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ABSTRACT

We have developed a new functionalization approach for semiconductor nanocrystals based on a single-step exchange
of surface ligands with custom-designed peptides. This peptide-coating technique yield small, monodisperse and very
stable water-soluble NCs that remain bright and photostable. We have used this approach on several types of core and
core-shell NCs in the visible and near-infrared spectrum range and used fluorescence correlation spectroscopy for rapid
assessment of the colloidal and photophysical properties of the resulting particles. This peptide coating strategy has
several advantages: it yields probes that are immediately biocompatible; it is amenable to improvements of the different
properties (solubilization, functionalization, etc) via rational design, parallel synthesis, or molecular evolution; it
permits the combination of several functions on individual NCs. These functionalized NCs have been used for diverse
biomedical applications. Two are discussed here: single-particle tracking of membrane receptor in live cells and
combined fluorescence and PET imaging of targeted delivery in live animals.

KEYWORDS
quantum dots, nanocrystal, fluorescence, photophysics, single-molecule, peptide, functionalization, live cell, FCS
1. INTRODUCTION

Fluorescent semiconductor nanocrystals (NCs)® have become increasingly popular as potential replacement of
fluorescent dyes for multiple biomedical applications. Their broad excitation spectra, associated with tunable and
narrow emission spectra, their photostability, brightness and quantum yield make them serious contenders as ideal
fluorescent probes for applications demanding high-sensitivity, high signal-to-noise or long observations’. However,
high-quality NCs are usually synthesized in organic solvents, and additional chemical modifications are required to
solubilize them in aqueous buffers and functionalize them for biomedical applications. This is accomplished by
exchanging the hydrophobic surface ligands with amphiphilic ones. Different NC solubilization strategies have been
devised over the past few years, including: (7) ligand exchange with simple molecules such as mercaptoacetic acid’,
dithiothreitol® or more sophisticated ones such as oligomeric phosphines’, dendrimers®, amphiphilic polymers’ triblock
copolymers'® and peptides', (i) encapsulation in silica shells'" ', phospholipid micelles", polymer beads', polymer
shells', amphiphilic polysaccharides'® and, (iii) combination of several layers conferring the required colloidal stability
to NCs'""?. Among these possible routes, some have known limitations, leading to particles that either lack long-term
stability™ ¢, have reduced QY, are significantly larger than the original particles” '°, have broader size distributions'' or
do not work well with all particle sizes". Recently, some groups have developed promising water-based synthesis®” '
yielding particles emitting from the visible to the NIR spectrum that are natively water-soluble, but have yet to be tested
in biological environments.
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Solubilization is but the first step towards using NCs as biological probes, unless they are used as mere non-specific
fluorescent stain, as demonstrated in experiment involving E. coli bacteria®’, amoeba® and human cell lines”? or
Xenopus embryo"’. For biological targeting, some kind of biological “interfacing” is necessary. Some applications will
require having a single recognition moiety attached to the nanocrystal (e.g. DNA oligonucleotide, aptamer, antibody,
etc). A simple method consists of exchanging the solubilization ligands with the molecule of interest, as was
demonstrated with DNA oligonucleotides *°. More generally, as most NC-ligands expose either a carboxyl or an amine
group, standard bioconjugation reactions can be used to functionalize NCs with molecules containing a thiol group'* "
** or an NHS-ester moiety'' respectively. Alternatively, heterobifunctional reagents > ' *° can be used to cross-link
molecules to the NC-ligands. Avoiding functionalization chemistry altogether, some researchers have used electrostatic
interactions between NCs and charged adapter molecules, or proteins modified to incorporate charged domains®”*'. For
instance, biotinylated or streptavidin- (SAv) coated NCs can be used in combination with SAv-functionalized or
biotinylated proteins or antibodies'* ' **3**° Using an antibody against a specific target, and a biotinylated secondary
antibody, itself bound to a SAv-coated NC, any type of target can be labeled using a three-layer approach ***.

