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Introduction

Goldnanopatrticles

Gold atom nanoclusters are discrete assemblies of gold atoms with a precise molecular
formula.Monolayerprotected gold nanoparticles amixtures ofgold nanostructures with

a defined size distributiorstabilized by a protective layer of organic ligahddiokte isthe

most commonfunctional groupused to grant theadhesionof the ligandsto the gold atoms
because of thetrong interactiorof gold atomswith sulfur. The use of thiolate ligands hence
allow a durable passivation tie meal surfacesthe synthesis of stable colloidsd, by the

use of multifunctional thiols, theeffective grafting of desirable functional groups or
molecules tahe nanoparticle surfacegzunctionalized nanoparticlessulting from the use of
multifunctional thiolsare complex supramolecular systemiereboth the properties othe

gold core andhoseof the organic monolayecan be tuned anéxploited for several different
application fields, ranging from molecular ecognition and catalysis tdiomedicat
applications Many different strategies have been developed to date for the synthesis of
functionalized gold nanoparticles and the exact procedure which shoutthtgendepends

on size,shape and final use of the colloidin general, synthetic strategies can be
differentiated ino G ¢ 2 O 0 S IRNAGE YI DI} O KBLIE | 3/YRS 544D 2d1W 2
R2goy¢ YSUK2R2(f 23A Sajgregatiuh of macidssdpic Befallidighld wHeh &
can be donén physical waydor examplewith the aid of lasers amechanicafriction. These
methodologiescanonly be used when strict control on shape, size and polydispersity is not
requiredas they allow very limited control over the colloid properties. When precise control
Ad YSSR&®JIxoadNRGSIAS A differrae viRth theSrevibkis2oaeS,y ©
these strategiesare based on the reduction of a gold precursor, usually a goldrsallution

For these reasonstheyasé 32 Ay Of dzZRSR Ay (i Féredudid@réactiare y i KS & ¢
can be controlled and directed toward the desired outcome by changing several
experimental parameters such as stoichiometfythe reactants temperature, reducing
power of the reductantreactantmixing order and rate of additigandby addition of ligands

for gold during the reductionstep. Most of these parameters are easy to control and
reproducible synthetic strategies can be developEigthodologies forthe direct synthesis
evenof atomicallyprecise gold clustasrare availablsnowadays® Some of the most common

proceduresconsideredrelevant for this workwill beillustrated inthe followingchapters.



Turkeviclsynthesis

TheTurkevichsynthesis is one of the most popular synthetic strategy in colloid science, and
it is usuallythe commonly employed one for the synthesis of gold nanoparticlesith
diametersabove8-10 nm. This strategy, whicallow good control overnanoparticlessize

and reproducibility, is basedn the reduction of Au(lll), introduced as tetrachloroaurate, with
citrate inhot water. The reducing agerttere actsalso as buffe(pH =6.5). In the last half
century the mechanism of th€urkevichsynthesis wademonstrated to be a seeghediated

growth processwhich can besummarizd infour mainsteps (schematized irFigurel).

soad particle formation

s> o> >

final size

determined
initiation termination
[AuCL] A [AUCH] »[Au(Cl), (OH),..] ! at surface .
e e [AU(CI),{OH),..] » Au
l num l_mr of
amount Au' for & size of seed F‘“""'ﬂ'“
seed particles purticles __J*’I

Figurel: Summary of th@urkevich synthesimechanisnt

Initially, the reductionof part of the Au(lll)ionsleads to the formation of small gold clusters
which subsejuently grow to generateseed particlewith diametersgreater than 3 nmAt
this pointthe formation ofthe seedsstops(the reasons for this will be exgihed later)and
during the third and fourth steg only the growth of these species isbserved. Tis last
processis attributed to the reduction ofthe remainingionic gold specieswhich are
concentratedin the electrical double layerHDI) of the seeds The kinetics of thegrowth
process is slow ithe third stepbut becomes fasterin the following one* The reduction of
gold ions on seed surfa@et as a sizdocusing procesdikely because small particles grow
faster than large onesreating arelativelymonodisperse colloidtarting from a polydisperse
seed oneThe formation of large structures Bheen often proposed in the past to explain
the transient bluish color of theotution, but these have been proved not be present at
any timein the Turkevich synthesihis colorationinstead s most likely caused laychange
of the nanoparticleelectronic properties due tthe attachment of gold ions in thEDLof the
seed particle$.As thefinal number of nanopatrticles is equal to the number of spatticles
initially produced the kinetics of he reduction process is irrelevant for the final size
determination.The formation of seeds occurs in the first half minuta gtandard Turkevich

protocd andless than 2 % dhe total goldis utilized forthis processThefinal colloid size



depends on the amount of remaining unreacted goldns and on the number of seeds
present to which this gold will be reduced ofhe number oseedsformedis influenced by
their dimension as larger seeds need a larger amount of gold atoms fewer of them will be
formed and this leads to bigger final nanoparticlesSThe slution acidity affectghe Au(lll)
complexesthat constitute the gold atoms source. An increase in pH leatts chloride
displacemen forming [AuClxOH{] species The reductionof these hydroxospecieswith
highly deprotonated citrate formis much slower than that AuCl]". After the initial mixing

