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Abstract

Abstract

In the last years, a relevant attention has been paid to monolayer protected gold nanoparticles
(AuNPs), which are nanometer-sized gold colloids coated with a monolayer of organic molecules.
Indeed, they have several interesting features. The first one is the easiness to synthesize gold
cores with various sizes. Second, the versatile chemistry of AuNPs allows the grafting of functional
groups and co-factors onto their surface. Taking advantage of different kinds of non-covalent
interactions (namely hydrophobic, ion pairing, and metal-ligand coordination), such functional
groups can in turn provide tailored binding sites for virtually any class of substrates. The variety of
monolayers that can be potentially assembled endows a fine-tuning of these interactions not only
in terms of selectivity, but also in terms of their strength. Therefore, AUNPs were emerging as
great scaffolds for molecular recognition.

In this thesis, chapter 1, the introductive chapter, will present the methods for the preparation
of AuNPs, the recent progress of AuNPs as chemosensors and the approaches that have been
developed to investigate the monolayer morphology of mixed AuNPs. In chapter 2, the aims and
objectives of this thesis will be addressed. In chapter 3 and 4, a series of water soluble AuNPs were
prepared and investigated as nanoreceptors and chemosensors using nuclear magnetic resonance
(NMR) protocols. The results of chapter 3 indicated that by appropriate design of the coating
ligands, the spontaneous formation of the sensing pockets in the monolayer of the gold
nanoparticles can be achieved. The results in chapter 4 confirmed the possibility that the rational
design of AuNPs with intrinsic binding cavities and controlled sensing ability can be aided by
molecular dynamic (MD) simulations. In chapter 5, three kinds of positive charged AuNPs were
prepared and they were able to detect and discriminate nonsteroidal anti-inflammatory drugs in a
guantitative manner. In the field of molecular recognition, unique properties can also be obtained
by the preparation of mixed AuNPs. Previous studies have already demonstrated that the
morphology of the mixed monolayer is closely related to their properties. For this reason, in
chapter 6, we will describe a method which combines NMR and electron paramagnetic resonance
(EPR) techniques to investigate the morphology of mixed AuNPs. Furthermore, in chapter 7 we
demonstrated that the morphology of the mixed monolayer can be transformed when in the

presence of proper interacting analytes.
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Chapter 1

Chapter 1. Introduction

“Molecular recognition” has become a popular term since 1980s.' It covers the specific
interactions between two or more molecules through noncovalent bondings such as hydrogen
bonding, hydrophilic/hydrophobic interaction, van der Waals forces, m-mt interactions, metal
coordination and so on. Even though molecular recognition was extensively investigated in the
past years,”> the controlled and predictable design still remains a significant problem, especially
when using dynamic large supramoleuclar scaffold, for example, monolayer protected gold
nanoparticle (AuNP in the rest of the thesis), as receptors.

AuNPs are spherical clusters of gold atoms coated by a monolayer of organic molecules, in most
of the cases thiols, called ligands. Size of the metal core may range from 1 to 100 nm, which means
that the number of gold atoms ranges from a dozen to hundreds of thousands, and the number of
coating molecules spans from few units to several thousands.

Beside several possible applications, AUNP are emerging as an excellent scaffold for the design
and preparation of novel chemosensors due to their intrinsic chemical and physical properties.“'6
First, by tailored design of the coating ligands, the functionalized AuNP can possess specific
binding sites, which can bind various targets through non-covalent interactions. In addition,
proper design of multifunctional AUNP can obtain synergistic effect in binding with the targets.7
Second, the AuNP are endowed with unique optoelectronic properties, such as fluorescence,®
surface plasmon resonance,’ redox potential,10 conductivity11 and so on.'? All of these properties
can be taken as signal generating elements when in the presence of analytes. Third, the self-
assembled nature of AuNP makes their synthesis, modification and optimization relatively easy.
Of course, such advantages may be counterbalanced by drawbacks, which include the effects of
size dispersion (with the exception of molecularly precise clusters), the conformational flexibility
of the coating molecules, which may create different local environments and different binding
sites for molecular accommodation. In addition, the uncertainty about the morphology of mixed

monolayers makes the investigation of the monolayer distribution of mixed AuNP meaningful.
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Figure 1-1. Optoelectronic properties of AuNP.

In this introductive chapter, | will show different methods for the preparation of AuNP and
mixed AuNP. In addition, the progress of AuNP-based chemosensors using different signal
generation methods will be discussed. Finally, also protocols that were used to study the

morphology of mixed AuNPs will be addressed.
1.1 Synthesis of AUNPs

Many methods have been reported for the preparation of AuNPs. The development of different
preparative methods was mainly focused on the control of the shape, size, stability and
functionalization of the gold nanoparticles. When a specific route to prepare gold nanoparticles is
considered, several factors, such as the category of the reducing agent, the coating molecules, the
solvent and the temperature need to be clearly addressed. In this part, | will introduce the classical
methods for the preparation of AuNPs and the advantages and disadvantages of different
methods will be discussed.

As a general remark, it must be recalled that nanoparticles are thermodynamically unstable
because of their high volume to surface ratio. Surface stabilizing agents are then required to
prevent coalescence either by electrostatic or steric repulsion. Any synthetic protocols needs
hence to consider both the production of the nanoparticle precursors, i.e. gold atoms, and the

stabilization of the growing particles.
1.1.1 Turkevich method

One of the earliest methods for the preparation of gold nanoparticles (with size >5 nm) was
published by Hauser and Lynn B in 1940. They reported the formation of gold nanoparticles by
reducing the tetrachloroauric acid with trisodium citrate. In this method, besides being the

reducing regent, trisodium citrate also acts as the stabilizing agent providing a negative charge to
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the nanoparticles. Moreover, by varying the feeding ratio of citrate salt to gold, nanoparticles with
a wide range of sizes can be prepared. Later, this result was redescribed by Turkevich and
coworkers'® in 1951, which made the method well known. Until now, many modified approaches
have been explored according to the original one.

4. Fast growth on seed particles.

3. Slow growth on seed particles
2. Formation of seed particles

1. Reduction/formation of clusters

©
> g‘r&—)

AuX,

Figure 1-2. Schematic representation of the gold nanoparticle growth using the Turkevich Method.

The nanoparticles growth mechanism using this method is also widely studied. According to
Polte et al,™ this process includes four steps. First, the Au'is partially reduced to Au’® by citrate
salts and form small clusters. In the second step, the small clusters grow and aggregate to become
seed particles. The remaining Au*' is then attracted and attached on the electrical double layer of
the seed particle as co-ions. In the third and fourth step, the remaining Au®* was reduced to Au®,
first slowly and then fast. In this way it only deposits on the surface of the available seed particles
until all the gold precursors are consumed.

Even if this method has been widely applied and extensively studied, it has limitations.'®
Nanoparticles with size smaller than 5 nm cannot be prepared. Relatively high dilutions are
required, so that only relatively small amounts of nanoparticles can be prepared. The reaction has
to be performed at high temperature (boiling) since the thermal degradation of the citrate salts is
the key step in formation and stabilization of the AuNPs. However, at high temperature is difficult
to control accurately the concentration of the gold solution or citrate, and consequently the final

size of the gold nanoparticles.
1.1.2 Brust-Schiffrin method

The Brust-Schiffrin method is another widely applied approach to prepare gold nanoparticles.””
When introduced, this method represented a real breakthrough since it allowed for the first time
to prepare gold nanoparticle stable, amenable to be dried and redispersed and usable as stable
compounds. The reason of this different behavior is the use of thiols as ligands, since the Au-S

interaction is much stronger than the Au-COO" one. Since at that time most of the thiols
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commercially available were soluble only in low polarity solvent, tetraoctylammonium bromide
(TOABr) was used as phase transfer regent to transfer HAuCl, from aqueous phase to toluene.
Then the Au** was reduced by sodium borohydride (NaBH,) in the presence of dodecanethiol. The
mechanism proposed involves as first step the reduction of Au(lll) to Au(l) by the thiols. This
induces the formation of [Au(SR)], polymers. Subsequently, the addition of sodium borohydride
completes the reduction of Au(l) to Au(O). In this method, the conditions employed are mild. The
reaction is performed at room temperature or at 0 °C. In addition, the size of the nanoparticles can
be roughly controlled in the range of 1.5-5 nm, by the use of different feeding ratio of thiol to gold
salt. As expected, the AuNPs obtained using hydrocarbon thiols are mostly soluble only in low

polarity solvent.'®

Later on, modifications of this method that avoid the use of two phases and of the phase
transfer agent were introduced. They may use organic solvents capable to solubilize tetrachloauric
acid (THF, methanol, etc.), gold salts soluble in organic solvents (AuCIPPhs) or reducing agents
soluble in organic solvents. The mechanism of nanoparticles formations is similar to the Brust-
Schiffrin one and size is essentially controlled by feeding ratio of thiol to gold salt. Generally, larger

particles (4-8 nm) are obtained with respect to the Brust-Schiffrin protocol.
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Figure 1-3. Schematic representation of the gold nanoparticle preparation using the Brust-Schiffrin method.

1.1.3 Peng-Scrimin method

Considering the limitations of the Brust-Schiffrin protocol,®® Scrimin et al. developed a new

method based on the modification of the Brust-Schiffrin one. In Peng-Scrimin method, TOABr was
4
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also used as phase transfer regent and sodium borohydride as reducing regent. What is different is
that in this method dioctylamine was employed as stabilizing regent. The introduction of
dioctylamine leads to two advantages. First, the amount of dioctylamine can be used to control
the size of the AuNPs. Second, the thiol-protected gold nanoparticles can be easily obtained by
exchanging the dioctylamine, avoiding in this way the exposure of the thiols to harsh conditions.
The size of the AuNPs obtained using this method is well controlled by the amount of dioctylamine
added and the preparation of water soluble AuNPs is possible, which largely promotes the
development of AuNPs. Other similar methods, which avoid the two phases using reducing agents

soluble in organic solvents were introduced later on.

~L\_\_ Toluene HALC
At O A —i‘-—(:::_}:mHAu' cl )

D IR e j

Figure 1-4. Schematic representation of AuNPs preparation using the Peng-Scrimin method.

1.1.4 Synthesis of mixed AuNP

Mixed monolayer gold nanoparticles are becoming more and more appealing to scientists as

19,20 14 prepare mixed AuNPs,

they allow increasing the chemical complexity of the monolayer.
three methods can be employed. It is relevant to note that quite the very same methods, when
pushed to the extreme conversion, can be used for the synthesis of homogenously coated

nanoparticles.

Direct synthesis. Direct synthesis is a very simple and fast way to prepare mixed AuNPs. It used
the same procedures described above using mixtures of coating molecules instead of pure ones.
The main limitation is that the composition of the mixed AuNPs is difficult to control. Usually, the
ratio of the coating ligands obtained from the resulting AuNPs is not the same as the ratio of the
feeding ligands. This can be due to the difference in the solubility, the steric hindrance effect and

. 21,22
the supramolecular nature of the two ligands.” **

23,24
d,

Thiol exchange method. Thiol exchange metho which was first reported by Murray et al,

is the substitution of thiol ligands from the surface of AuUNP with a different kind of thiol. Taking

5
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advantage of this method, new functionalities can be introduced to the monolayer of gold
nanoparticles. The exchange efficiency depends on the nature of the feeding thiol, the ratio of the
feeding thiol, the reaction time, the solvent and the temperature. Using this method, the mixed
monolayer protected gold nanoparticles with intrinsic features can be easily obtained. Though this
method provides an easy way to obtain controlled composition of the mixed AuNPs, still, it has

limitations, such as time consuming or the possibility to induce the nanoparticles etching.

ﬁ}gﬁp e qff;‘

B

Figure 1-5. Schematic representation of the thiol exchange.

226 is pased on the fact that

Post-Synthetic modification. Post-synthetic modification method
the functional groups which are anchored on the surface of the AuNPs can further undergo
synthetic transformation. This method can be a better choice in several cases. When the synthesis
of the functionalized thiol results in a really low yield, post-synthetic method can optimize the
synthesis route. In addition, the further functionalization efficiency highly depends on the reaction

activity. Therefore, quantitative modification of the monolayer of the gold nanoparticle can be

achieved. However, this method requires a mild reaction condition.

1.2 Chemosensors based on monolayer protected nanoreceptors

Reliable and precise methods capable of identifying specific compounds in mixture have

attracted increasing interest in the last decades.”’”

Among the various materials have been
developed for molecular recognition, AuNPs have a huge potential for the development of
innovative receptors sensing applications due to peculiar distinct physical and chemical

. 31-33
properties.

Here, we will discuss the approaches that were recently developed by using AuNPs
as nanoreceptors for chemosensing. The discussion will be mainly focused on NMR and
fluorescence methods, which are the most widely used ones, but some other methods will also be

described.
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1.2.1 NMR methods

NMR is probably one of the most powerful techniques to monitor recognition events.*** The
undisputed advantage of NMR spectroscopy over other techniques in molecular recognition
studies is the wealth of information on the formed complex that can be obtained, both regarding
the binding affinity and the structure. The provided information includes the chemical shift, the

3738 For this reason, NMR

signal intensity, the diffusion coefficient, the relaxation and so on.
spectroscopy is the method of choice for most molecule-based recognition studies. Recently, NMR
spectroscopy is also rapidly gaining attraction as a promising tool for studying the interaction
between small molecules and AuNPs favored by some important features. Firstly, when passivated
with a proper monolayer, nanoparticles are stable and form homogeneous solutions, which allow
the use of solution-state NMR spectrometers. Secondly, because of their small size, diamagnetic
nanoparticles do not perturb significantly the magnetic field homogeneity and are hence
compatible with high-resolution NMR experiments. Due to such properties, NMR spectroscopy
would also allow, in principle, to use any molecular receptor as chemosensor. Indeed, molecular
recognition results almost always in a change of some NMR observable (chemical shift, relaxation
time, NOE, diffusion rate). Yet, in most of the cases signal crowding prevents practical use.