In contrast to classical fluorophores used for biological labeling, the large surface area of NCs (their diameter varying
from a few nm*® to a few dozens nm'®) increases the number of available attachment groups (10-100). In other words,
labeling of NCs is therefore statistical and conrolled by stoichiometry. If the size of the attached moiety approaches the
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NC size, steric hindrance will prevent the attachment of more than a few of these moieties per NC. Size or charge
differences can sometimes be utilized to further purify singly labeled from unlabeled or multiply labeled NCs. In some
cases, multipotent NC probes can be desirable. The large number of surface attachment groups becomes an advantage,
as different functions can be “grafted” to individual NCs. For instance, in addition to a recognition moiety, NCs could
be equipped with a membrane crossing or cell internalization capability, and/or an enzymatic function. In general
however, addition of functions may result in an increase of the final NC size.Our group has investigated a new approach
that would allow a single type of ligand and a single step exchange of surfactant to perform all necessary functions: (i)
protect the core-shell NC from degradation, (ii) maintain the original NC photophysical properties, (iii) solubilize NCs
in aqueous buffers (iv) provide a biological interface to the NC, and (v) allow multiple functions to be easily
incorporated. This surface chemistry was designed to be simple, robust, and evolvable. The existence of biologically
synthesized NCs®’ consisting of CdS cores coated by natural peptides, led us to rationally design several peptide
sequences comprising a metal-chelating part and hydrophobic residues ensuring attachment to the NC shell, and a
hydrophilic tail providing solubilization (Fig. 1A). The resulting particles have excellent colloidal properties,
photophysics and biocompatibility, and this “peptide toolkit” can easily be tailored to provide additional functionalities
(Fig. 1B). More importantly, these peptide-coated NCs are amenable to molecular evolution for improved properties, a
strategy that has proven extremely powerful for the recognition, synthesis and self-assembly of nanocrystals™ **. The
versatility of the peptide code, and the example of the myriad of functions evolved by Nature, endows this technology
with the potential to fulfill the goals previously set forward.

This peptide-coating technique yield small, monodisperse and very stable water-soluble NCs that remain bright and
photostable. We have successfully used this approach on several types of core and core-shell NCs in the visible and
near-infrared spectrum range. The colloidal and photophysical properties of the resulting particles were tested by
fluorescence correlation spectroscopy (FCS) and single-molecule spectroscopy (SMS). In this report, we describe the
peptide-coating approach (section 2), the results of colloidal and photophysical characterization for various types of
NCs (section 3 & 4), and conclude with two examples of biological applications: single-particle tracking (SPT) of
membrane receptor in live cells (section 5) and combined fluorescence and micro-positron emission tomography
(MPET) imaging of targeted delivery in live animals (section 6). We conclude by a brief overview of future
developments (section 7).

2. THE PEPTIDE-COATING APPROACH

2.1. A natural design

As illustrated by the brief review of available techniques presented in the introduction, interfacing hydrophilic organic
molecules with the inorganic surface of NCs is a significant challenge. Interestingly, very efficient processes have
naturally evolved for this particular problem in the form of biosynthesis of phytochelatins by some plants, yeast and
bacteria strains. Phytochelatins are cysteine-rich peptides that these organisms synthesize to detoxify their environment
from harmeful metal ions such as Cd** *°. These peptides of structure (¥-EC),G (n, the number of dipeptide repeats, is
typically 2-4) can complex metal ions into semiconductor NCs such as CdS*”*'. These intracellular peptide-coated NCs
are very stable and possess photoluminescent properties similar to chemically synthesized NCs, but have a tendency to
degrade upon photoexcitation*’. Phytochelatin-related peptides with y and o-linkages have been used as templates for
nucleation and in vitro growth of NCs such as ZnS or CdS** . Recently, combinatorial techniques** ** and phage
display®® have been employed to improve the interfacing of peptides with semiconductor nanoparticles. However, NCs
grown from peptide templates have found little use as probes for biological imaging. One possible reason is their lower
crystalline quality compare to chemically synthesized NCs, but also the absence of higher band gap shell material on top
of the semiconductor cores, which might result in rapid photodegradation. On the basis of these naturally formed
organic-inorganic hybrid materials, we designed synthetic m-peptides similar to the phytochelatins, that can efficiently
bind on the surface of CdSe/ZnS NCs synthesized with TOPO surfactant and provide buffer soluble, biocompatible, and
photostable NCs probes amenable to fluorescence imaging of live cells.

