), 8.10 (bs, 1H, O=CNH),   

8.11 (d, 2H, CHaromatic, Hc), 7.98 (t, 1H, CHaromatic, Ha), 7.48 (t, 1H, O=CNH), 6.99 (t, 

1H, O=CNH), 6.29 (bs, 2H, O=CNH), 5.90 (bs, 2H, O=CNH), 4.46 (dd, 2H, H4), 4.26 

(dd, 2H, H3), 3.65–3.47 (m, 30H, CH2
 
EG), 3.38-3.35 (m, 6H, CH2

 
EG), 3.10-3.03 (m, 

2H, H2), 2.83 (dd, 2H, H ), 2.70-2.61 (m, 6H, SCH2Caliphatic, O=CCH2CH2C=O and 

H ), 2.55 (m, 2H, O=CCH2CH2C=O), 2.15-2.05 (m, 6H, HNO=CCH2Caliphatic, H9), 

1.65-1.45 (m, 12H, H6 and H8), 1.47-1.33 (m, 28H, H7 and 11 x CH2 aliphatic) 

MS (ESI): m/z (I %): 951.9 [M+3Na+]3+ (100%), 1416.2 [M+2Na+]2+ (55%), 719.9 

[M+4Na+]4+ (45%) 
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Appendices
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APPENDIX 1

1) RP-HPLC analysis from crude reaction mixture and RP-HPLC/ESI-MS analysis from coum-
pound 9

Figure 1 RP-HPLC chromatogram from reaction mixture of compound 9 (*) at 254 nm using a linear gradient 
elution system of ACN:H2O 25:75 

*

Figure 2 HPLC / ESI-MS analysis of pure compound 9 using a linear gradient elution system of ACN:H2
TFA) t

}
}
}

}

[M-Boc+3H]2+

[M+H]+

[M+Na]+

[M+TFA]-

a)

c)
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2) RP-HPLC/ ESI-MS analysis from crude reaction mixture of BBA3-1 (3) 

a) 1 2 3 4 5 6 7

Divergent Synthetic Route

Figure 3 HPLC / ESI-MS analysis of reaction mixture of BBA3-1 (3) using a linear gradient elution system of 
MeOH:H2  

BBA-H 
mol-1

1
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2

3

4

5



6

7

Convergent Synthetic Route

Figure 4 HPLC / ESI-MS analysis of reaction mixture of BBA3-1 (3) using a linear gradient elution system of 
MeOH:H2   HPLC UV-Vis trace (254 nm)  mass spec-

1 2 3 4



1

2



4

3



141

3) 2D NMR spectrum of BBA-S-S-BBA (3) 
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4) NMR and ESI-MS spectrum of intermediates 
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APPENDIX 2

The SPR response shift, 

 n+1- RUn             
  

n-1

-

-

n consisted of the 

-

2

-

RU 2-RU1

4- RU3    Eff) for each elonga-

 Eff RUn/ RUn-2  
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 (R
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)
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2) 

and a trifurcated one (as BBA3

Eff

2  1

 2 

QCM
-2 -1

R) results

 

mQCM =
CQCM

n
fn (6)

Elongation 
step

Response shift, R (RU)
BBA2 SAv

1
2
3
4
5
6
7

 Table 1 2



Elongation 
step

Response shift, R (RU)
BBA3 SAv

1
2
3
4
5

Table 2 3

Elongation 
step

Response shift, R (RU)
BBA2 SAv

1
2
3
4
5
6

Table 3 2

Elongation 
step

Response shift, R (RU)
BBA2 SAv

1
2
3
4
5
6

Table 4 3 



D and f results

Table 6 2

Elongation 
step

BBA2 SAv
F D -6) F D -6)

1
2

Elongation 
step

BBA3 SAv
F D -6) F D -6)

1
2
3
4

Table 7 3

Table 5 2 and BBA3 

Elongation 
step

Response shift, R (RU)
BBA2 BBA3 SAv

1
2
3
4
5
6



Elongation 
step

BBA3 SAv
F D -6) F D -6)

2
3
4
5
6

Table 9 3

Elongation
 step

BBA3 SAv
F D -6) F D -6)

1
2
3

Table 8 3

elongation 
step

BBA2 BBA3 SAv
F D -6) F D -6) F D -6)

2
3
4
5
6

Table 10 2 and 
BBA3

elongation 
step

BBA2 SAv
F D -6) F D -6)

1
2
3

Table 11 2
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Angle  (°)

Ratio of the integrated intensities of Au 4f and N 1s as a function of the photoelectron emission angle ( ), i.e 

Table 20 3

elongation 
step

BBA3 SAv
F D -6) F D -6) F D -6)

1
2
3
4
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Figure 1
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Figure 2

Figure 3 AFM images in air o
of SAv using BBA3
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