For the above reasons, *>F NMR spectroscopy is used in multianalyte detection. Indeed, it
conjugates a sensitivity similar to that of 'H NMR with the general absence of background signals
and the large chemical shift range. Consequently, fluoride containing receptors are frequently
employed to design chemosensors based on the perturbation of F NMR chemical shifts.>***

Recently, this idea was also applied to AuNPs using a displacement assay.*? Fluoride-containing
arylboronic acids can bind with the thioundecyl-D-glucopyranoside-protected gold nanoparticles.
In the AuNP-bound state, the relaxation rate of the fluoride-containing arylboronic acids was
significantly increased because of the low flexibility and tumbling rate of the nanoparticle.
Therefore, the NMR signals of the fluoride atoms experienced a substantial broadening. Then,
when dopamine, which is known to have a high affinity for arylboronic acids, was added to the
system, the fluoride compound could be displaced from the monolayer of AuNPs. The resulting 19
NMR spectrum was then featured with sharp signals. Taking advantage of the relaxation-
modulating property of the AuNPs, dopamine can be detected with a limit of detection of 20 uM.
Imaging-based detection is also possible. Finally, the chemical shift of the sharp signal appearing

after analyte detection are different for any analyte, allowing is identification.
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Figure 1-6. Upper: the schematic representation of the *°F NMR-based sensing mechanism. Lower: the structure of

the coating ligands, the fluoride compounds and analytes used.

A different chemosensing strategy is based on the selective transfer of magnetization from the
nanoparticles to the interacting analytes via nuclear Overhauser effect (NOE) (Figure 1-7). Based
on this principle, our group recently developed a NMR sensing protocol called NOE-pumping.”**
This method requires the use of nanoparticles with receptor ability and a combination of different
NMR experiments. The first is a diffusion filter experiment, which cancels all the signals of the
small, fast diffusing species in the sample (by dephasing their magnetization). On the other hand,
the nanoparticles diffuse slowly, thanks to their relative largeness, and hence their magnetization
survives this step. In the second experiment the retained magnetization is transferred to analytes
interacting with the nanoparticles via NOE. Finally, the re-magnetized analyte relax producing the
NMR spectrum which is recorded. In this way, the signal produced by the sensing system is the
NMR spectrum of the analyte and its identity can be clearly recognized even when it is an
unknown molecule. Because of the use of nanoparticle-based receptors this method was called

“nanoparticle-assisted NMR chemosensing”, and it may be considered a general method for direct

detection and identification of broad analyte classes via 'H NMR.
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Figure 1-7. Outline of the NOE pumping experiment used for NMR chemosensing.
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Figure 1-8. (Left) the structure of the coating ligands and analytes used. (Right) schematic representation of the NOE-

pumping protocol.

In the first example (Figure 1-8),43 sodium salicylate was mixed with water soluble gold
nanoparticles (1-AuNP). Using the NOE-pumping sequence, the signals arising from the sodium
salicylate was observed in the NOE-pumping spectrum, indicating the binding event occurred
between 1-AuNP and sodium salicylate. What is more interesting, when NOE-pumping experiment
was performed with a aqueous solution containing sodium salicylate, 3-hydroxybenzoate, 4-
hydroxybenzoate,sodium p-toluenesulfonate, disodium benzene-1,3-disulfonate, whose chemical
structures are quite similar, and AuNP-1, the presence of the sole sodium salicylate was observed,
indicating the excellent selectivity of this system. In addition, the ability to detect sodium salicylate
in human urine was also confirmed. This approach features several advantages. First, the NOE-
pumping spectrum can provide structural information which leads to the unambiguous
identification of the analytes. Second, both the operating and processing are simple and can be
implemented to standard NMR spectrometer. Last but not the least, the features of the AuNPs can
be easily modified by tuning the structure of the coating ligands. This makes the tailored design for

the detection of different types of analytes possible.
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To demonstrate this point, AuNPs coated with molecules featuring different kinds of non-
covalent interactions were subsequently designed.44 It was found that the binding constant
between sodium salicylate and 1-AuNP, whose driving force was supposed to be mainly
hydrophobic interaction, is 120 M. While for 16-AuNP, which was endowed with both
hydrophobic and electrostatic interactions, the binding constant with sodium salicylate is 4x10* M’
! The modulation of the strength of the binding affinity can be confirmed by NOE-pumping
method, through the integration of the resulting signals of the analyte from the NOE-pumping
spectra.

NOE pumping requires a week interaction between the nanoparticle and the analyte. Indeed the
spectrum is collected from the analyte molecules free in solution after their interaction with the
AuNP and the magnetization transfer. Weak and fast exchange interaction ensures a significant
fraction of free analytes as well as a turnover of the analytes molecules in the binding sites such to
produce relevant signal amplification. When the interaction between the AuNPs and analyte is
strong, like in the case of 16-AuNP and sodium salicylate mentioned above, the occurrence of the
binding event can also be demonstrated by diffusion-ordered spectroscopy (DOSY). This method
based on the fact that AuNPs have a larger diffusion coefficient than organic compounds due to
their large size. When the analyte were bound to AuNPs, its diffusion coefficient will increase in
different degrees corresponding to the fraction of molecules bound to the nanoparticles (Figure 1-
10). By measuring the changing of the diffusion coefficient, the binding affinity between the

AuNPs and analyte can be directly evaluated.
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Figure 1-10. (Upper) the structure of salicylate, tyramine, benzoate and p-toluenesulfonate. (Lower) the DOSY

spectrum of a mixture of salicylate, tyramine, benzoate and p-toluenesulfonate in the presence of 16-AuNP.

The NOE magnetization transfer implemented in NMR chemosensing is based on population
inversion, but a similar result can be reached by saturating, rather than inverting, the populations
of the spins in the monolayer. In fact, nanoparticles with a 2 nm core possess a rather efficient
spin-diffusion mechanism, which opens the pathway to saturation transfer difference (STD, Figure
1-11) experiments.4ﬁ While conceptually similar to a NOE experiment, the STD experiment
provides stronger signals because saturation is effective for longer periods compared with
transient NOE. However, to perform STD experiment, the signals of the analyte and AuNPs have to
be clearly separated.

In our recently reported study, we found that with a negative charged coating monolayer, the
AuNPs can be used to detect analytes with primary amine groups.” When the signals of AuNP
have no overlap with the signals of the analyte, STD experiment could be implemented and the
results showed that the phenethylamine derivatives can be detected with a limit of detection as

low as 30 uM (Figure 1-12).
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Figure 1-11. Schematic explanation of STD experiment.
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Figure 1-12. The a: '"H NMR, b: STD subspectrum of a mixture of phenethylamine derivatives and the negatively

charged AuNPs.
1.2.2 Fluorescence methods

(1) Conirel immunoeassay:

-

(2) Competitive immuneassay:

QQ o Y

AuNPs Human Ighl FITC-human Igh Goat anti-human Ighd

Figure 1-13. Schematic representation of the antibody-based AuNPs for the detection of IgM.
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Metal nanoparticles are very efficient fluorescence quenchers,“g"50 via excitation energy transfer,
due to their extraordinary high molar extinction coefficients and broad energy bandwidth.
Because of this property, AuNPs were frequently used as fluorescence resonance energy transfer
(FRET) acceptors. In this FRET-based method, the fluorescence of the donor will be quenched
when complexed with the AuNPs. When the analyte, which can also bind with the AuNPs, is added
to the system, the donor gets displaced to the solution and the fluorescence recovers. Therefore,
the fluorescence intensity can be used to detect and quantify the analyte. Taking advantage of this
strategy, Chen and coworkers* reported a AuNPs-based chemosensor (Figure 1-13). In their study,
the gold nanoparticles were functionalized with immunoglobulin M (IgM) antibody, which enables
the binding between the AuNPs and antigen-labeled fluorescein isothiocyanate. When the binding
event occurred, the fluorescence of the fluorescein isothiocyanate was quenched. By adding an
increased concentration of IgM, the antigen-labeled fluorescein isothiocyanate was displaced from
the surface of AuNPs and its fluorescence was recovered. Based on the calibration curve, this
immunoassay was demonstrated to have a limit of detection for Ig M as low as 42 pM.

Carbon dots received a great number of attention recently because they feature intrinsic
fluorescence, high photostability, superior biocompatibility and low cost for the synthesis.>
Recently, carbon dots have also been used as fluorophores to develop FRET-based nanosensors.
Taking advantage of the same fluorescence turn-on principle, Das and coworkers>? reported a
anionic carbon dot-AuNP system for the detection of glutathione (Figure 1-14). The results

demonstrated that this nanosystem can detect glutathione with a limit of detection of 6 nM.
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Figure 1-14. Carbon dots-based nanosystem for the detection of glutathione.

Since the FRET phenomenon is highly dependent on the distance between the fluorescence
donor and acceptor, the FRET-based sensors can also be designed by modulating the spatial
between the donor and acceptor. Dubertret et al** reported a hairpin FRET-based nanosystem for

the detection of DNA (Figure 1-15). In their study, the nucleic acid was conjugated with both
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AuNPs and organic dyes at its two ends. Because of the self-complementary of the nucleic acid,
hairpin shaped nucleic acid was formed. This brought the close proximity of the AuNPs and organic
dyes and led to the occurrence of FRET. When in the presence of the target DNA, which is
complementary to the nucleic acid, the hairpin shape was destroyed and the AuNPs and organic

dyes were separated, resulting in the increase of the fluorescence intensity.
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Figure 1-15. Schematic illustration of the mechanism for NDA detection.

Figure 1-16. Representation of the mechanism of IDA-based sensing array.

The fluorescence quenching ability of the AuNPs also allowed the straightforward design of

indicator displacement assay (IDA) based sensing arrays.SS"F’?

The IDA based sensing array exploits
different sensing acceptors to generate signaling patterns that can be used to identify and
discriminate various types of analytes. Taking advantage of this strategy, by simply varying the
structure of the coating molecules one can create a large number of nanoparticle receptors and
develop array-based differential sensing systems.”®®° This approach was pioneered and elegantly

exploited by Rotello and Bunz®>®

(Figure 1-16). They used cationic gold nanoparticles coated with
different ammonium-thiol derivatives to generate the sensor arrays and polyanionic fluorescent
poly(paraphenyleneethynylene) (PPE) polymers or proteins as indicators. By disrupting the

nanoparticle-polymer interaction, distinct fluorescence response patterns can be produced for
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specific proteins, cells and bacteria. In this way, various proteins, cells or bacterial were detected

and discriminated.
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Figure 1-17. The IDA approach for the detection of nucleotides.

This approach was later expanded by the Prins group to the sensing of small molecules (Figure
1-17).% They created a sensor array by using 1,4,7-triazacyclononane terminated gold
nanoparticles, loaded with two different metal ions (zn** and Cu*") in combination with three
polyanionic fluorescent dyes. They found that di- and tri- nucleotides NDP and NTP (N=A, T, G, C)
interacted differently with the (3x2) sensor array, allowing the discrimination of the eight analytes
in a quantitative manner. Interestingly, this work showed that the selectivity diversity needed for
differential sensing can be created in the case of nanoparticles receptor arrays not only by
changing the chemical structure of the nanoparticle coating molecules, but also by using different

reporters and metals.

1.2.3 Other methods

Besides NMR and fluorescence methods, there are still some other methods available for the
design of AuNPs-based chemosensors. One of the examples is based on EPR spectroscopy. EPR has
been extensively employed to investigate the interactions between stable free radicals (such as
nitroxides) and the monolayer of gold nanoparticles. Taking advantage of this technique, evidence
of interactions are generally revealed by perturbations in the EPR nitrogen hyperfine splitting and
by incomplete averaging of the anisotropic components of the hyperfine and g-tensors (resulting
in systematic line widths broadening).

One of the earliest works in this context was reported by Pasquato et al (Figure 1-18).% They
utilized water soluble 1-AuNP to study its interaction with para-substituted benzyl hydroxyalkyl

nitroxides. The results determined that the EPR spectra of the nitroxide was featured with two
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additional signals (new signals) when in the presence of 1-AuNP. Several evidences indicated that
the presence of the new signals is due to the accommodation of the nitroxide into the gold
nanoparticle monolayer. First, the decreasing of the nitrogen hyperfine splitting a(N) of the new
signals compared to the free radical suggested that the nitroxide which generated the new signals
were located in a less polar environment. In addition, the line broadening occurred to the new
signals, indicating the low flexibility of the radicals. Moreover, the changing of the molar ratio of 1-
AuNP and nitroxide directly related to the intensity ratio of the new and free radical signals. All of
these evidences supported the long-standing idea that proper ligands grafted onto the AuNPs can
generate “hydrophobic pockets” inside the monolayer, where organic solutes can be
accommodated. Note that even if in this example no sensing was performed, the modification of
the EPR spectra of the radical probe suggests the possibility to develop a nanoparticle-assisted EPR

chemosensing strategy.

Figure 1-18. Schematic representation of the radical accommodation to the gold nanoparticle monolayer.