of the tetrachloroaurateand citrate solutionsthe protonation and hydrol§c equilibriaare
immediately shifted away from these twiighly reactive specigsbut thanks to their high
reactivity, asmall amount of [Aug)f is reducedquickly enouglhduring this mixing timeto
form the initial clusters which will thenevolve forming theseeds As soon as hydroxspecies
[AuCLOH] are formed by tetrachloroaurate hydrolysigiold clustersare not formed
anymoreand these hydrolyzed species can onlyreduced onthe surface of thealready
formedseedsleading totheir growth (step 3 and 3 The accumulation of dicarboxy acetone
(DCA), direct oxidation product of citratdand a stronger reductait will facilitate the
deposition of Afifrom [AuCLOH] in the growth stepsThiscompound is present only in
traces during the initial stepand at these concentrations litas been proven at to affect
seeds formationThis compounthastherefore no effect onthe final nanoparticle sizeélhe
amount of initial [AuG]  can be changed alday alteration ofthe reactant additiororder. In

an inverse methogwhere concentrated HAuQObk added to the citratesolution, the higher
local concentration of tetrachloroaurate iofiwhen droplets mix with the reductant solutipn
leads to the formation of a largerumber of seedsand thereforeof smaller nanoparticles
The fortunate interplay o#ll these complex reactions all@the synthesisof finely tuned
monodisperse colloslof the desired sizeThe concentration of citrateas long as iis
sufficientto ensurepH bufferinghas negligible effect on the nanopants size The ®lution

pH, however, has a very importantole on the synthesis outcome as segwdiated growth
can occumnly in a limited pH regiofFigure2, blue regionjand, as previously discussei,
this process is preventethen control over size and polydispersity is lamger possible
Temperature has a complex effect as this parameter adféw kinetics of all the occurring
processes in solutigra change of the system thermal energy leads to a different colloid
stability region. The temperature dependence of the Turkevich method is therefore non
linear. Anyway, it has been observed thaizesninimum is present at 60 °C. While Turkevich
method is suitable when greater than 10 nm nanoparticles are needed, if smaller ones are

desired then different synthetic strategies are required.
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Figure2: pH dependence of Turkeki synthesis; oly in the blue region seadediated growth can occur.

Borohydride as redtnt ¢ synthesizing smaller NPs

By employingeductans of different strengdh it is possible tanodify the colloid synthé&c
mechanismaffectingthe finalnanoparticlessize A common and inexpensive strong reducing
agent is sodium borohydride. When this compound is used for the reduction of
tetrachloroaurate the nanoparticles formatioomechanisndoes notfollow a seedmediated
processas, h this casethe reduction proces®f the gold precursor iso fast that it is no
longer involved irthe actual particle growthin this situation nanoparticle growth aused
only byaggregation or coalescencé pre-formed nucle® In tetrachloroauric acid reduction
with sodium borohydridehe nanoparticle growth process has been demonstrated to be

based on coalesoee only(Figure3).’

1. Reduction and nucleation ;2. Coalescence of nuclei
P W A
|1 @%;} R
A &4 k-
a ¢ S | | & W
wy = g — — R o
At L = . \‘%_.
e
. P B =
precursor nuclei nanoparticles

Figure3: gold nanoparticle formation with borohydride reductanf

With sucha strong reductantthe reduction process of the metal precursor is completed in
just a hundred of millisecondsand leads to the formation o& large number oprimary

clusters These clustershen coalesce forming the final nanopartislen a secondand



separateprocess which isnot related to the metal reduction on&ln this situation hree

scenarios are possible:

i) Longterm stable nanoparticles (2 nm radius) are formehs in[Ag]reduction
with NaBH)
i) Metastable nanoparticles (3 nm radius) are formed, which are not stable and

slowly grow further &s in[Au] and [Pd}eduction withNaBH)

iii) The patrticles exceed ¢hlength scale of nanoparticles and precipitas (h[Cul]
reduction withNaBH)
a) 4 different stability curves b) change of E,;
conskant E_- Jﬂ,l congtant f\.|.3:ll|||.:|' Caune

m

aggregation barrier

a

aggregation barrier

o

0 F.Y rlBj fC)  pariche radius r Q T, nT.) partiche radius r

Figure4: schematics of particles growth; a) change of the stability curve; b) change of the thermal®nergy.

Usingan excess of borohydridi is possible to reacta metastablestate after the first
coalescece step. Theresidual borohydrides however hydrolyzedwithin several minutes
and thischange in solution composition alters the surface chemisfrjhe nanoparticles
decreasing the colloid stabilityhe stability curve is changgdAsecond coalescent growth
step istherefore observed.The final sizef the nanoparticlesnd the presence of eventual
successive coalescent stepstheir formation mechanisndependon all the parameters

whichaffect thestability curveof the colloid

Brust and Schiffrigynthesis

The use of stabilizeigigands for goldin the synthesisuch as longhained alkylamines or

thiols, is a great practical way to alter the colloid stability curve anmbtdrol nanoparticles

size and shapdrust and Schifin in 1994developed asinglestep protocolfor the synthesis

of small gold nanoparticless KA OK Ol yQid 0SS | 00SaaSR® gAilK
Tetrachloroauratethe gold ios source,is initially transferred from aqueous solution &m
organicphase(toluene) with the aid of tetraoctylammonium bromide as phase transfer
agent where is therreducedin presence of the free thidkhe stabilize) by addition of a

freshly prepared aqueousohkition of sodium borohydrideThe aqueous phase has been

l'



demonstrated to acbnly as tetrachloroaurate and borohydride ion source and the chemical
reactions take place in the organic oriehe mechanism of the synthesis is schematized in
Figure5.° The thiol, once added, &zas a reductant for [AQkL]":

TOA[AUCH o)+ 2RSH} TOAJAUCH )+ RSSE + 2HGh)

Theformation of polymeric [Au(l)SR§pecieduring the synthesidepends on the reaction
conditions: the presence of a retained aqueous phase when the thiol is added to the reaction

mixture favours it
TOA[AUCH o)+ RSkh¥ Au(l)Sk)+ TOACIe)+ HGly)