2.2. Amphiphilic peptide sequences

The binding reaction of a typical phytochelatin-related synthetic m-peptide on CdSe/ZnS NCs synthesized following
standard protocols' is presented in Fig. 1A. The 20 amino acid long amphiphilic peptide has a hydrophobic adhesive
domain that binds on the ZnS surface of the NCs and a negatively charged and hydrophilic linker domain that can be
modified to include binding sequences or functional groups for conjugation (Fig. 1B) Cysteinyl thiolates, present in the
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adhesive domain, have previously been reported to act as surface ligands on NCs such as CdS and ZnS*" ** ¥,
Replacement of the cysteine residues (C) by alanine resulted in water insoluble particles, confirming that the essential
role of cysteine for the binding of the peptides on the NCs surface. Multiple repeats of cysteine in tandem were
preferred so as to enhance the stability of the peptide on the NCs by better surface coverage. Limiting the adhesive
domain to one repeat only resulted in unstable NCs. Such length-dependent stability was previously reported for CdS
NCs coated with phytochelatin peptides of various lengths*. The presence of hydrophobic 3-cyclohexylalanine (Cha)
residues around the cysteines in the adhesive domain helped the solubilization of the peptides in an apolar 9:1 (v:v)
pyridine:dimethylsulfoxide (DMSO) cosolvent where TOPO-coated NCs are stable, therefore limiting the formation of
aggregate during the reaction . The large cyclohexyl moieties were also chosen to limit the cross-reactivity between the
cysteines of the adhesive domain and to compete with the hydrophobic TOPO on the NCs surface. When the Cha
residues were replaced by alanine, the obtained peptide-coated NCs were unstable in buffers. We have been recently
successful in replacing the unnatural amino-acid Cha by a natural one while preserving the stability and photophysical
properties of peptide-coated NC (data not shown).

Binding of the peptides on the ZnS layer was initiated by the formation of cysteine thiolates anion with the addition of
tetramethylammonium hydroxide (TMAOH) base. Upon binding of the peptides, the nanoparticles precipitate out of the
cosolvent, and can be redissolved in DMSO and water. Dialysis and centrifugal filtration were then used to remove the
excess of un-bound peptides and the purification was assessed by size exclusion liquid chromatography (SE-HPLC) and
SDS-PAGE gel electrophoresis'.

Designation snl.\:lcﬁﬁilv\' :'1]('1:[ Irl}:\l Sequences”
Water/Bufter” 4.0/10.0°
1 +/- ND Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
2 +/- ND G-0G-5-G-0G-5-G-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
3 -/- /- G-R-R-G-E-G-R-R-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
4 ++ +/+ G-8-E-5-G-G-5-E-8-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
5 ++ +/+ Ac-G-S-E-S-G-G-S-E-5-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
6 ++ +/+ Sue-G-58-5-5-G-G-5-5-5-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
7 ++ +/+ k-Gr-5-E-5-0-0-5-E-5-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
8 ++ +/+ Biotin-G-5-E-5-G-0G-5-E-5-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
9 +/- +/+ PEG-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd
10 +/+ I+ Ac-G-P-K-K-K-R-K-V-G-G-S-E-S5-G-G-5-E-5-G-Cha-C-C-Cha-C-C-Cha-C-C-Cha-Cmd

Table 1: Sequences of some phytochelatin-related t-peptides. “ 100 mM PBS buffer pH 7.2.225 mM potassium hydrophthalate
buffer pH 4.0 and 25 mM sodium bicarbonate buffer pH 10.0. “All sequences are written from N- to C-terminus. Cmd:
carboxamide; Ac: N-terminal acetylation; Suc: N-terminal succinylation; Cha: 3-cyclohexylalanine, PEG: hexaethyleneglycol.
ND: not determined. From ref. '.

Peptide 1 (Table 1), composed of the adhesive domain only, could efficiently solubilize CdSe/ZnS in DMSO and water
but the aggregates were observed at pH 7.2 in phosphate buffer saline (PBS) buffers for concentration above 5 mM. The
addition of a polar second domain, such as that of peptide 2, enhanced the stability in PBS buffers with ionic strength up
to 20 mM, although small NCs aggregates formed above this molarity. When positive charges were added by means of
arginine residues (R) (peptide 3) to improve the stability of the particles in higher ionic strength buffers, the NCs readily
aggregated upon water solubilization. These aggregations may have arisen from the interaction of the positively charged
arginine residues with the negatively charged surface of the NCs. To overcome these charge interactions, a polar but
negatively charged domain containing glutamic acid residues (E) (peptide 4) was tested, and successfully conferred both
solubilization and colloidal stability to the nanoparticles in PBS buffers containing 100 mM and higher salt. This
domain was thus chosen as a hydrophilic linker addition for other peptides sequences (Fig. 1A).

2.3. Modularity of the peptide toolkit

The peptide code has a few billion years of proven record of versatility, and modern peptide synthesis techniques allow
a relatively simple strategy of rational design and parallel synthesis to explore it in a targeted manner. Starting from the
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