AuNPs are also widely used to develop colorimetric sensors for the detection of ions, anions,
DNA and even proteins. The design of AuNPs-based colorimetric sensors is based on the fact that
the aggregation and disaggregation of AuNPs of a proper size can lead to the dramatic change of
the surface plasmon resonance property. Kim and coworkers>? reported a dithioerythritol-
protected gold nanoparticle which can bind Hg?* through sulfur-Hg-sulfur interaction, resulting in
the red shift of the absorbance spectra. Mirkin and coworkers®” reported a nanosystem with two
types of DNA-protected gold nanoparticles (Figure 1-19). The base sequence of the coating DNAs
is designed to be complementary to the two ends of the target DNA. When in the presence of the
target DNA, the interparticle aggregation occurred and the resulting color change makes the

detection of DNA possible.
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Figure 1-19. (A) The illustration of the aggregation of the AuNPs. (B) The color change induced by the aggregation. (C)

The absorbance of DNA (modified with or without AuNP) at different temperature.
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Figure 1-20. Schematic representation of the aggregation and dissociation of the AuNPs induced by Con A and glucose.
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Using the same concept, the detection can also be realized by the disaggregation of the AuNPs
(Figure 1-20). In this case, a blue shift of absorbance band will be observed. Geddes and
coworkers®® reported the detection of glucose based on the competitive binding induced
dissociation of AuNPs. In their study, dextran-coated gold nanoparticles were first employed to
interact with concanavalin A (Con A), which led to the aggregation of the AuNPs and the
broadening and redshifts of the absorbance band. Then when glucose, which can competitively
binds with Con A, was added to the system, the Con A was released from the monolayer of the
gold nanoparticles and the dissociation of the AuNPs happened. This process was demonstrated

by the recovering of the UV-Vis spectrum.

1.3 Morphology determination of mixed AuNPs

It is accepted that the gold nanoparticles functionalized with diverse coating molecules can
significantly contributed to the field of both chemistry and biology.®” ®® Already proved by the
literature, the monolayer distribution of the mixed AuNP can affect the particles’ properties such
as wettability,*® solubility,”® protein nonspecific adsorption,”* cell penetration,’? catalysis,”> and
ion/molecular recognition.74 Therefore the determination of the morphology of the mixed AuNP is
becoming a key procedure to well characterize the nanoparticles. Until now, several approaches
taking advantage of various techniques, such as microscopy, spectroscopy and so on, have already
been reported. Herein we will discuss the progress of this area and clarify the advantages and

limitations of the available methods.

1.3.1 Microscopy

To determine the morphology of mixed gold nanoparticles, one of the best methods would be
without doubts the use of microscopy. This is not only because of the advantage of direct
visualization, but also because this method can provide information about one single AuNP instead
of general average data. However, due to the small size of the gold core and the dimension of the
coating ligands, not many microscopy tools are available for this goal. So far, the most used

technique is scanning tunneling microscopy (STM™M).”
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Figure 1-21. The STM images of stripe distributed mixed AuNPs coated with dodecanethiol and hexanethiol.

Stellacci group’® reported the first STM image of striped AuNPs coated with dodecanethiol-
hexanethiol (C12 : C6) 2 : 1. As revealed from the STM images (Figure 1-21), the coating ligands
with different length appear to be organized into strip-like domains in 1-phenyloctane. In their
study, they also demonstrated that when recorded with the same sample in air, the STM images
obtained were either Janus distributed or featureless due to the collapse of the C12 thiol. This no
doubt indicated one of the limitations of using microscopy technique, which is that extra attention
must be paid to the sample preparation to acquire the real morphology of the AuUNP. Moreover, to
get a good resolution of the STM image of the mixed AuNP, first the AuNPs need to be clean
enough to avoid the contaminate of the scanning tips by the impurities. Second the AuNP has to
be firmly attached to the conductive flat surface, so the AuNPs will not move during the
measurement, which can significantly affect the resolution of the image.”’ Finally, ligands must be
sufficiently different, in length or other features, to be distinguishable in the image, and their

conformation must be such to allow the clear discrimination.
1.3.2 NMR spectroscopy

NMR is a powerful technique for the characterization of the morphology of mixed AuNPs.
Recently, several methods have been developed to determine the structure information of the
mixed monolayer of gold nanoparticle based on NMR. Stellacci et al.”® studied AuNPs coated with
diphenyl thiol (DPT) together with aliphatic ligand dodecanethiol (DDT) or 3,7-dimethyloctanethiol
(DMOT), by the combination of 1D *H NMR and 2D NOESY techniques. NOESY allows for the
determination of average proximity between nuclei. It is a 2D NMR technique that exhibits cross-
peaks arising from dipole—dipole interaction between nuclear spins that are close enough in

proximity (typically <0.4nm). The intensity of a NOESY cross-peak depends inversely on the sixth
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power of the distance of protons, so this technique can be exploited for an estimation of
internuclear distance. For mixed AuNP samples, the presence of cross-peaks can be used as a
proof that the distance between two ligands is <0.4nm. Moreover, the intensity of the cross-peaks
can be used to confirm the possible morphologies. In Stellacci’s study, they found that when the
AuNPs were coated with DPT and DMOT or DDT, they can obtain random, Janus and stripe-like
distributed gold nanoparticles. This was firstly confirmed by the structure features arising from the
STM images. In addition, NOESY showed the corresponding presence or absence of the cross-
peaks, which indicated the relative distance of the two kinds of coating ligands. They further
studied the relationship between 'H NMR of the mixed AuNPs and the ratios of the coating
molecules. The results demonstrated that when the composition of the mixed AuNPs is different,
the chemical shift of the DPT varies based on the packing density and neighboring environment.
For randomly distributed AuNPs, the 'H NMR chemical shift of the DPT experienced a linear
unfiled shifting with the increasing of the composition of DPT. For Janus AuNPs, the *H NMR
chemical shift of DPT against the composition of DPT gave a downcurved tendency. While for
stripe-like AuNPs when the ratio of DPT is between 20%-60%, the chemical shift of DPT kept
constant. With the further increasing of DPT composition, the 'H NMR chemical shift of DPT
decreased lineally. This method can differentiate the various morphologies of the mixed AuNPs
with high accuracy. However, the requirement of a series of AuNPs with different composition

largely limits its application.

o

Randomly mixed

G
i)
=
&
@
(2]

Pachy (striped)

S
Cd

Chemical shift of NMR
Chemical shift of NMR T
Chemical shift of NMR

Ligand composition -

Chemical shift of NMR -

Chemical shift of NMR @
Chemical shift of NMR ™™

> >
Chemical shift of NMR Chemical shift of NMR Chemical shift of NMR

Figure 1-22. Idealized 'H NMR and NOESY plots for mixed AuNPs with various morphologies.

20



Chapter 1

Another NMR approach developed to study the morphology of mixed AuNP was reported by our
group (Figure 1-23).”° In this method, the strategy employed is based on the paramagnetic
relaxation enhancement (PRE)B0 induced by lanthanide ions. This PRE effect causes the signals of
the resonant spins surrounding (within a defined distance) the metal ions to broaden and
eventually disappear from the 'H NMR spectrum. Therefore, the different broadening patterns
observed for the coating molecules might provide the direct information on the morphology of the
AuNP. In the study, mixed AuNPs coated with alkyl thiol and polyethylene glycol (PEG) derivative in
50: 50 ratio were investigated. The chosen of the coating ligands is based on the fact that they
possess different binding affinity to lanthanide ions, in this case Gd**. As revealed from NMR
spectra, they found that with the addition of Gd>* to the solution of the AuNPs, the signals arising
from the PEG broadened and eventually disappeared. On the other hand, the signals of the alkyl
thiols, while experiencing some broadening, where still present at 60% of the original intensity
when the PEG signals disappeared. With this information and geometrical calculations, one can

assume that this mixed AuNP is Janus distributed.
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Figure 1-23. (A) the structure of the coating ligands used for the preparation of AuNPs. (B) the NMR spectra of the
mixed AuNPs in the presence of various amount of Gd3+. (C) Relative intensity of signals from alkyl thiol (e, peak at
0.8 ppm) and PEG thiol (o, peak at 2.1 ppm) as a function of the Gd** ions/particles ratio (lines, data trend; m, data

from 100% PEG-coated AuNPs).

1.3.3 Matrix assisted laser desorption/ionization (MALDI) mass spectroscopy

It has been demonstrated that the morphology of mixed AuNPs can be determined by MALDI,
which was reported by Cliffel et al (Figure 1-24).81 The development of this method was based on

the fact that Ausly is the most abundant species within the ionized fragments of AuNPs.®? Hence
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the distribution of Au4lLL’sx can be exploited to investigate the ligands arrangement on the
surface of the AuNPs. If the fragments of AuyL,L’4«follow a binominal distribution, this indicates
the AuNPs is randomly distributed. The larger the fragments deviate from the binominal
distribution, the higher degree of phase separation occurs. This approach by no doubt provides a
simple way to characterize the monolayer morphology of mixed AuNPs, however, the requirement

of the similar ionization capability of the coating ligands is needed.
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Figure 1-24. Morphology dependent distribution of Au,L,L’s.,fragments.

1.3.4 EPR spectroscopy

An EPR spectroscopy study aimed to demonstrate the morphology of mixed AuNPs was
presented by Pasquato et al.®3 The authors make use of the fact that the field separation (G) of the
radical probe is very sensitive to the local surrounding environment. They studied a wide range of
mixed AuNPs which coated with HS-C8-TEG and HS-F8-PEG in different ratios. The investigation of
the EPR spectrum showed that when the ratio of HS-C8-TEG/HS-F8-PEG is less than 2.5, the AG of
the radical probe is 2.05, which is the same as they observed when the group was partitioned in
the monolayer of HS-F8-PEG. This suggested the occurrence of phase separation. As the increasing
of the ratio of HS-C8-TEG/HS-F8-PEG, the island formed by HS-F8-PEG is becoming smaller until
the local environment experienced by the probe was disordered by HS-C8-TEG. In this case, the AG

of the EPR spectra of the probe changed.
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Figure 1-25. (Left) the structure of the coating ligands and radical probe used. (Right) the EPR spectra of AuNPs coated
with HS-C8-TEG and HS-F8-PEG in different ratio in the presence of the radical probe.

1.3.5 Other methods

Besides the examples mentioned above, there are other methods have been studied to
demonstrate the morphology of mixed AuNPs, such as fourier-transform infrared spectroscopy
(FTIR),21 Ultraviolet—visible spectroscopy (U\:’-Vis),84 small angle neutron scattering (Sar'-‘kNS),;r6
adsorption-based fluorescence spectroscop\;,l2 surface-enhanced Raman spectroscopy (SERS) or
simulation.® For all these approaches developed, there are still several limitations. For microscopy
method, expensive instrument, well preparation of the samples and image interpretation are
needed. In addition, it is difficult to prove the presence of randomly distributed AuNPs. For NMR
method, either a series of mixed AuNPs were needed or one of the ligands has to be
functionalized to interact with the paramagnetic lanthanide ions to induce PRE effect. For MALDI
method, it is necessary for the two ligands to have similar ionization efficiency. Overall, new
methods are still demanding to progress this field.

In summary, AuNPs have received considerate research interest due to its easiness to prepare,
unique physical and chemical properties and functionalization. The development of various signal
transducing strategies largely promoted the blossoming of the AuNP-based molecular recognition.
Undoubtedly, the intrinsic features of the AuNPs will continue to revolutionize the chemosensing

area.
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Chapter 2. Aims and objectives

Monolayer protected gold nanoparticles have emerged as molecular systems with promising
applications in the field of biology, medicine, and chemistry. This PhD thesis aims to study the

potential of AuNPs as self-organized chemosensors.
This PhD thesis has been focused on the following aspects:
1) The tailored design of NMR chemosensors based on monolayer protected gold nanoparticles.

2) The construction of IDA based sensor arrays made by self-organized nanoreceptors for

detection and discrimination of carboxylate drugs.
3) The investigation of monolayer morphology of mixed AuNPs.

As discussed in the previous chapter, recently our group has developed a NMR chemosensing
protocol, which named “NOE Pumping”. This method is based on the use of nanoparticles as
receptors capable, thanks to their relative “largeness”, to label the analyte by NOE magnetization
transfer. The receptor ability of the nanoparticles is granted by the presence of multiple coating
molecules on the surface of the nanoparticles. If the thiol end group is not taken into account,
such molecules have essentially a surfactant structure: an alkyl chain long 6-12 carbon atoms,
essential to ensure the stability of the coating layer, and a functional head group responsible for
solubility and also providing sites of interaction with the target molecules. The somehow ordered
alignment of the coating molecules, as well as their spatial proximity, favors their cooperation in
the target recognition. The alkyl chains, as demonstrated by the work of Pasquato and coworkers®,
provide a hydrophobic pseudophase capable of accommodating hydrophobic species, the head
groups, as well as other functional groups inserted along the coating molecule, can provide

multiple interactions.

Taking inspiration from such considerations, we aimed to study in better detail what kind of role
the coating ligands played in the process of molecular recognition. Indeed, size, molecular weight
and complexity of a 2-nm gold nanoparticle are similar to that of a protein. On the other hand,
while in the latter substrate recognition arise from a precise structural organization resulting into
the formation of well-defined binding sites, in the case of nanoparticles the monolayer
organization and the factors controlling molecular recognition are largely unexplored. To this aim,

beside the investigation of the properties of different monolayer prepared by “naive” design on
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the basis on tentative or ipersemplified interaction models, we were also interested to understand
if computational simulations can be employed to enable the rational design of AuNPs based

macromolecular receptors with controlled recognition and sensing performance.