The formation of tlese polymeric species is also favoured wherit is employeda
concentration of thiol higher than that of [AWCI(RSH/Au ratio > 2hnd they caralsobe
formed directly from the reduction of [Augl

TOAJAUCH o)+ 3RSH)¥ Au(l)SR)+ RSSK+ TOACko)+ 3HG)

Au ions reduction by bofyydride has been proven not to be an interfacial reaction, but to

occuronlyin the organic phase.
TOA[AUCH 0+ BH(0)f Auo)+ TOACI0)+ HGly) + B(OH)w)

Brust-Schiffrin synthesis

AulSR  Q‘AuCl,;

[Au(l)SR],
qQ+cl RSH AuCI," AuCIz' CI BH, HC
Org HCl l l T l

. AuCl,;” AuCl, CI' BH, HCl

Figure5: Scheme of the Brust and Schiffrin syntiesis

At a lowthiol/gold ratio (from 1 to 3) the nanoparticles size and distribution was not affected
by a delayed addition athe borohydride 5 hafter the preparationof the reactionmixture.
However, ata higherthiol/gold ratio (from 4 to 8), the number of synthesized particles
decreasedprogresively in the aged samplehd difference in behaviouis caused by the

progressiveconsumption ofgold by the formation ofinsoluble[Au(l)SR] polymers which



are no longeravailable for the nanoparticles formatioifhe size of the obtaineduNPs
dependstherefore on the employedthiol/gold ratio andon the mixing duration (which
affects the accumulationof [Au(l)SR] polymer) Higher concentrations of 1-D5 nm
nanoparticles were formed whelow RSHAUCH] ratios between 1 and 2 were employé&d.
Perala and Kumar demonstrated thidie control over size and dispersion of the colloid is
dueto a catinuous nucleatiorgrowth-passivation mechanisigrigure6).1° The continuous
nucleationof AUNPs causelly the reduction of gold ions by borohydride would, in theory,
lead to a polydisperse collgigince nuclei continuously form and grow over the whole
reaction time Thanksto the presence of a passivating agdfite thiol), however,the
nanoparticles are progressively capped as theyw, formingeventuallyfully cappedones

which are stable and do not grow anymore.

[ Al jons Aullll) & %]]i“"“ Au .|r|||r% A
O DD ) O Reduction O
08 ~RSH —> O%—f_waﬁfll—rogo

=
if

Fully capped particle

O growih
T
O Particle growth
.-1— Nn Hrn'.'.-'lh B '
Hl'l‘:'_,x* and capping  —
) _‘I’
Capping

’ ‘;\/ Muelews

Figure6: Scheme of the Brust and Schiffrin synthesis mech#hism
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Figure7: Effect of the thiol to gold ratio on the AuNPs size



Therefore, it is the control over the capping process which allow to control over size and
dispersity of the colloid. It is possible to effeetly change the nanoparticle size by altering
the thiol to gold ratio, with an increase of the thiol amount leading to smaller AuNBsré

7). Dependig on the nature of theligand employed, the nanoparticles(in the 1-3 nm
diameterrange)can be purified by precipitation from appropriate solvents anelgenerally
stableenough tobe handled as a novel compounis the role of the thiols is to cap the
particles as they fornpreventing furthergrowth, it is possible also to substitute them with
other ligands, such as disulfides, withdasingthe advantages of the Brust and Schiffrin

synthesis.

Twosteps method ¢ decouplinggoldcorefrom organicmonolayer synthesis

As previously discussedhet Brust and Schiffrimethod employg sodium borohydride for the

gold precursor reductionwhich is performed irthe organic phaseén the presence of the
desiredthiol. Ths reductant however,is quite harsh and can becompatiblewith many
functionalizedthiols (such as peptidesaccharidesor thiols bearing reducible moietieas

an examplg Thisincompatibility issue€an be a huge problem when the interest is not purely
focused on thenanoparticlegold core buthe synthesis oéxpressly designed monolayéass
requiredand labile functionalitiebave tobe included TheBrust and Schiffrin methochight

not be flexibleenoughfor this scenari@nddifferent synthetic strategies are needed.two-

step method has been developed in 2008Llay andScriminwhich enable to separate the
gold core synthesis process from its functionalization with the desiredstHidn this
procedure, a modification of the original Brust and Schiffrin @ndefined amount of dn-
octylamine is addetb the tetrachloroauric acid solutioprior to the reductionstepto ALf.
Thissecondarnyamine initially reduces Au(lll) to Au(l) aneéth during the actual nanopatrticle
formation stepwith NaBH, it binds on the cluster surfaceacting as a stabilizeand allovs

to acheve a great control oveaihe nanoparticlessize.The affinity of gold for thiols is greater
than that for aminesandtherefore, by ligand exchangehe amine can be easily substituted
with the desiredthiol, formingthe final desiredmonolayer.The amount of dioctylamine
added, whictoverall acts as & (i NI y & A Sajfoivsto canirdi tile hdndpartRINDsize

The larger the amountof added DOA itis, the smaller and more siz@cused the
nanoparticles will be (seigure8). Other aminesky | £ 82 0SS dzaSR 4 GiN}yaas
the synthesis of gold nanoparticles. A similar procedure to the previously discussed one has
been developed in 2018 with oleylamine (OAm) in combination with tBAB as reducing

agent!? In this procedure core size tuning was performed toolling the reaction



temperature Eigure9). Higher temperatures yielded smaller nanoparticles up to 40°C, where

a minimum size was reached.
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Figure8: relation between AuNPs size and DOA concentration
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Figure9: core size dependence on reaction temperatwith the twesteps procedure involving OAm and TBAB