A further increase of the complexity of nanoparticle-based receptors could be provided by the
use of mixed monolayer nanoparticles. However, if the advantage brought about is the possibility
of easily multiply the possible interactions, in the same way Nature does by using 20 different
amino acids, the drawback is in the further decrease of the degree of control over the monolayer
structure. In this case indeed, uncertainty not only attains the conformation of the coating
molecules, but also their spatial distribution and the nanoparticle composition itself. For this
reason, previously established NMR methods, newly developed NMR methods, EPR and MALDI
based method were exploited to investigate the morphology of the mixed AuNP. Moreover, we

also aimed to study the morphology transformation induced by the interacting analytes.

Finally we studied different sensing applications of the nanoreceptors generated. We already
mentioned as gold nanoparticles are very efficient fluorescence quenchers and such ability has
allowed the straightforward development of IDA and array based sensing approaches. Based on
this IDA strategy, we aimed to apply nanoreceptors capable to recognize organic anions to the
design AuNPs-based sensor arrays for the detection and discrimination of structure similar

carboxylate drugs.

In summary, this PhD thesis investigated the promising potential of AuNPs as self-organized
nanoreceptors taking advantage of various techniques (NMR, fluorescence and EPR). The obtained
results, which were shown in the following chapters, paved a way to the better understanding of

the unique features of AuNPs and enabled the tailored design of AuNP-based chemosensors.
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Chapter 3. Nanoparticle-based receptors mimic protein-ligand

recognition

Receptors are cavity-like molecular structures capable to recognize, i.e. selectively bind, a
target through convergent interactions. In biochemistry, they play a fundamental role in many
relevant processes as rapid chemical transformations in catalysis,® selective transportation across

8 Nature evolved a

cell membranes,®” and modulation of key cellular signal processing.
synthetically cost-effective strategy for the realization, modification and optimization of such
functionalized cavities. These are formed by the controlled synthesis and folding of multifunctional
biopolymers as proteins and nucleic acids.

Inspired by the power of Nature, the desire and ambition of engineering artificial receptors,®
and control chemical processes through molecular recognition, is at the origin of Supramolecular
Chemistry. The realization of suitable molecular scaffolds, however, must face several drawbacks
arising mainly from the rigidity of the starting structural frame, the difficulties in introducing and
positioning binding sites in it and, eventually, in its synthetic accessibility. Indeed, design of
artificial receptors usually requires the implementation of suitable binding sites into a more or less
rigid scaffold featuring a cavity-like, or at least concave, shape. Such a structure ensures the
optimization of the dispersion interaction, the convergent arrangement of the binding sites, shape
selectivity and, in water, the presence of high energy solvent molecules® that will be released
upon substrate binding.

An approach to the realization of artificial receptors, which might be considered reminiscent of
the Nature’s one, is provided by AuNPs.” AuNPs form spontaneously by reduction of gold salts in
presence of suitable coating molecules (usually thiols) and appropriate reaction conditions. The
coating monolayer can be considered as a semi-flexible three-dimensional array of radially
ordered organic molecules. As a consequence, binding sites inserted in the coating molecules are
clustered and partially pre-organized, while maintaining enough flexibility to allow position
adjustments and conformational reorganization.”® Such an organization has been exploited by

7, 93

several groups to realize self-organized macromolecular receptors. In addition, functional

group inserted in the monolayer may act cooperatively to perform other specific tasks besides

94-96

recognition. This has been exploited as an instance to endow AuNPs with the ability to catalyze

12,97

reactions. The range of potential applications of such AuNP is therefore huge, and ranges from

materials science and electronics, to bioimaging, nanomedicine, and even catalysis.gg’ 99 Thus, a
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quite relevant goal is now the rational design of nanoparticle-based receptors with programmed
selectivity and affinity.100 To accomplish this, however, several crucial steps must still be taken. In
particular, a deeper understanding of the process of molecular recognition within the nanoparticle
coating monolayer and of the parameters that control it is need.

We recently focused our attention on nanoparticles coated by the amide-bearing thiol 1. As
discussed in Chapter 1, Pasquato and coworkers®® had already demonstrated that these
nanoparticles can bind organic molecules in water, with a mechanism that was considered to be
similar to the partition of hydrophobic specie between water and the lipophilic pseudophase of
surfactant aggregates. However, also in this case monolayer organization may affect the binding.
Indeed, Pasquato and Lucarini reported that bulky substrates have a smaller affinity than linear
ones, and that affinity for the same substrate decreased by increasing the nanoparticles size.

Later on, studying the very same nanoparticles (1-AuNP),*? again as discussed in chapter 1, we
reported that they are capable to bind salicylate in water with an association constant (Kass, 25 °C)
about 120 M™. Most remarkably they are selective for salycilate over molecules with similar
structure, included the two isomers 3-hydroxysalycilate (4) and 4-hydroxysalicilate (5). However,
when the sensing performance of 2-AuNP was investigated, we found that substrate preference
does not perfectly follow the lipophilicity scale, and the substrate structure also plays a relevant
role. Such evidences confirmed that substrate binding to the nanoparticles is the result of a more
complex event than simple partition.

In this chapter, we report a detailed investigation on the recognition abilities of 1-AuNPs
compared with a series of new AuNPs (Chart 3-1) featuring different coating monolayers and
selectivity for analytes. NMR-based experiments combined with extensive MD simulations indicate
that molecular recognition at the monolayer of these selected AuNPs requires the pre-formation
of specific, although transient, protein-like binding pockets in the nanoparticle-coating monolayer.
We found that the presence of these pockets is, in turn, the result of a delicate and somehow
counterintuitive balance of interactions within the monolayer itself and with the solvent. Taken
together, these findings represent the basis for the rational design of tailored coating groups that
can form selective recognition sites on monolayer-protected AuNPs, which are thus able to

operate with programmed recognition ability.101
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3.1. AuNPs design

The chemical structure of the original ligand 1 (Chart 3-1) can be divided into four parts: 1) the
thiol (gray), which ensures the grafting to the monolayer surface; 2) the hydrophobic alkyl chain

(blue); 3) an amide group (green), originally inserted for synthetic accessibility;lml

and 4) a
hydrophilic oligo(ethylene glycol) (OEG) moiety (red), which ensures water solubility. At first
glance, the alkyl part of thiol 1 should be the portion providing relevant interactions with salicylate.
In the nanoparticle’s coating monolayer, this alkyl part forms a hydrophobic pseudo-phase that
may accommodate hydrophobic substrates, in a similar manner to surfactant aggregates. On the
other hand, the amide group and also the OEG chain may form additional H-bonds with the
substrate. To better understand these points, we designhed a series of analogues where the two
relevant parts of the ligand were systematically modified. In all ligands 7-10, the amide group was
removed. In 7, it was substituted with an ether group (CH;0). In this way, the removal of the
amide did not substantially affect the size of the alkyl portion, while the ligand maintained the

same length as 1. In ligands 8-10, on the other hand, removal of the amide groups was

accompanied by an increase in length of the alkyl and/or the OEG portion.
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Chart 3-1. (Upper): The NMR chemosensing machinery for salycilate detection, monolayer protected nanoparticles
used in early studies and analytes investigated. (Lower): Nanoparticle-coating thiols used in this study and solubility of
representative samples in CHCl; and water.
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3.2 Organization of the nanoparticle’s coating monolayer

Ligands 7-10 and the corresponding AuNPs (1.5-1.7 nm gold core diameter) were prepared by
standard protocols (Experimental section). Notwithstanding the similar structure of the coating
thiols, nanoparticles revealed different solubility properties (Chart 3-1), intended here as the
ability to form stable mixtures with the solvent that do not settle upon prolonged storage. Indeed,
1-AuNP was very soluble in water (up to 300 uM, or 15 mg/mL) and in organic solvents with high

43103 7_ and 8-AuNPs were also soluble in

and moderate polarity (from methanol to chloroform).
water and organic solvents, but saturation concentration in water was lower (about 60 uM, or 3
mg/mL) than those of 1-AuNP. Finally, 9- and 10-AuNPs, which contain shorter OEG chains, were
soluble only in organic solvents. Based on such results, we decided to further investigate the
dispersion state of nanoparticles 1-, 7-, and 8-AuNPs in water by TEM, dynamic light scattering
(DLS) and NMR. TEM micrograph obtained by depositing nanoparticle water solutions on the grids
showed nanoparticles homogenously distributed over the substrate, without apparent
aggregation (Figure 3-1). DLS measurements in water (at 15 puM nanoparticles concentration)
revealed the presence in each case of a unimodal nanoparticles distribution with average
diameters of 8, 16, and 21 nm for 1-, 7-, and 8-AuNPs, respectively (Figure 3-2). Similar results
were obtained by DOSY-NMR experiments, which detected again the presence of a unimodal
nanoparticles distribution with average diameters of 5, 15, and 18 nm, respectively (Figure 3-3).
These results indicated that 1-AuNPs are present in water solution mainly as isolated nanoparticles
while 7- and 8-AuNPs may form small aggregates. However, both DLS and DOSY-NMR hardly
discriminate entities with similar sizes and consequently cannot provide precise information on
the amount of aggregates present in the solutions with respect to isolated nanoparticles.
Furthermore, if isolated and aggregated nanoparticles were involved into multiple exchange
equilibria (a likely possibility), the interpretation of their apparent diffusivities would be even

more complicated. Deeper insight into this point came from *H NMR investigations (Figure 3-4).
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Figure 3-1. TEM images of 7-AuNP (left) and 8-AuNP (right) acquired after deposition of 15 uM (0.7 mg/mL) solution of
nanoparticles in water.

Size Distribution by Number
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Figure 3-2. Number weighted size distribution obtained by DLS analysis for 1-AuNP (red, 8+2 nm), 7-AuNP (green,
1615 nm) and 8-AuNP (blue, 2115 nm) in water at 15 uM (0.7 mg/mL) concentration (confidence intervals represent
the half-widths of the size distribution curves).
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Figure 3-3. DOSY spectrum of AuNPs in water at 15 uM (0.7 mg/mL) concentration. A) 1-AuNPs, D = (6.43 + 0.06) X
10~ m’™, B) 7-AuNPs D = (2.14 + 0.06) x 10~ m’s™, C) 8-AuNPs, D = (2.0 + 0.2) X 10" m’s™".
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Figure 3-4. NMR spectra of 1-, 7- and 8-AuNP in D,O (left) and CDCl; (right), signals from the OEG portion of the
coating thiols are highlighted in blue, signals from the alkyl portions are highlighted in red. *: residual water signal. °:
impurities.

As expected, due to the nanoparticle grafting, all the 4 signals arising from the coating thiols
are relatively broad and the hyperfine structure is not resolved.’® However, a striking difference
becomes evident when comparing the spectra recorded in deuterated water for 1-, 7-, and 8-
AuNPs (Figure 3-4). In fact, the signals arising from the OEG portion, between 3.3 and 3.8 ppm,
and in particular from the terminal methoxy residue at 3.35 ppm, have similar linewidths for 1-
AuNP (13.3 Hz) and 7-AuNP (16.6 Hz) but are significantly broader for 8-AuNP (24.5 Hz). Linewidth
of signals arising from terminal groups have been shown to strongly depend on nanoparticle
size.)® Indeed, neglecting magnetic field in homogeneities, NMR signal broadening depends on
the transverse relaxation time 7. This is determined mainly by the dipolar interactions between
the spins in the monolayer, as modulated by the nanoparticle tumbling rate and by the internal
mobility of the ligands within the monolayer. Since the dynamics of the OEG portions of the
coating ligands should be independent from the ligand packing in the monolayer, broadening of 8-
AuNP signals indicates a slower tumbling rate (or chains rigidification) as expected in the case of
aggregates. We hence concluded that 7-AuNP are dispersed in water mainly as isolated
nanoparticles that coexist with a small fraction of aggregates, while in the case of 8-AuNP the

population of aggregates is more pronounced.

Values for 'H relaxation times T; and T, are reported in Table 3-1. As expected, T, values
increase with the distance from the Au core since protons farther from the core are less packed
and consequently have larger degrees of freedom with respect to those closer to the nanoparticle

core.® In CDCl3, T, values for the signals of the different regions (alkyl, OEG, CHs, Table 3-1) are
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similar for all AuNPs, confirming that all nanoparticles have a similar mobility of the coating ligands,
similar sizes and are present as isolated entities. In water, the behavior is different: all spins of 1-
AuNP relax more slowly than those of 7- and 8-AuNPs. In addition, as revealed from Table 3-1, the
T, values of the terminal methyl groups are about two times larger with respect to the OEG groups

in both CDCl; and D,0. This is because the terminal methyl groups experience the internal rotation

effect.
min-max T, (sec)? min-max T, (sec)®
Solvent Signals
7-AuNp 8-AuNp 1-AuNp 7-AuNp 8-AuNp 1-AuNp
Alkyle 0.504-0.694 0.429-0.537 0.711-0.766 0.660-0.989 0.667-0.69 1.04-1.30
CDCl, OEG¢ 1.13-1.41 1.13-1.49 0.626-0.744 0.748-1.59 0.847-1.64 0.923-0.986
CH,e 2.61 2.52 1.67 2.84 2.83 1.81

Alkyle 0.006**-0.016*  0.024*-0.05*  0.07*-0.11* 0.67-0.7* 0.6™*-0.7** 0.596-0.62

D,0 OEGH 0.061-0.065 0.031*-0.038* 0.222-0.279 0.648-0.681 0.64-0.64 0.638-0.638

CHg® 0.101 0.07** 0.52 0.912 0.70 1.13

3 Errors within 10% unless indicated: * errors within 25%, ** errors within 50%; detailed error values are reported in
the Supporting Information. ® For each spectral region the higher and smaller relaxation times are reported. ¢
Signals in the 1.2-2.3 ppm range. 9 Signals in the 3.4-3.8 ppm range. ¢ Broad signal at 3.3 ppm, relaxation parameters
for the terminal methyl group are reported separately because they are affected by internal rotation.

Table 3-1. 'H T, and T, relaxation times for 1-, 7- and 8-AuNPs in CDCl; and D,0.?

In the case of 8-AuNP such an effect may be ascribed to aggregation that reduces both the
nanoparticles tumbling rate and the mobility of the chains (because of their interlocking). However,
when 1- and 7-AuNP are compared, one can note that the decrease of the T, values for the latter
is much more relevant for the signals arising from the alkyl chains (~10-fold decrease) with respect
to the ones from the outer OEG chains (~4-fold decrease). This suggests that, besides a possible
reduction of the tumbling rate, faster relaxation of the alkyl signals in 7-AuNP may also arise from
a decrease of their internal mobility. In other words, when in water, the nanoparticles coated with
ligands devoid of the amide unit, as 7-AuNPs, feature substantially more rigid alkyl chains than

those of 1-AuNP, which contain the amide moiety.

Subsequently, we investigated the ability of water-soluble 1-, 7-, and 8-AuNPs to detect organic
molecules with the NMR chemosensing protocol (Figure 3-5). The NOE pumping sequence was
used to analyze samples containing the nanoparticles (15 puM) and salicylate at increasing
concentrations (1-10 mM) in carbonate buffered D,0 solution at pD = 10.0. 1-AuNP confirmed

their reported ability to detect salicylate in water.® Analyte signals appeared in the NOE pumping
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spectra at substrate concentrations as low as 2 mM and increased in both intensity and signal-to-
noise ratio by increasing concentration. On the other hand, and surprisingly enough, analyte
signals were never detected with a signal-to-noise ratio above 3 (which we usually set as a
detection limit) in the experiments performed using 7- and 8-AuNPs, even in the presence of high
(10 mM) concentrations of the substrate. All the nanoparticles have the same size and a very
similar structure of the coating thiols, which leads to similar longitudinal relaxation rates (T;) of
protons within the same moieties (Table 3-1). Thus, the different signal enhancements observed in
NOE-pumping experiments (Figure 3-5) should rather arise from different cross relaxation rates,
which depend on the affinity on the analytes for the substrate. This indicates that 7- and 8-AuNPs
have an affinity for salicylate that is sensibly lower than that of 1-AuNP and confirms that partition
into the hydrophobic pseudo-phase formed by the alkyl portions of the nanoparticles coating

thiols cannot explain the observed substrate recognition.

ﬂ, il 1'AUNP

/ L

0 78 76 74 72 70 68 6
S, (ppm)

Figure 3-5. a) "H-NMR subspectrum of 5 mM sodium salicylate (5) in D,0. b) NOE-pumping subspectrum of the same
sample in the presence of 8-AuNP. c) NOE-pumping subspectrum of the same sample in the presence of 7-AuNP. d)
NOE-pumping subspectrum of the same sample in the presence of 1-AuNP. Conditions: [AuNP]= 15 puM, carbonate
buffer 20 mM, pD = 10, 28 °C.
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3.3 Morphology and dynamics
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Figure 3-6. Shape and solvation of AuNPs. Probability distributions of: A) radius of gyration (Rg) and B) moments of inertia (/,
shown as box-and-whisker plots) of 1-, 7-, 8-, 9-, and 10-AuNPs in water and chloroform. The average nanoparticle eccentricity
€=<1-Ippin/lavg>, Where e = 0 for a sphere and 1 for a prolate spheroid, is also reported (st.dev. = 0.2 except for " and * where itis 0.3
and 0.4, respectively). C) Distribution of the solvent molecules and the gold and sulfur atoms (in the inset in yellow and orange,
respectively) from the center of mass of the Aui4, core. D) Representative snapshots of the AuNPs and solvent molecules within 1

nm of the gold atoms (wires connect carbon atoms ¢*-C’ closer than 0.8 nm).

To obtain more insight on this behavior, we started a collaboration with the group of Dr. Marco
De Vivo at the Italian Institute of Technology (Genova). They performed a series of extended MD
simulations of all the AuNPs immersed in either explicit water or chloroform. The first problem to
address was the starting structure of the nanoparticle to be used for the simulations.
Nanoparticles samples prepared by standard solution methods are usually composed by clusters
of different sizes. In our case, the average Au core diameter (1.7 nm) is close to that of the
Au144(SR)go cluster (~1.6 nm). Indeed, it has already been shown that Aui44(SR)eo is the main
component in nanoparticles batches with average diameter around 2 nm. In addition, we
previously demonstrated that computational simulations performed using the Aui44(SR)go nicely

106

predict the properties of nanoparticles samples with similar size distribution.™ We hence

considered the Aui4(SR)go structure as single nanoparticle model to analyze the dynamical
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properties and interactions of the different coating ligands. Classical MD simulations in explicit
solvents >200 ns for each AuNP/solvent system (~3.2 ps in total) were performed hence at IIT.

The picture emerging from such simulations provided relevant information. First, we noticed
that all the monolayer-protected AuNPs were more compact in water, as reflected by a decrease
of ~10% of their radius of gyration compared to that in chloroform (Figure 3-6A). In chloroform,
the relative distribution of the three moments of inertia and the eccentricity, which are shape
descriptors, indicate that all the AuNPs adopted a spherical shape (Figure 3-6B). On the contrary,
monolayer conformational preferences in water were quite different. 1- and 7-AuNP appeared
relatively spherical in this solvent too, but we observed progressively broader relative distributions
of moments of inertia, causing an increase of the eccentricity values, for 8-, 9-, and in particular
10-AuNPs, suggesting a less spherical shape (Figure 3-6B). In 10-AuNP, sphericity deviation can be
clearly ascribed to the collapse of the coating molecules into bundles, featuring aligned alkyl
chains located at opposite poles of the nanoparticle (Figure 3-6D).1%” For 7-, 8-, and 9-AuNPs, on
the other hand, alkyl-chain bundles were not clearly detected but simulations again indicated a
similar level of conformational rigidity for the alkyl portion of these nanoparticles, in line with the
broad NMR signals and short transverse relaxation times observed for 7-AuNP in the NMR
experiments (Figure 3-4 and Table 3-1). In chloroform, all AuNPs were more flexible than in water,
and the OEG of 7- and 8-AuNPs was less constrained than that of 1-AuNP, in agreement with the
NMR experiments discussed above.

The elongated spheroid shape of 8-, 9- and 10-AuNPs in water resulted in the exposure of the
ligand’s alkyl chains to the solvent. This is particularly evident in 10-AuNPs. Here, the bundling of
the coating ligands created a structure with a wide, ring-shaped, equatorial region where alkyl
chains were poorly shielded from water by few OEG chains. Indeed, the water molecules closest to
the gold core were almost exclusively found in this ring-shaped region (Figure 3-6D). The number
of ligand/water hydrogen bonds (HBs) is reported in Figure 3-7 and provides interesting
information. 1-AuNP formed the larger number of HBs with the solvent (~150), followed by 7- and
8-AuNPs (~86-88), and, finally, by 9- and 10-AuNPs (~76-79).
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Figure 3-7. H-bond interactions. Average number of ligand/ligand and ligand/water HBs during MD simulations and
decomposition of this number for the different coating thiol atoms (ordered top to bottom from the outer to the inner part of the
coating ligand). °NH is present in 1-AuNP while O in 7- and 8-AuNPs.

Interestingly, the trends of the computed eccentricity values in water and of the number of H-
bonds with the solvent well correlate with the observed nanoparticles solubility and aggregation
tendency. That is, nanoparticles showing a more spherical shape, with a consequent better
shielding of the inner alkyl chains and a better solvation in our simulations, correspond to those
present in solution as individual entities. Still, subtle differences found for quite similar
nanoparticles, as 7- and 8-AuNP, indicate that a full explanation of nanoparticles stability in
solution will require additional investigations.

The substantially greater number of HBs made by 1-AuNP is due to the amide group, particularly
its carbonyl oxygen, which was responsible for ~50% (~60% considering the NH, too) of the
interactions with water. The OEG portion accounts for the remaining 40% of HBs, with the number
of interactions decreasing from the terminal and more exposed oxygen to the inner ones. The
same trend was observed in 7-, 8-, 9-, and 10-AuNPs. Here, however, the total number of HBs
formed by the three outer oxygens was larger than in 1-AuNPs (~73-79 vs ~61).

The additional oxygen atom in 7- and 8-AuNP, compared to 9- and 10-AuNPs, formed only a few
(~13-15) HBs with water. This is because the extra HB acceptor site in 7- and 8-AuNP is buried
inside the monolayer and thus poorly exposed to the solvent. In this view, it is striking that the
insertion of the carbonyl group in 1-AuNP increased the number of HBs from ~76-79 to ~150. This

implies that the amide groups not only provide an additional site of interaction with the solvent,
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but also substantially affect the conformation of the ligands, which in turn modulate solvation of
the monolayer.

Another relevant feature revealed by HBs analysis regards the interligand interactions in 1-
AuNP. In this case, the amide NH group formed 22+4 HBs with acceptors on neighboring ligands.
This is quite close to the average number of interactions established with water molecules (19+4).
Interestingly, half of the interligand HBs formed by NH are with neighboring carbonyl oxygens,
while the remaining ones are formed with the OEG, decreasing from the outer to the inner oxygen
(Figure 3-7). Importantly, these results revealed that: 1) the number of interaligand HBs is
relatively small (the theoretical maximum being about 60); 2) the formation of HBs between the
amide groups and the OEG oxygens is favored by the significant bending of the coating ligands. On
the other hand, we found ~90 HBs with intercalated water, which are thus favored compared to
interligand HBs. Likely, HBs with intercalated waters helped maintain the amide groups of 1-AuNP
in being spaced and distributed homogeneously, preventing the massive bundling observed with
the other AuNPs. Instead, the bending of some ligands of 1-AuNP, which favors rigidification
through interligand HBs with the amide group (Figure 3-7), explains the smaller average number of
interactions that OEG oxygens establish with water, with respect to those formed by 7-, 8-, 9-, and
10-AuNPs.

In chloroform, where HBs with the solvent are not possible, the number of interligand HBs in 1-
AuNP almost doubled to 43+3 (Figure 3-7), compared to water. At the same time, and in contrast
to water, OEG headgroups were rarely involved in these interactions, preferring extended
conformations toward the solvent. The interligand HB network generated highly structured HB-
chains (Figure 3-8). Such interactions modified the preferred monolayer conformation in these
nanoparticles, from the homogeneously distributed structure observed for the simulations in
water to a more inhomogeneous structure characterized by the presence of large “canyons” filled

by solvent molecules (Figure 3-6C, 3-6D).
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Figure 3-8. Structure of the monolayer A) Amide group atoms closer than 0.4 nm are connected by wires, and solvent

molecules within 1 nm of the Auyu, core are shown. Auyu, core is shown as gold surface, while sulfur atoms as orange spheres. B)
Example of HB network for 1-AuNP in water. C) Identification of pockets on one snapshot of 1-AuNP in water. D) Superposition of
docking pose of salicylate in 1-AuNP and in the LysR-type transcription factor (PDBid: 2Y7K). E) Characterization of pockets for 1-
AuNP in water. Magenta spheres indicate the “deep cavity” pockets (upper panel), while yellow spheres indicate the “OEG sinking”
pockets (bottom panel). Gray, green, and cyan surfaces identify the alkyl, amide, and OEG region, respectively. F) Time-evolution

and life-time of a stable pocket formed in 1-AuNP in water. Blue color for the open-pocket and black for the closed-pocket.

Taken together, these data show that the compactness, shape, and surface arrangement of the
AuNPs’ coating ligands are strongly affected by both the ligand structure and the solvent. In
chloroform, ligands prefer a disordered conformation that results in an overall spherical
nanoparticle shape. Only for 1-AuNP, the formation of interligand HBs induce the clustering of the
ligands in small bundles separated by deep “canyons”. Such a behavior is in full agreement with

the early observation by Rotello et al.*%®

who detected relatively strong interligand HBs in
nanoparticles coated with amide bearing thiols in organic solvents. Based on chemical oxidation
experiments, such interligand interactions were supposed to generate ligand bundling, and the

resulting “canyons” to cause the lower resistance of the gold core to decomposition.'®

In water, it
is the dispersive/hydrophobic interaction between the alkyl chains that induces the aggregation of
the ligands to form bundles. It appears that such structures may favor aggregation and even

prevent the nanoparticle’s dissolution in water, depending on the length of the OEG chains.
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The effect of the amide groups in 1-AuNP in water is therefore somehow intriguingly
counterintuitive. Amide groups do not reinforce the bundling, as in chloroform where they provide
an additional interligand interaction.'’® Instead, amide groups favor the intercalation of water
molecules, which act as spacers between the ligands, inducing a more disordered and spherical

monolayer conformation in water.
3.4 Molecular basis for recognition

Importantly, for 1-, 7-, and 8-AuNP, the simulations in water revealed the formation of
transient pockets in the monolayer structure (Figure 3-8). The pockets showed different sizes and
shapes. The observed average number was ~5+2 for each AuNP, and an average volume of
~0.15+0.04 nm?>, which is enough to accommodate a few waters, but also small organic molecules
such as salicylate. The pockets lifetime ranged from hundreds of ps to tens of ns, revealing their
transient nature. While some pockets were very flexible, i.e., they had a high frequency of
transitions between short-lived open/closed conformations, other pockets were more structured
and able to remain open for the majority of the simulation time (see Figure 3-8F, this pocket was
open for > 90% of the time). Closer inspection revealed that such pockets could be classified into
two different topological classes. The first class, found in all the nanoparticles, was essentially
characterized by the sinking of the OEG layer, and only fragments of such moieties composed the
pocket walls. The second class, present only in 1-AuNP, was deeper and penetrated down into the
alkyl layer (Figure 3-8B). Notably, in this case, water molecules were often found to form bridges
either between distant parts of the same coating ligand (i.e. amide and OEG) or between distinct
ligands, creating a complex HB network topology (Figure 3-8B).