Cluster mixture and A8 bond

Gold ranoparticles below a certain size limit show different properties tharse ofbulk
metal. Plasmonic absorption, due to a resonant oscillation of the valence electrons with the
electramagnetic field of the incident light, is the most populBelow a certain threshold
(around 4 nm),metal nanoparticlesare no longer plasmonic and atery small sizes
molecularly precise clusters with a characteristic shape massanevenbe found(Figure

10andFigurell).”®* Nanoparticles samplesare usually found as mixture of nanostructures of



different size and shape, while at very small sizegh@ range of few nanometeyssuch
colloids are composed ahixtures of atomicallyprecise clusters Gold dusters can be
considered ashemicallymodified & & dzLJS NAsiheyhow different and characteristic
properties than those ofarger nanoparticlessuch as discretenergy levelsand relative
characteristic absorption band4.The notion of superatom also explain the long standing
question about the oxidation state of the gold atoms. Indeed, to corspnthe charge of
the thiolates bound to the stiace, part of the core atoms must bear a positive charge and
KIS | bm 2E8RFGAZ2Yy &0 GSe® t NI 2F GKS&asS ridz2vya
we will discuss later, but the rest should belonghie tore, which appears to be as a mixture

of Au(l) ad Au(@) atoms. In reality, electrons are located in the superatom orbitals and
intermediate oxidation states are shared by all the core atofiee nature of goldulfur

bond in these clusters have beetucidated and oligomeric structures of RS(AWSRi}S,

where bridiging gold atoms are in the +lided¢ion state have been proved to be present at

the goldsulfur interface'® Au44(SRy, with a core weight of 29kDa and a diameter of 1.6 nm,

is one of the most ubiquitougold clusterand has abundantly been synthesized and studied.

A model has beendetermined for it and this specieswould be bestdescribed as
Au1{RS(AGR)).16 This cluster shows an icosahedral symmetry (I) and haseaof 144 gold

atoms disposed in three concentric shells of 12, 42 and 60 atoms. The 60 atoms of the outer

shell, which is remarkably spherical (with a deviation of onlyAd#the 7.1® radius), are

protected by 30 thiols arranged in R8-SR equivaldrnunits (referred also as staplmotif)

(Hgure 12). Thearrangement of these R&U-SR units is chiral and the cluster can be found

as two enantiomeric isomers.

chemical COTE IMASs

FigurelQ: Auclustess composition and sizé
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fraction™ M composition (kDa)* D (nm)*
1 12,318 An,, (5CI12),, 8 1.1 +£01
1l 19,547 Ang, (SC12),. 21 1403
1 15,675 Amy(SC12)s, 16 15+ 03
v 047 Auy(SC12)k 29 16 + 0.1
v 50,528 Aumyg(SC12). 38 18 + 03
VI ~S9,E20  Alans(SCI1Z)ons 45 10 = 05
VIl ~EE000 Al (SC12).q 53 11 + 04
VIl ~BLTE0  Auas(SC12)s, 66 17+ 04
Ix ~OLEI0  Awe(SCI2) 1 75 272 +03
X ~IETO0  Ate(SCIZ).ue 108 14 +02
I ~S5570  AWae(SCE)e 46 -
vIr' ~ELM0 AW (SCE) on 53 -
X’ ~86,350  Aunse(SC8)_n 75 -
X' ~121,300  Au,0(5CE)p 108 -
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Fgure12: d-f, The concentric 28tom (hollow), 42atom and 66atom Au shells dhe 144atom gold core of
Au44(SCH)eo respectivelyg, SAUS arrangement of the 30 RS+SR unit covering the surface (bloéthe 114

atom gold coreh, with all the atom showré

Gold nanoprticles protectingmonolayer

Monolayerprotected gold nanoparticles as multivalent receptors

Gold nanoparticles, or, more in general, metal nanoparticles functionalized with organic
ligands, provide a great way to take advantage of cooperativity betwaenattached
ligands Indeed, thesare kept in close proximity on the surfaaad organized in a dynamic
but partially ordered arrangementn this way, inteacting groups inserted in the ligand
structure can be considered as poeganized for the interacdbn with multivalent species.
The first example of this approach was provideg L. Pasquato andP. Scrimin who
demonstrated that nanoparticles functionalized by mixed monolayer composed of a
methylimidazoleterminated thiol and a neutral alkyl thiol show multivalency in the
interaction withbis- and trisporphyrins(Figure13).}” The apparent binding constant of the

tris-porphyrin 4was three orders of magnitude greater than that of an analogue mono
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porphyrin and the actual concentration of methylimidazole on the nanoparticle surface
showed negligible effect on theirming. This demonstrated that the mobility of the thiol
chains can compensate for the lack of complementarity without introducing a significative
entropic cost.The gold core can therefore be seen atemplate which allow a partial

preorganization of te functionalities grafted through A8 bonds.
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Figurel3: multivalency was demonstrated using methylimidazole functionalized nanoparticles and porphyrin

arrays 3 and 47

Anothersystem showing multivalency was developed by V. Rotello to work as receptor for
flavin 8 Ligands functionalized with diacyldiaminopyridine, as hydregemding donor and
acceptor, and pyrenes, for aromatic stacking interactions, were employed for the
functionalization of gold nanoparticleBigurel4). The binding constant {Kof colloid 2 was

323 M, twice of that for colloid 3 (193 ¥) where diacyldiaminopyridines were diluted in
neutral octanethiol ligands, in absence pyrene moieties, showing that both the two
interactions play an important role in the flavin recognition. To explore theassiémbly of
binding pockets on the surface of the nanoparticles a system where the two ligands
employed for Hbonding and aromatistacking were diluted with inactive alkyl ligands was
synthesized (colloid 4). This receptor showed, afkk35 M?, with an enhancement of 71%

overthat of colloid 3 where no pyrene was present.
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Figurel4: receptors fofflavins show multivalené§