The occurrence of the latter transient cavities only on the surface of 1-AuNP helps rationalize
the recognition ability of these nanosystems in NMR chemosensing experiments. To further
investigate 1-AuNP’s interaction with the bound analytes, we reversed the NOE-pumping
approach by transferring magnetization from the analyte to the monolayer with a selective 1D-
NOESY pulse scheme.™® From a qualitative viewpoint, the larger the number of close contacts
between the monolayer and the analyte, the stronger the nanoparticles’” NOE signals in this
experiment. The 1D-NOESY spectrum in Figure 3-9 clearly shows that NOE enhancements on the
alkyl portion of the coating monolayer are larger than those on the oxo-methylene moieties. This
suggests that the salicylate molecule arranges in such a way as to place its protons in close

proximity to the inner alkyl portion of the monolayer. However, its position in the monolayer is
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not deep enough to prevent contacts with the OEG portion, as evidenced by the weak NOE signals

observed.
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Figure 3-9. A) 'H reference spectrum of 20 mM sodium salicylate and 10 mM 1-AuNP in D,0O carbonate buffer (pD = 10). B) 1D
NOESY spectrum of the same sample obtained with selective excitation of the salicylate resonances (6-9 ppm) and 300 ms mixing
time. Signals of the nanoparticle highlight a negative NOE regime (slow tumbling). C) Number of total "H-'H contacts, colour-coded
in intervals of 1 A, between docked salicylate and 'y bearing atoms of 1-AuNP (exchangeable NH omitted). The bars have been

sorted according to the chemical shifts of the parent atoms.

This result was compared with molecular docking calculations of salicylate to the four pockets
detected on the monolayer of a representative equilibrated MD snapshot (Figure 3-8). In
particular, pockets 1 and 2 were of the “deep cavity” type, while pockets 3 and 4 were of the “OEG
sinking” type. Interestingly, we found that the interaction network of the salicylate’s docking pose
into pockets 1 and 2 gave rise to a large number of contacts with the alkyl portion of the coating
ligand (Figure 3-9C), in agreement with the results of the selective NOESY experiment. On the
other hand, docking in pockets 3 and 4 resulted in predominant contacts with the OEG groups.
There is thus a good qualitative agreement between the NMR data and the docking of salicylate to
the “deep cavity” pockets that are present in 1-AuNPs. In addition, the predicted docking pose into
pocket 2 well-matched that of salicylate co-crystallized with LysR-type transcription factors (Figure
3-8D).™! This corroborates the idea that AuNPs can form protein-like pockets on the surface, as

here in 1-AuNP, and suggests that cavities with the proper topology are essential for the specific
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interaction with selected analytes. Nicely enough, Lucarini et al**? have reported that gold
nanoparticles coated with thiol 1 undergo a decrease of affinity for hydrophobic organic molecules
as their size increases. Indeed, formation of binding pockets in the monolayer would be more
difficult in large nanoparticles, as the decreased curvature should induce a stronger packing of the

thiols, which in turn may hamper pockets opening.
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Figure 3-10. 1-AuNP/analyte interactions. A) NOE pumping spectra resulting from a solution of 15 uM 1-AuNP with either 5
mM salicylate (left) or 5 mM 4-hydroxybenzoate (right). Mixing time is 1.2 s. The emergence of a signal only for salicylate is well
rationalized by the MD results outlined in panel B (see text for details). B) During MD simulations, 1-AuNP/analyte binding events
were defined when the minimum intermolecular proton-proton distance was less than 0.4 nm. The binding events were sorted by
their binding residence time (x-coordinate) and plotted against the minimum distance between the analyte and the Auj4, core
(depth of penetration in the monolayer, y-coordinate). The rotational correlation time (T.) of 1-AuNP is also reported as a visual
guideline. C) Distribution of the analytes in the monolayer taken from MD snapshots every 25 ns. Purple analytes lay at max 1 nm

from the gold core, while green lay between 1 and 1.5 nm. D) Binding event of salicylate to 1-AuNP.

Accommodation of the substrate inside pockets in the nanoparticle-coating monolayer may be
somewhat expected. The different efficiency of 1- and 7-AuNP in the NOE pumping experiments,

however, indicates that pockets opening may be a prerequisite for an efficient recognition.
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To clarify these relevant points and define the molecular basis for the AuNP/analyte recognition
process, |IT collaborators run two 1 us long MD simulations of 1-AuNP, with either salicylate or 4-
hydroxybenzoate (3 and 5 in Chart 3-1, respectively) in solution. Results obtained showed that
salicylate, which is selectively detected by 1-AuNP in chemosensing experiments (Figure 3-10A),
spent ~48% of the simulation time bound to the monolayer (i.e., conformations where the
distance between protons of the analyte and of the monolayer was less than 0.4 nm). In addition,
residence time related to each recognition event is quite long, lasting tens of ns (Figure 3-10B). In
NOE pumping experiments, a sizeable magnetization transfer between the spins of the monolayer
and those of the analyte is detected only when the residence time of the analyte in the monolayer
is comparable, or longer, than the rotational correlation time (T.) of the nanoparticle. Inspection
of Figure 3-10B, where the binding events are sorted according to their binding residence time,
reveals that many binding events of salicylate visibly exceed T, of the nanoparticle. Moreover, in
agreement with NOE experiments, MD simulations indicated that salicylate was mostly sinking
into the inner part of the monolayer, with the aromatic ring pointing toward the gold core and the
carboxylate group remaining exposed to the water solution. We also detected the formation of
HBs between the substrate’s carboxylate and hydroxyl groups and the monolayer amides, which
were formed during 6% of the total simulation time.

On the other hand, 4-hydroxybenzoate, which is not experimentally detected by NOE pumping
experiments with 1-AuNP (Figure 3-10A), was in the bound state only for 27% of the overall
simulation time. Moreover, the observed binding events of 4-hydroxybenzoate were on a short
time scale (a few ns), thus rarely above T.. Indeed, our MD simulations show that this analyte was
mostly floating on the outer OEG surface when compared to salicylate. Orientation of 4-
hydroxybenzoate inside the monolayer was similar to that observed for salicylate, with the
carboxylate group pointing toward the water phase. In this configuration, the 4-hydroxy group is
located deep inside the hydrophobic portion of the cavity. Such unfavorable condition likely
justifies the shorter permanence of the substrate into the cavities.

Noticeably, the time of residence into the cavities is not only correlated with magnetization
transfer, but also with binding affinity, since it directly depends on the rate of dissociation (ko) of
the analytes form the monolayer. A longer residence time hence suggests a higher thermodynamic
affinity of the substrate for the monolayer.

Ultimately, these simulations allowed us to decipher the binding mechanism of salicylate to 1-

AuNP, which occurred through four main steps (Figure 3-10D): I) formation of transient pockets in

43



Chapter 3

the monolayer; Il) binding of salicylate into one of these transient pockets; Ill) conformational
changes of the pocket in response to analyte binding; IV) sinking of the analyte into the inner shell
of the monolayer. Such a sequence confirms our early hypothesis that the opening of the pocket is
the essential prerequisite for ligand binding. Consequently, as here found, nanoparticles
recognition ability is crucially related to their ability to form pockets with the proper structure and
lifetime. Fascinatingly, the above listed series of events suggests also an interplay between
conformational selection and induced fit,"*> well mimicking the recognition and binding process

for protein-ligand complex formation.
3.5 Conclusions

Overall, this combined computational-experimental study shows that functionalized coating
ligands can self-organize through a delicate and somehow counterintuitive balance of interactions
within the monolayer itself and with the solvent. These complex interactions can also favor the

14 These

formation of transient, protein-like binding pockets in monolayer-protected AuNPs.
findings imply that nanoparticle-based recognition operates through a process that is similar to
that for protein-ligand complex formation. The results here reported also open new questions that
merit further investigation, like on which structural and physiochemical parameters predominantly
control monolayer organization and pocket formation, similarly to what established for binding

pockets in proteins. The next goal will be the rational design of thiols capable of favoring the

formation of selective pockets and receptors in the nanoparticle coating monolayer.

3.6 Experiment section

3.6.1 Synthesis of 8-mercapto-N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)octanamide
(thiol 1)

Thiol 1 was prepared according to the following scheme:

AcSK HZN\/f\O/?\/O\
C S COOH 2
B~~~ ~_COOH_____ \[( NN >
Acetone, rt o) PFP-OH, EDC, DIPEA
79% c1 DCM dry, rt 70%
(e}
HCI 6M, EtOH (0]
\H/S\/\/\/\)J\N/\/O\/\O/\/O\ o HS\/\/\/\)J\ OO
0 H 78°C 95% N ©
c2

1

Scheme 3-1. Synthesis of the thiol 1.
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Synthesis of 8-(acetylthio)octanoic acid (C1). 8-bromooctanoic acid (4.00 g, 17.9 mmol, 1.0 equiv)
was dissolved in acetone (100 mL) and potassium thioacetate (2.50 g, 21.9 mmol, 1.2 equiv) was
added. The mixture was stirred for 24 hours at room temperature. After solvent evaporation, the
crude product was purified by flash chromatography (Petroleum Ether/ EtOAc 8:2). 3.11 g (79%) of
8-(acetylthio)octanoic acid (C1) were obtained.

'H NMR (500 MHz, CDCl3) & 2.87 (t, 2H, CH,S), 2.36 (t, 2H, CH,CO), 2.33 (s, 3H, CH3CO), 1.63 (m, 2H,
CH,), 1.61 = 1.53 (m, 2H, CH,), 1.36 (m, 6H, CH,).

*C NMR (126 MHz, CDCl3) § 196.14 (1C, COS), 179.96 (1C, COOH), 33.98 (1C, CH,), 30.63 (1C, CH,),
29.41 (1C, CH,), 29.07 (1C, CH,), 28.84 (1C, CH,), 28.70 (1C, CH,), 28.54 (1C, CH,), 24.55 (1C, CH,).
ESI-MS (m/z): 219.2 [M+H"], 241.3 [M+Na'].

Synthesis of S-(12-oxo-2,5,8-trioxa-11-azanonadecan-19-yl) ethanethioate (C2). C1 (1.03 g, 4.72
mmol, 1.0 equiv) and pentafluorophenol (1.13 g, 6.13 mmol, 1.3 equiv) were dissolved in dry
CH,Cl, (20 mL) and N-(3-Dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride (EDC, 1.18 g,
6.13 mmol, 1.3 equiv) was added. The mixture was stirred for 12 hours under nitrogen. Then N,N-
diisopropylethylamine (DIPEA, 0.800 g, 6.13 mmol, 1.3 equiv) and 2-(2-(2-methoxyethoxy)-
ethoxy)ethanamine (1.01 g, 6.13 mmol, 1.3 equiv) were added. The mixture was stirred at room
temperature for another 12 hours. After solvent evaporation, the crude product was purified by
flash chromatography (EtOAc/CH30H 9.5:0.5), giving 1.20 g (70%) of C2.

'H NMR (500 MHz, CDCl3) & 6.18 (br, 1H, NH), 3.68 — 3.62 (m, 6H, CH,0), 3.57 (m, 4H, CH,0), 3.45
(9, 2H, CH,0), 3.40 (s, 3H, CH30), 2.86 (t, 2H, CH,CO), 2.31 (s, 3H, CH3CO), 2.22 — 2.14 (t, 2H, CH,),
1.67 —=1.59 (m, 2H, CH,), 1.59 - 1.52 (m, 2H, CH,), 1.41 - 1.27 (m, 6H, CH,).

3¢ NMR (126 MHz, CDCl3) & 195.93 (1C, COS), 173.13 (1C, CON), 71.86 (1C, CH,0), 70.43 (1C,
CH,0), 70.39(1C, CH,0) , 70.09 (1C, CH,0), 69.83 (1C, CH,0), 58.93 (1C, CH,0), 39.05 (1C, CH,),
36.48 (1C, CH,), 29.38 (1C, CH,), 29.05 (1C, CH,), 28.99 (1C, CH,), 28.76 (1C, CH,), 28.54 (1C, CH,),
25.55 (1C, CHy).

ESI-MS (m/z): 364.3 [M+H'], 386.2 [M+Na"].

Synthesis of 8-mercapto-N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)octanamide (1). C2 (0.0359 g,
0.0988 mmol) was dissolved in ethanol (2 mL). A 6 M HCI solution in water (2 mL) was added and
the mixture was stirred at 78 °C for 2 hours under nitrogen atmosphere. The reaction mixture was

allowed to cool and the solvent was evaporated obtaining 0.0302 g (quantitative) of 1.
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'H NMR (500 MHz, MeOD) & 3.67 — 3.60 (m, 8H, CH,0), 3.56 (m, 2H, CH,N), 3.50 (t, 2H,CH,0), 3.38
(s, 3H, CH30), 2.52 (t, 2H, CH,S), 2.43 (t, 2H, CH,CO), 1.72 — 1.57 (m, 4H, CH,), 1.48 — 1.33 (m, 6H,
CHy).

3C NMR (126 MHz, MeOD) & 176.90 (1C, CO), 71.53 (1C, CH,0), 70.16 (1C, CH,0), 69.97 (1C,
CH,0), 69.90 (1C, CH,0), 68.28 (1C, CH,0), 57.76 (1C, CH30), 40.34 (1C, CH;N), 34.34 (1C, CHy),
33.68 (1C, CH,), 28.59 (1C, CH,), 28.35 (1C, CH;), 27.78 (1C, CH,), 25.73 (1C, CH,), 23.56 (1C, CH.S).

TOF ES+ HRMS: [M+H"] calcd. for C;H,gBrN,0, = 419.1329; found = 419.1334.

3.6.2 Synthesis of 2,5,8,11-tetraoxanonadecane-19-thiol (thiol 7)

Thiol 7 was prepared according to the following scheme:

[o) H H
HO/\G/ \%/\O/ CH,COS
_ . 2 . \/\/\/\/O\/\O/\/O\/\O/ 2,2-Dimethoxy-2-phenylacetophenone .~
NaH, THF dry c3 UV 365nm 59%
65 °C 48%
HCI 6M, EtOH
\[(S o/\/o\/\o/\/o\ HS\/\/\/\/\O/\/O\/\O/\/O\
o) 78 °C 95%

Cc4 7
Scheme 3-2. Synthesis of the thiol 7.

Synthesis of 2,5,8,11-tetraoxanonadec-18-ene (C3). 2-(2-(2-methoxyethoxy)ethoxy)ethanol
(0.516 g, 3.14 mmol, 1.2 equiv) and NaH (0.220 g, 9.16 mmol, 3.5 equiv) were dissolved in dry THF
(10 mL). After 15 min stirring, 8-bromooct-1-ene (0.500 g, 2.62 mmol, 1.0 equiv) was added. The
mixture was stirred for 12 hours under nitrogen at 65 °C. After solvent evaporation, the crude
product was purified by flash chromatography (Petroleum Ether/ EtOAc 8:2). 0.317 g (48%) of C3
were obtained.

'H NMR (500 MHz, CDCl3) & 5.88 — 5.69 (m, 1H, CH), 5.06 — 4.82 (dd, 2H, CH,), 3.67 — 3.60 (m, 8H,
CH,0), 3.56 (m, 2H, CH,0), 3.53 (m, 2H, CH,0), 3.43 (t, 2H, CH,0), 3.36 (s, 3H, CH;0), 2.07 — 1.98
(m, 2H, CH,), 1.60 — 1.51 (m, 2H, CH,), 1.41 — 1.25 (m, 6H, CH,).

3¢ NMR (126 MHz, CDCl3) & 139.20 (1C, CH,), 114.08 (1C, CH), 71.91 (1C, CH,0), 71.42 (1C, CH,0),
70.60 (1C, CH,0), 70.57 (1C, CH,0), 70.49 (1C, CH,0), 70.03 (1C, CH,0), 58.99 (1C, CH;0), 33.68 (1C,
CH3), 29.55 (1C, CH,), 28.91 (1C, CH,), 28.82 (1C, CH3), 25.91 (1C, CH,).

ESI-MS (m/z): 275.2 [M+H'], 297.2 [M+Na"].

Synthesis of S-2,5,8,11-tetraoxanonadecan-19-yl ethanethioate (C4). C3 (0.230 g, 0.838 mmol,
1.0 equiv) was dissolved in methanol (3 mL) and the solution was degassed for 10 min under
nitrogen. Afterwards, 2,2-Dimethoxy-2-phenylacetophenone (0.0110 g, 0.0419 mmol, 0.05 equiv)

and ethanethioic S-acid (0.255 g, 3.35 mmol, 4.0 equiv) were added and the mixture was stirrend
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under irradiation (365 nm) for 2 hours. After solvent evaporation, the crude product was purified
by flash chromatography (Petroleum Ether / EtOAc 7:3). 0.173 g (59%) of C4 were obtained.

'H NMR (500 MHz, CDCl3) & 3.70 — 3.63 (m, 8H, CH,0), 3.60 — 3.57 (m, 2H, CH,0), 3.57 (m, 2H,
CH,0), 3.45 (t, 2H, CH,0), 3.39 (s, 3H, CHs0), 2.86 (t, 2H, CHO), 2.33 (s, 3H, CH5CO), 1.62 — 1.51 (m,
4H, CH,), 1.41 - 1.25 (m, 8H, CH,).

3C NMR (126 MHz, CDCl3) § 195.94 (1C, CO), 71.92 (1C, CH,0), 71.43 (1C, CH,0), 70.60 (1C, CH,0),
70.57 (1C, CH,0), 70.50 (1C, CH,0), 70.03 (1C, CH,0), 59.00 (1C, CH,0), 30.61 (1C, CH,), 29.56 (1C,
CH,), 29.46 (1C, CH,), 29.26 (1C, CH,), 29.09 (1C, CH,), 29.02(1C, CH;), 28.71 (1C, CH,), 25.98 (1C,
CH,S).

ESI-MS (m/z): 351.3 [M+H"], 373.2 [M+Na'].

Synthesis 2,5,8,11-tetraoxanonadecane-19-thiol (7). C4 (0.0351 g, 0.0987 mmol) was dissolved in
ethanol (2 mL). A 6 M HCl solution in water (2 mL) was added and the mixture was stirred at 78 °C
for 2 hours under nitrogen atmosphere. The reaction mixture was allowed to cool and the solvent
was evaporated to obtain 0.0289 g (quantitative) of 7.

'H NMR (500 MHz, MeOD) & 3.67 — 3.62 (m, 8H, CH,0), 3.59 (t, 2H, CH,0), 3.56 (t, 2H, CH,0), 3.49
(t, 2H, CH,0), 3.38 (s, 3H, CH30), 2.51 (t, 2H, CH,0), 1.66 — 1.54 (m, 4H, CH,), 1.47 — 1.29 (m, 8H,
CH,).

3¢ NMR (126 MHz, MeOD) & 71.59 (1C, CH,0), 70.94 (1C, CH,0), 70.19 (1C, CH,0), 69.99 (1C,
CH,0), 69.78 (1C, CH,0), 57.73 (1C, CH30), 33.83 (1C, CH,), 29.32 (1C, CH,), 29.09 (1C, CH,), 28.80
(1C, CH,), 27.97 (1C, CH,), 25.77 (1C, CH,), 23.59 (1C, CH,S).

TOF ES+ HRMS: [M+H"] calcd. for C1H,sBrN,0, = 419.1329. Found = 419.1334.

3.6.3 Synthesis of 2,5,8,11-tetraoxadocosane-22-thiol (thiol 8)

Thiol 8 was prepared according the following scheme:

HO/\</O\>/\O/ CH3COSH
2
o 2,2-Dimethoxy-2-phenylacetophenone
NN, > NSO O -
NaH, THF dry cs UV 365nm, 52%
65 °C, 45%
s o fo) HCI 6M, EtOH
Y 0TI TN TN HS\/\/\/\/\O/\/O\/\O/\/O\
o} reflux, 95%
[of3} 8

Scheme 3-3. Synthesis of the thiol 8.
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Synthesis of 2,5,8,11-tetraoxadocos-21-ene (C5). 2-(2-(2-methoxyethoxy)ethoxy)ethanol (0.845 g,
5.15 mmol, 1.2 equiv) and NaH (0.360 g, 15.0 mmol, 3.5 equiv) were dissolved in dry THF (10 mL).
After 15 min stirring, 11-bromoundec-1-ene (1.00 g, 4.29 mmol, 1.0 equiv) was added. The mixture
was stirred for 12 hours under nitrogen at 65 °C. After solvent evaporation, the crude product was
purified by flash chromatography (PE/ EtOAc 8:2) giving 0.609 g (45%) of C5.

'H NMR (500 MHz, CDCl;) & 5.86 — 5.75 (m, 1H, CH), 4.96 (dd, 2H, CH,), 3.69 — 3.62 (m, 8H, CH,0),
3.60 —3.57 (t, 2H, CH,0), 3.56 — 3.53 (t, 2H, CH,0), 3.44 (t, 2H, CH,0), 3.38 (s, 3H, CH30), 2.03 (q,
2H, CH,), 1.61 — 1.53 (m, 2H, CH,), 1.41 — 1.24 (m, 12H, CH,).

3¢ NMR (126 MHz, CDCl;) & 139.23 (1C, CH,), 114.26 (1C, CH), 72.11 (1C, CH,0), 71.62 (1C, CH,0),
70.79 (1C, CH,0), 70.67 (1C, CH,0), 70.23 (1C, CH,0), 59.11 (1C, CHs0), 33.93 (1C, CH,), 29.80 (1C,
CH,), 29.67 (1C, CH,), 29.60 (1C, CH,), 29.25 (1C, CH,), 29.06 (1C, CH,), 26.24 (1C, CH,).

ESI-MS (m/z): 317.3 [M+H"], 339.3 [M+Na'].

Synthesis of S-2,5,8,11-tetraoxadocosan-22-yl ethanethioate (C6). C5 (0.300 g, 0.948 mmol, 1.0
equiv) was dissolved in methanol (3 mL) and the solution was degassed for 10 min under nitrogen.
Afterwards, 2,2-Dimethoxy-2-phenylacetophenone (0.0123 g, 0.0474 mmol, 0.05 equiv) and
ethanethioic S-acid (0.289 g, 3.79 mmol, 4.0 equiv) were added. The mixture was stirred under
irradiation (365 nm) for 2 hours. After solvent evaporation, the crude product was purified by flash
chromatography (PE/ EtOAc 7:3). 0.193 g (52%) of C6 were obtained.

'H NMR (500 MHz, CDCl;) & 3.67 — 3.61 (m, 8H, CH,0), 3.56 (m, 2H, CH,0), 3.55 — 3.52 (m, 2H,
CH,0), 3.43 (t, 2H, CH,0), 3.36 (s, 3H, CH30), 2.84 (t, 2H, CH,), 2.30 (s, 3H, CH5CO), 1.59 — 1.50 (m,
4H, CH,), 1.37 — 1.21 (m, 14H, CH,).

3¢ NMR (126 MHz, CDCl3) & 195.96 (1C, CO), 71.92 (1C, CH,0), 71.49 (1C, CH,0), 70.60 (1C, CH,0),
70.57 (1C, CH,0), 70.49 (1C, CH,0), 70.02 (1C, CH,0), 59.00 (1C, CH50), 30.60 (1C, CH;), 29.61 (1C,
CH,), 29.52 (1C, CH,), 29.47 (1C, CH,), 29.43 (1C, CH,), 29.11 (1C, CH,), 29.08 (1C, CH,), 28.78 (1C,
CH3), 26.06 (1C, CH,S).

ESI-MS (m/z): 393.3 [M+H*], 415.3 [M+Na'].

Synthesis of 2,5,8,11-tetraoxadocosane-22-thiol (8). C6 (0.0393 g, 0.0987 mmol) was dissolved in
ethanol (2 mL). A6 M HCl solution in water (2 mL) was added and the mixture was stirred at 78 °C
for 2 hours under nitrogen atmosphere. The reaction mixture was allowed to cool and the solvent

was evaporated to obtain 0.0329 g (quantitative) of 8.
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'H NMR (500 MHz, MeOD) & 3.66 — 3.62 (m, 8H, CH,0), 3.61 — 3.57 (m, 2H, CH,0), 3.56 (m, 2H,
CH,0), 3.48 (t, 2H, CH,0), 3.38 (s, 3H, CH30), 2.55 — 2.47 (t, 2H, CH,0), 1.67 — 1.51 (m, 4H, CH,),
1.46 — 1.25 (m, 14H, CH,).

3C NMR (126 MHz, MeOD) & 71.58 (1C, CH,0), 70.97 (1C, CH,0), 70.17 (1C, CH,0), 69.98 (1C,
CH,0), 69.77 (1C, CH,0), 57.81 (1C, CH30), 33.85 (1C, CH,), 29.33 (1C, CH,), 29.27 (1C, CH,), 29.19
(1C, CH,), 28.83 (1C, CH,), 28.03 (1C, CH,), 25.82 (1C, CH,), 23.59 (1C, CH,S).

TOF ES* HRMS: [M+H"] calcd. for Co;H2sBrN,0, = 419.1329. Found = 419.1334.

3.6.4 Synthesis of 10-(2-(2-methoxyethoxy)ethoxy)decane-1-thiol (thiol 9)

Thiol 9 was prepared according to the following scheme:

Ho/\/o\/\o/
Br .~ B o AcSK
Br - r\/\/\/\/\/\o/\/ \/\o/ ®
NaH, THF dry c7 Acetone, rt, 62%
65 °C 50%
HCI 6M, EtOH
S 0] ’
\ﬂ/ o """ —m HSV\/\/\/\/\O/\/OV\O/
o) 78 °C 95%
c8 9

Scheme 3-4. Synthesis of the thiol 9.

Synthesis of 1-bromo-10-(2-(2-methoxyethoxy)ethoxy)decane (C7). 2-(2-methoxyethoxy)ethanol
(0.200 g, 1.67 mmol, 1.0 equiv) and NaH (0.267 g, 6.67 mmol, 4.0 equiv) were dissolved in dry THF
(10 mL). After 15 min stirring, 1,10-dibromodecane (1.00 g, 3.33 mmol, 2.0 equiv) was added. The
mixture was stirred for 12 hours under nitrogen at 65 °C. After solvent evaporation, the crude
product was purified by flash chromatography (PE/ EtOAc 8:2). 0.283 g (50%) of C7 were obtained.
'H NMR (500 MHz, MeOD) & 3.67 — 3.62 (m, 4H, CH,0), 3.61 — 3.58 (m, 2H, CH,0), 3.57 — 3.54 (m,
2H, CH,0), 3.47 (m, 4H, CH,0 CH,Br), 3.38 (s, 3H, CH30), 1.90 — 1.82 (m, 2H, CH,), 1.62 — 1.54 (m,
2H, CH,), 1.46 (m, 2H, CH,), 1.41 — 1.31 (m, 10H, CH,).