These results show that the monolayer is flexible and different moieties can assume the
correct conformation to cooperate andmprove the binding sitesaffinity for a target
molecule.Environmentswith features similarto those ofthe organic monolayers on the
surface of metal nanoparticlesan becreated with the use of surfactantdn Figurel5 the
simulated structures ofSDS micelle arttiat of an Au4sSRocluster are comparedndeed,

we will see later that ntcelle-assisted DOSY experiments have been developed making use
of SDSnicelles in a similar watp the AuNR-assistel ones!® However, vihen the system
needs to be accurately studieshd/or finely tuned mored NA 3 Aldésg dyranyfi®ructures

such as thoserovided by functionalized gold nanoparticleffer a hugeadvantage

Figurel5: comparison betweeND-simulatedstructures of SDS micelle (left) amdnhaSRgo cluster

functionalized with mercaptoundecasiesulfonate?®

A large variety of differentligandscan beattached on thegold surface with different
synthetic procélures Functionalized AuNPsre currently of great interest for the
development ofsupramoleculareceptorst?* Such systemare known to form transient

pocketlike binding sites on thesurface whichresemble in some ways, the ones found in

13



proteins.?23 Selectivity of such binding sitean be tunedoy changingthe structure of the
ligandsemployed or by mixing different ones bearing different functionaliti&ankgo the
simplicityprovided by theiselfassembly baseslyntheticstrategy suchsystems are of great
interest for the development dboth sensors and catalystghere recognition of a molecule
(or a class of molecules of interest) is needed. NiiBmosensing techniques are currently
being developedisingsuchsupramoleculaisystemsas receptors?°-2427 Historically, thiols
are used for the functionalizativof gold nanoparticlesas he strong bondformed between
the ligand and thegyold surfaceallows the synthesis of stable and resilient nanostructures
Recently, N-heterocyclic carbenefNHC)have also started to attract interest due to the

even stronger interaction with the metal surfaé&®

The importance of nanoparticle size

Gold core size has been demonstrated to significantly affectbinend ligandsspatial
arrangement angbacking on which dependoth the binding properties and solvation of the
nanoparticle ligandmonolayer®* Differences in thiol packindiave been demonstrated
throughseveral different studiesdydrophobic nitroxide radical Figurel6) was used as ESR
probe to study its partition between water arttie monolayer ofAUNPs of different sizes
(from 1.6to 5.3 nm)protected with thiol 134

H
HS W\/'\rr M %G’%’Dvﬁﬁf

1T 0

8]
CH3(CH21:CHS *

F;

Figurel6: Thiol used for th&unctionalization of AUNPs and hydrophobic radical used as ESR“probe

The ratio between the concentration tfe partitioned radical and that in the free state was
found to correlate with the nanoparticles sizEigure17) and e partition equilibrium
constant was observed to increase decreasing the nanoparticlgfsire 34.4 for 5.3 nm
AuNPs to 104 for 1.6 nm oneshowing that the interaction with smalfganic molecules is
more favouredn monolayesof smaller nanoparticles. Thesiggests lower steric hindrance
on the surface obmaller nanoparticlesThiols that could undergo Norrish type Il reaction
were also used as a probe to study their reactivityen bound to AuNPs surfaéeThis
reaction can proceed through two different pathways, one leading to cyidizatnd the

other to elimination of an alkene and a ketortedurel8). When these thiols were bound to

14



nanoparticles only the fragmentation pathway wabkserved, and a 30% decrease in the
extent of the reaction was found increasing the size of the AuNPs from 1.7 to 4.5 nm. This
can be explained by the fact that thiols can be located in different réoréronments inside

a nanoparticle monolayer: in teace regions (similar to monolayers of 2D gold surfaces) or
in vertex sites (defects). Terrace regions are more abundant in larger nanoparticles, while in
smaller ones the fraction of vertex sites is larger. Thiols in the latter position are less sterically
hindered and, thanks to their increased mobility, are more likely to assume the correct

conformation for the fragmentation reaction to occur.
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Figurel7: plot of the ratio between the concentration of partitioned analyte in thenolayer and that of the

free species. HS8TEG protected gold nanoparticles of 1.6 nm, 3.4 nm and 538 nm

Scheme 1. Norrish—Yang Type Il Photoreaction of an Aryl Ketone
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Figurel9: Norrish Il type reaction used as probe for thiol reactivitdiéfierently sized gold nanoparticles

reactiors on smaller nanoparticles show an higheactionyield®

AuNPs oflifferent sizesand functionalized with cationic thiols have been studied in detail
through NMRexperiments, following chemical shift of the cationic headgroup apd T
relaxation rates,and by MD simulations® Ligands were found to be progressively more
disordered and mobilenoving from 13 nm to 1.2 nm nanoparticles, suggesting thabee

pronounced surface curvature, characteristic of smaller gold cores, leads to lesallsteric

hinderedand more accessibimonolayers

Chemical sensowgith functionalized AuNPs

The organic monolayesf gold nanoparticlesan beconvenientlyexploited as platform for

the development ofchemical sensorsSeveral examples based on different biaal
methods can be found in literature. Thiols bearing exposédc@mplexes heebeen bound

to nanopatrticles and their charge exploited fibre detectionof smallanionic molecules

using AuNPs functionalized with metallatedazacyclononandwith both zinc, TACNZr?*,

and copper, TAGR) the resultingsensorsvere able to discriminataucleotides in water
viafluorimetric displacement assa¥f When fluorescent probes are bound to the monolayer
their fluorescence isjuenched by the nanoparticle gold core. Then, when nucleotides are
recognized, the probes are displaced according to their affinity and the detachment restores
their fluorescence, which can be easily measured. The fluorescence fingerprint is related to
the nucleotide identity (affinity for the monolayer) and to its concentratiBy.using two
metals and different fluorescent probaeswas possible to create a sensoarrayable to

discriminatebetween8 nucleotides in micromolar concentratioRigure20). Thiseffectively
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demonstratesthe possibilityto tune the selectivityof a supramolecular detector to detect

the desired analytes.

Figure20: supramolecular sensor for fluorimetric displacement assay of nuclegtides.

The bindng of anionic biomolecules to TACN2*Zfunctionalized AuNPs has been
demonstrated to be strongly affected by both ionic interactions and hydrophobfifne
introduction of a hydrophobic MANT group on ATP derivatives increased the binding
constant of the guestnore than the addition of supplementaryegative charggin place of

the hydrophobic groupThe hydophobicity of such group favours its insertion inside the
internal hydrophobic portion of the nanoparticle monolayer increasing the affinity for this
guest Figure21). This characteristic binding mode was confirmed by monitoring the change
in chemical shift of the proton signals of MANT when from a free gt allowed to interact

with the nanopatrticles.

electrostatic
interactions

(¥
Lf2]
-‘ ]

Figure21: hydroptobicity plays an important role even in the recognition of charged mole#ules.
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Computer assisted monolaydesign

Even if endwed with a certain degree of structural organization, nanoparttmating
monolayer remais adynamic objectand this mobility hampers the odemand design of
their binding properties.To investigate monolayebehaviour and binding properties
molecular dynamics (MD) studiegere performed on thiolprotected clusters?*?” In one
case, tinctionalized nanoparticles with thiols bearing both an internal alkyl and external
oligoethylenglycol portiorwere studied for theirrecognitionproperties(Figure22). While it

may seersthat the interaction ofsmall molecules witlsuch monolayers is puretiriven by
apartition of the guesbetweenthe apolarenvironment of themonolayerandthe polar one

of the bulk solvent as initiallysuggestedby Pasquato and.ucarint®, the nature of these
interactionsis actuallydifferent and much more compleXVhile nanoparticlel (in Figure22)

can selectively interact with salicylic acid, which is the most hydroph@higher
octanol/water partition coefficientpf the analytesset, nanoparticle2, which hasan alkyl
chain four carbondonger, can recognize both the most hydrophofsaicylate, 3)and the

most hydrophilic(tosylate, 6)molecules of the setwithout detecting the two in between
Computational simulations (MD) performed on 1 and eh07 supported by experimental
data, showed that the superficial environment is not homogeneous and that the packing of
the thiols strongly affects the properties of the systéhfror example, when nanoparticles
protected with long alkyl chaitasthiols9 and 10 are dispersed in water, the alkyl portions

of the lgands exclude water molecules and pack together. This ligand clustering
phenomenon induces a change in the nanoparticle sh&pgufe23), which driftsfrom a
ALKSNAOFE 2yS 66KAOK Oly 0SS 2dd&Ngs&dRorterh 6 K (KS
alkyl chainand an amide group) to a more irregular and elongated one (for thiols bearing
longer aliphatic chains). The resultinigiols organization forces fraction of the ligands to
expose their hydrophobic moiety to tregueousenvironment disfavouring the nanosystem
solvation. Rigidification of the monolayer and aggregation of the nanoparticles were
confirmed by'H-NMR spectra, where a significativeobdening was observed in the signals

of less solvated monolayers, indicating a correlation between solvation and rigidification of

the environment.
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Figure22: Effect of ligand structure on nanoparticlmbtingand solvatiorproperties??

Broadening was observed even for signals ffom the outermost portion of the
oligoethylenglycolchain providing evidence further confirmed by DLS measuremeritsat
longer alkyl chains lead to nanoparticles clustering in water disperdiotine alkyl portion

of the chainbecomegoo long or the solubilizing one too shart inadequate aggregation is

so severe thananoparticles can no longer bdispersedin water (L0 in Figure23). The
presence of an amide group between the alkyl and the OEG portions of thd failitates

the intercalation of water molecules, increasing the disorder of the monolayer and allowing
the reaching o more homogeneous anspherical organizationlVhenthese nanosystems

are dispersed itess polasolvents, such as chloroformydrophobicityplays no longer a role
andthe interaction between the internal alkyl portioof the monolayerandthe solvent is

no longer disfavouredby an entropic contribute In these solvents the monolayer of
nanoparticles functionalized with long alkyl chaioan be permeated by the solvent
molecules and iassume agaira homogeneous spherical conformati(seel0in Figure23).

MD simulations showed that transient pockets form inside the organic monolayer and that
the formation of such structures @ompulsory for the recognition of target molecules. The
recognition ability of the system therefore depends on the nature of the pockets the
monolayer is able to forr® In particular, deep an large pockets are needed for effective

target binding, and such pockets are formed only in monolayers featuring sufficient mobility

YR GaRSTFSOG&a¢ s NBadzetudayidterattin, YsolvhtiBrRateOdtdred A Y (i NI

conformational preferences of the ligands.
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Figure23: MD simulation of transient binding pockets in a hanopatrticle monolayer.
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Figure24: MD simulation of theibding of saliglate to a transienfpocket??