3¢ NMR (126 MHz, MeOD) 6§ 71.58 (1C, CH,0), 70.96(1C, CH,0), 70.17 (1C, CH,0), 69.99 (1C,
CH,0), 69.76 (1C, CH,0), 57.72 (1C, CH50), 29.33 (1C, CH,Br), 29.23 (1C, CH;), 29.14 (1C, CHy),
28.46 (1C, CH,), 27.80 (1C, CHy), 25.81 (1C, CHy).

ESI-MS (m/z): 339.2 [M+H"], 361.2 [M+Na®].

Synthesis of S-(10-(2-(2-methoxyethoxy)ethoxy)decyl) ethanethioate (C8). C7 (0.200 g, 0.589
mmol, 1.0 equiv) was dissolved in acetone (4 mL) and potassium thioacetate (0.135 g, 1.18 mmol,

2.0 equiv) was added. The mixture was stirred for 24 hours at room temperature. After solvent
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evaporation, the crude product was purified by flash chromatography (Petroleum Ether/ EtOAc
8:2), giving 0.122 g (62%) of C8.

'H NMR (500 MHz, MeOD) & 3.66 — 3.62 (m, 4H, CH,0), 3.61 — 3.57 (m, 2H, CH,0), 3.56 (m, J = 5.7,
3.7 Hz, 2H, CH,0), 3.48 (t, J = 6.6 Hz, 2H, CH,0), 3.38 (s, 3H, CHs0), 2.89 (t, J/ = 14.5, 7.2 Hz, 2H,
CH,0), 2.36 - 2.28 (s, 3H, CH5CO), 1.63 = 1.51 (m, 4H, CH,), 1.43 - 1.28 (m, 12H, CH,).

3C NMR (126 MHz, MeOD) & 195.94 (1C, CO), 71.61 (1C, CH,0), 70.98 (1C, CH,0), 70.20 (1C,
CH,0), 70.03 (1C, CH,0), 69.79 (1C, CH,0), 57.76 1C, CH30), 29.41 (1C, CHy), 29.37 (1C, CH,), 29.29
(1C, CH,), 29.19 (1C, CH,), 28.85 (1C, CH;), 28.49 (1C, CH,), 28.46 (1C, CH,), 25.84 (1C, CH,S).
ESI-MS (m/z): 335.3 [M+H"], 357.2 [M+Na']

Synthesis of 10-(2-(2-methoxyethoxy)ethoxy)decane-1-thiol (9). C8 (0.0330 g, 0.0987 mmol) was
dissolved in ethanol (2 mL). A 6 M HCI solution in water (2 mL) was added and the mixture was
stirred at 78 °C for 2 hours under nitrogen. The reaction mixture was allowed to cool and the
solvent was evaporated giving 0.0274 g (quantitative) of 9.

'H NMR (500 MHz, MeOD) 6 3.66 — 3.62 (m, 4H, CH,0), 3.61 — 3.57 (m, 2H, CH,0), 3.56 (m,
2H,CH,0), 3.49 (t, 2H, CH,0), 3.38 (s, 3H, CH30), 2.55 — 2.46 (t, 2H, CH,), 1.66 — 1.53 (m, 4H, CH,),
1.47 — 1.27 (m, 12H, CH,).

3¢ NMR (126 MHz, MeOD) & 71.57 (1C, CH,0), 70.96 (1C, CH,0), 70.16 (1C, CH,0), 69.98 (1C,
CH,0), 69.75 (1C, CH,0), 57.70 (1C, CH30), 33.84 (1C, CH,), 29.31 (1C, CH,), 29.26 (1C, CH,), 29.21
(1C, CH,), 29.15 (1C, CH,), 28.81 (1C, CH,), 28.01 (1C, CH,), 25.80 (1C, CH,), 23.57 (1C, CH,S).

TOF ES* HRMS: [M+H"] calcd. for C1H,sBrN,0, = 419.1329. Found = 419.1334.

3.6.5 Synthesis of 12-(2-(2-methoxyethoxy)ethoxy)dodecane-1-thiol (thiol 10)

Thiol 10 was prepared according to the following scheme:

/\/O\/\ -
B HO % AcSK
T —— Br\/\/\/\/\/\/\o/\/o\/\o/ >
NaH, THF dry Acetone, rt, 48%
65°C 64% c9
HCI 6M, EtOH
o 78 °C 95%
Cc10 10

Scheme 3-5. Synthesis of the thiol 10.

Synthesis of 1-bromo-12-(2-(2-methoxyethoxy)ethoxy)dodecane (C9). 2-(2-methoxyethoxy)-
ethanol (0.183 g, 1.52 mmol, 1.0 equiv) and NaH (0.146 g, 6.10 mmol, 4.0 equiv) were dissolved in
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dry THF (10 mL). After 15 min stirring, 1,12-dibromododecane (1.00 g, 3.05 mmol, 2.0 equiv) was
added. The mixture was stirred for 12 hours under nitrogen at 65 °C. After solvent evaporation,
the crude product was purified by flash chromatography (PE/ EtOAc 8:2), giving 0.356 g (64%) of
co.

'H NMR (500 MHz, MeOD) & 3.67 — 3.62 (m, 4H, CH,0), 3.61 — 3.57 (m, 2H, CH,0), 3.56 (m, 2H,
CH,0), 3.47 (m, 2H, CH,0), 3.38 (s, 3H, CH30), 1.90 — 1.82 (m, 2H, CH,), 1.63 — 1.55 (m, 2H, CH,),
1.46 (m, 2H, CH,), 1.36 (m, 14H, CH,).

3¢ NMR (126 MHz, MeOD) & 71.59 (1C, CH,0), 70.98 (1C, CH,0), 70.18 (1C, CH,0), 70.00 (1C,
CH,0), 69.77 (1C, CH,0), 57.73 (1C, CH30), 33.06 (1C, CH,Br), 32.65 (1C, CH,), 29.36 (1C, CH,),
29.29 (1C, CH,), 29.21 (1C, CH;), 28.50 (1C, CH,), 27.82 (1C, CH,), 25.83 (1C, CH,).

ESI-MS (m/z): 389.2 [M+Na'].

Synthesis of S-(12-(2-(2-methoxyethoxy)ethoxy)dodecyl) ethanethioate (C10). C9 (0.263 g, 0.716
mmol, 1.0 equiv) was dissolved in acetone (4 mL) and potassium thioacetate (0.164 g, 1.43 mmol,
2.0 equiv) was added. The mixture was stirred for 24 hours at room temperature. After solvent
evaporation, the crude product was purified by flash chromatography (PE/EtOAc 8:2). 0.240 g
(48%) of C10 were obtained.

'H NMR (500 MHz, MeOD) & 3.66 — 3.62 (m, 4H, CH,0), 3.61 — 3.57 (m, 2H, CH,0), 3.56 (m, 2H,
CH,0), 3.48 (t, 2H, CH,0), 3.30 (s, 3H, CH30), 2.88 (t, 2H, CH,0), 2.32 (s, 3H, CH5CO), 1.63 — 1.53 (m,
4H, CH,), 1.43 — 1.28 (m, 16H, CH,).

3¢ NMR (126 MHz, MeOD) 6 196.14 (1C, CO), 71.59 (1C, CH,0), 70.98 (1C, CH,0), 70.18 (1C,
CH,0), 70.01 (1C, CH,0), 69.78 (1C, CH,0), 57.73 (1C, CH30), 29.39 (1C, CH,), 29.36 (1C, CH,),
29.30 (1C, CH,), 29.21 (1C, CH,), 29.16 (1C, CH,), 28.84 (1C, CH,), 28.48 (1C, CH,), 28.44 (1C, CH,),
25.84 (1C, CH,S).

ESI-MS (m/z): 363.3 [M+H'], 385.3 [M+Na"].

Synthesis of 12-(2-(2-methoxyethoxy)ethoxy)dodecane-1-thiol (10). C10 (0.0358 g, 0.0987 mmol)
was dissolved in ethanol (2 mL). A 6 M HCI solution in water (2 mL) was added and the mixture
was stirred at 78 °C for 2 hours under nitrogen atmosphere. The reaction mixture was allowed to
cool and the solvent was evaporated obtaining 0.0301 g (quantitative) of 10.

'H NMR (500 MHz, MeOD) & 3.64 (m, 4H, CH,0), 3.60 — 3.57 (m, 2H, CH,0), 3.56 (m, 2H, CH,0),
3.48 (t, 2H, CH,0), 3.38 (s, 3H, CH30), 2.51 (t, 2H, CH,), 1.65 — 1.54 (m, 4H, CH,), 1.44 — 1.29 (m,
16H, CH,).
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3C NMR (126 MHz, MeOD) 6§ 71.57 (1C, CH,0), 70.96 (1C, CH,0), 70.15 (1C, CH,0), 69.98 (1C,
CH,0), 69.75 (1C, CH,0), 57.70 (1C, CH30), 33.84 (1C, CH,), 29.32 (1C, CH,), 29.29 (1C, CH,), 29.17
(1C, CH,), 28.82 (1C, CH,), 28.02 (1C, CH,), 25.80 (1C, CH,), 23.57 (1C, CH,S).

TOF ES* HRMS: [M+H"] calcd. for C,;H,sBrN,0, = 419.1329. Found = 419.1334.

3.6.6 Preparation of 1, 7, 8, 9 and 10-AuNP.

Monolayer protected gold nanoparticles (1, 7, 8, 9, 10-AuNPs) were prepared modifying a
previously reported two-step procedure.'® A solution of HAUCls-3H,0 (50.0 mg, 0.127 mmol, 1.0
equiv) in water (2 mL) was extracted with a solution of tetraoctylammonium bromide (0.175 g,
0.318 mmol, 2.5 equiv) in N, purged toluene (125 mL). To the resulting reddish-orange organic
solution dioctylamine (0.613 g, 2.54 mmol, 20.0 equiv) was added (the amount of dioctylamine
was calculated? in order to obtain 2 nm nanoparticles). The mixture is vigorously stirred under N,
for 1.5 hours. During this period of time the color of the mixture fades. Then the solution is cooled
at 0 °C and a NaBH, solution (48.0 mg, 1.27 mmol, 10.0 equiv) in H,0 (1 mL) is then rapidly added.
The color of the solution turns rapidly to black and after 1.5 hours of stirring at 0°C, the aqueous
layer is removed. To the obtained nanoparticle solution, the desired thiol (0.254 mmol, 2.0 equiv)
dissolved in 3 mL of ethyl acetate was rapidly added. The reaction mixture was stirred for 3 hours
at 0°C. Then the solvent was evaporated and the resulting crude was purified. 1-AuNPs were
dissolved in 5 ml of milliQ water and then washed 7 times with EtOAc. Then water was evaporated
under reduced pressure and the resulting nanoparticles were purified by gel permeation
chromatography with Sephadex G25. On the other hand 7, 8, 9, 10-AuNPs were dissolved in the
minimum amount of AcOEt and then precipitated with diethyl ether (2 times) and subsequently
with petroleum ether (5 times). The resulting NPs were finally purified by gel permeation

chromatography with Sephadex LH-20.
3.6.7 Characterization of 1, 7, 8, 9 and 10-AuNP.

Characterization of 1-AuNPs. TEM analysis of the different samples of small nanoparticles
(Figure 3-11) yields an average diameter for the AuNP of 1.7+0.5 nm. Formula for 1-AuNPs
calculated on the basis of TEM diameter and TGA analysis is Au;5,RSs;. TGA analysis of a sample of
1-AuNPs under air atmosphere is shown in Figure 3-12. UV-Vis spectrum of a sample of 1-AuNPs is
shown in Figure 3-13. NMR analysis (Figure 3-14, 3-15, 3-16) indicates monolayer formation

(broadening of all signals), as confirmed by diffusion-filtered experiments (not shown).
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Figure 3-11. TEM image of 1-AuNPs and size distribution: average diameter = 1.7 £0.2 nm.

100

90+
—~— 3553%
ES
= 804
(=2}
o
=

70+

60 - - — : : : : : : : :

100 300 500 700
Temperature (°C) Universal V4.7A TA Instruments

Figure 3-12. TGA analysis of a sample of 1-AuNPs under air atmosphere.
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Figure 3-13. UV-Vis spectrum of 1-AuNPs (0.1 mg/mL) at 25°C in water.
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Figure 3-14. "HNMR spectrum of 1-AuNPs in D,O (# indicates the residual solvents and impurities).
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Figure 3-15. "HNMR spectrum of 1-AuNPs in CD,Cl, (# indicates the residual solvents and impurities).
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Figure 3-16. "HNMR spectrum of 1-AuNPs in CDCl; (& indicates the residual solvents and impurities).

Characterization of 7-AuNPs. TEM analysis of the different samples of small nanoparticles
(Figure 3-17) yields an average diameter for the AuNP of 1.5+0.4 nm. Formula for 7-AuNPs
calculated on the basis of TEM diameter and TGA analysis is Au194RS47. TGA analysis of a sample of

7-AuNPs under air atmosphere is shown in Figure 3-18. UV-Vis spectrum of a sample of 7-AuNPs is
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