Nicely the presence of such pot&eés correlated with longnalytespredictedresidence time
inside a binding pocket (Figure 25), which in turncorrelate well with the experimental

recognition trendof the nanoreceptor
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Figure25: A) NOE pumpingxperimentf Salicylate and phydroxybenzoate, B) binding residence time of these

two analytesinside theAuNPsnonolayer pckets
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To understand whether MD simulation can bring the level of control of the nanoparticles
propertiesfrom the explanation of their behavior to its designset of similar nanoparticles
with a mutatedhydrogen bond donogroupwas studiedFigure26).2” Amide of nanoparticle

1 was substituted in nanoparticle 2 with urethane, a weakdyardd donor, and with urea in

3, which is instead a stronger one. Thiol 4 is a modification of thiol 3 wheethar group

was introduced in the internal alkghain. All the mutated nanoparticles proved to have a
spherical shape and to form a similar number of hydrogen bonds with the solvent. Regarding
the intermolecular interactions, the two urea nanoparticles formed significantly more ligand
ligand hydrogerbonds with respect to the others, leading to a more rigid inner portion.
Simulations of the population profile showed an increased amount of salicylate at a small
distance (1.25 nm) from the gold core in presence of thigli@ure27) but a strong reduction

in the presence of thiols 2 and 4. This prediction was confirmed by the experimental
calculation of the binding constants, which resulted to be 12bfévt 1, 1100 M for 3, and

>10 M! both for 2 and 4.

14
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Figure26: thiolsused for nanoparticles functionalizatioiie arrows indicate the mutation pos#’

Binding pocket analysis showed theesence of deep pockets in AuNPs 1 and 3, but not in
AuNPs 42 Hence, while the urea is able to formiddnds with salicylate, nanoparticle 4 does

not bind it while nanoparticle 3 does, because only the second one can form pockets capable
to accommodate the substrate in the monolayer. Surprisingly, the reason bfdifierence

is the internal ether group, which increases the preference of the ligand for folded
conformations (more gauche angles) and hence for more compact monol&gtestivity of
1-AuNP was not altered by the substitution of amide with urea AUBIP and this
nanoparticle, developed with the aid of -gilico simulations, demonstrated to be an

improved receptor for salicylate.
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Figure27: Salicylate penetration in the nanoparticle monolayer. A) salicylate distribution atband
nanoparticles. B) Cumulative sum of the populations reported in A. C) Probability-bbad Hetween

salicylate and monolayer (relative to the analyte contacts with the monolafer).

Results from these works clearlyaost the complexity of nanoparticles organic monolayer
and demonstrate the necessity of a computational aid in the development of such systems.
Without the ability to accurately simulate the dynamics of these supramolecular sgacies
silico,the design ofmproved chemosensorf®r a defined analytes likely torequire large

investments in time and resources without any guarantee of success

NanoparticleassistedNMR-chemosensing

NanoparticleassistedNMRchemosensing is a very powerful technique whichvedlao
analyze even complex mixtures, such as human tfifer the detection of an analyte or a
class of molecules of interest. This technique is based on the use of functionalized gold
nanoparticles in combination with NMBxperiments capable to exploit differences in
molecular sizeThese include DOSY, diffusifilters, NOEpumping, STD, waterLOGSY and
the newly developed HPwat&8TDUsually, in standard NMR experiments, all the molecules

in solution are magnetized with a neselective pulse and the signals of every single species
present is recorded in thepectrum. The complexity of such spectra greatly increases when

mixtures of molecules are being analyzedahsost all of the signalsmay result to be
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superimposed in a single spectrum. This situation can easily lead to very difficult to interpret
spectra ad, in most situations, even for relatively simple mixtures, the detection of
molecules of interest can become impossibManoparticleassistedNMRchemosensing
exploits the size and the molecular recognition abilityfurfictionalizednanoparticles to
provide a way to selectively magnetize only a subset of the molecules present in the mixture,

greatly reducing the complexity of the recorded spectrum.

Figure28: NMRchemosensing experimenith a functionalized gold nanoparticlés presence of a detected

analyte (red) and an unrecognized molecule (green)

As the result of the analysis is a complete NMR spectrum of the detected molecule, this
analytical technique is inherently free from false positives, which are otherwise adfilgm

with standard chemical sensorkigure29). The reliability of the analytical technique is no
longer affected by the selectivity of treensor, as long as it is able to recognize the molecule
of interest, and the operator no longer reli@ trusting an indirectly obtained outcome
value.With a supramolecular nanoreceptor able to recognize an entire class of molecules it
is therefore possile to both quantify and unambiguously identify even unknown analogs of
the analyte of interestThe first NMRchemosensors were designed to detect small organic
anions Figure 30) in water* AuNPs 1, functionalized with a thiol bearing an internal
hydrophobic portion and an external hydrophilic triethylenglycol chain, were known to
incorporate lydrophobic molecules inside the internal aliphatic portion of the monolayer
and were conveniently chosen as a starting point for the development of a supramolecular

nanoreceptor.

23



Signalling unit Substrate Signal

\ 7
(Do é ®
/e
Receptor — @,—(.

Figure29: false positives are an important protievhich affects standard chemical sensors: different

recognized molecules trigger the same signal, which does not carry information about the detected guest
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Figure30: First NMR chemosensors3)L for small organic anions-g8)2*

AuNPs 1vere tested for the detection of analytes8lvia NMR chemosensiagd proved to
be able to recognize selectively salicylaeen when mixed to the other four molecules in
equimolar concentration. The NQEmping experiment (Figure 28, d) allowed to
extrapolate only the subsetf signals of the recognized analywmplifying the'H-NMR
spectrum Figure 28, c) which would be otherwise very difficult to analyze due to the
presence (and even superposition) of all the signalewdry single molecul@resent in

solution.
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Figure31: a) IHNMR d a mixture of molecules 4, 7 and 8 (7 mMQIP b) NOEpumping spectrum of the same

sample in the presence of AUNPs 1 (1 mM in thopld- NMR spectrum of a mixturef enolecules 48 (7 mM in

carbonate buffer 100 mM, pD = 10). d) N@Enping spectrum of the sample from c in the presence of AuNP 1
(70 um)24

These results confirmed that with NEmMping experiments it is possible to effectively
identify target molecules in complex mixturesuNPs 1 have a binding constant of 126 M
for salicyate, which allowed a detection limit of 2.5 mM ftris analytein carbonate buffer
(pD = 10)As can be seen iRigure32 the area of the analyte sigrain the NOBpumping
spectrum correlates well with its concentration, making possiiie simultaneous

identification and quantification.
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Figure32: Relative area of the aromatic signals of 4 (black circle 6.8 ppm, witite 7.4 ppm, square 7.75 ppm)
in the NOEpbumping experiment as function of its concentration. AUNE® uM), carbonate buffer 100 mM, pD
=104

Modifications in the thiol structure were thentroduced to study their effect on affinity and

selectivityof the systemThiol 2 functionalized with a longer alkyl chain and a zwitterionic
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phosphatidylcholine was used as ligantb synthesizeAuNPs 2, while AuNPs 3 were
synthesized with just a longeikyl chain but with the same triethylenglycol chairesent

also inAuNPs 1. With AuNPs 2 a decreased selectivity was observed, as it was possible to
detect analyte 4 together with 7 and &hile AUNPs 3 showed a selectivitybetween that

of AuNPs 1 athAuNPs ZThis behaviour demonstrated that both the size of the hydrophobic
region and the specific interactions with the thiol headgroup affect the binding affinity. To
demonstrate the applicability of chemosensing for the analysis of biological fAiddRs 1

were usedfor the detection of salicylate in human urine at a concentration similar to those

found after the administration of standard dose dacetylsalicylic acid={gure33)
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Figure33: a)'H NMR spectrum of human urine containing sodium salicylate 5 mM, bpi@g&ng spectrum of

the same sample in presence of AUNPs Jufrp24

In a followup study, the effect of an increagkbinding affinity for the analytes on tHdMR
chemosensing sensitivityagexplored Nanoparticles with different charged headgroygs
AuNPs and AuNPgFigure34), were synthesized and compared with AUNP8The charged

group was introduced to add a second effective interaction with the analyte (saéicylat
negatively charged) other than the hydrophobic one already exploited in 1 AuNPs. 2 AuNPs
proved to be effective for the detection of salicylate and allowed to detect its signals at lower
concentrations (AuNPs 1AM, salicylate 1 mM, S/N = 5.3). Howeveetection limit
decreased only from 2.5 to 1 mM notwithstanding AUNPs 2 were able to bind salicylate with

a K of 4*10* M1, 2 order of magnitude greater than that of AUNPs 1 (129.M
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Figure34: Second generatio(2-4) of nanoreceptors fothe detection osmall organic anions

The observed affinity increassuggeststhat the ion pairing contributewas at least as
effective as the hydrophobic interaction in the binding of the analytdeed, regating the

same experiment in presence of acetate (having a negligible hydrophobic contributej a K
140 M! was found.A series of carboxylic acids with different chain lengths were used to
explore further the concurrence of ion pairing and hydrophabieraction and it was found

that only in the case of sodium hexanoate it was possiblela@arlydetect all the signalef

the analyte Only some weak signals wereesentwith sodium butyrrate and no signals at

all were present in theNOEpumping spectrm of sodium acetate showing that the
hydrophobic contribute of an alkyl chain at least 5 carbon atoms long was required for low
concentration recognition2 AuNPs were also able to detect other anionic molecules more
hydrophilic than salicylatghat were not detected by AuNPs Figure35). Signal intensities
followed the order 5 > 12 > 11 but a clear correlation to the hydrophobicity (logD) of the
analytes was not observed, indicating that the interaction is more complex than a simple
partition into a hydrophobic phas& AuNPs and 4 AuNPs were synthesized to explore the
possibility to detect hydrophilic carboxylates (such as acetate) at low comatiem by NMR
chemosensing, 4 AuNPs were able to effectively detect the analyte while with AUNPs 2 the
signals were weak and completely absent with 3 AuNPs. The higher sensitivity of 4 AuNPs
with respect to 2 and 3 AuNPs is likely to be caused by an awfitimetalligand
coordination between carboxylates and?Zions. Cooperative binding of a carboxylate to
two metal centers might also play a role. These nanoparticles were able to detect both the

anionic molecules of the set (acetate, 6 and dimethylplnage, 13).
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Figure35: a)H NMR 6a mixture of analytes-42 (2 mM each) with AuNPs 2 (i) in HEPES buffer 10 mM,

pD=7.0
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Figure36: a)IH NMR spectrum of analytes8,14,15and 16 10 mM eaclin DO, b) NOBumping CPMGz

spectrum of the same sample in the presence of 4 AUNRB)ES

By madifiation of the thiols, nanoreceptors with different selectivity were developed: AuNPs

1 were effective for hydrophobic species, 2 AuNPs for moderately (and highly) hydrophobic
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organic anions and 4 AuNPs for highly hydrophilic organic anions. 2 AuNPs wetigeadjf
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37). NMR chemosensors for the detection of organic catioave also been developétThis

time, at difference from the receptors previously described where the binding pockets are
selfassembled during the nanoparticles functionalization -gpyathesized organic receptors
(crown ethers) were employed andafted to AuNPs through the same amide linker used in

the previous systemd={gure38).
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Figure37: DOSY experiments performau a mixture oknalytess, 9, 11 and 12 in absence (&) or in presence (b)
of AuNPs 2 (9aM) in HEPES buffer 10 mM, pD =37.0.

18-crown6 was chosen as it is a wkhown receptor able to bind ammonium and
protonated primary amines, forming threeH{O hydrogen bonds. This nanoreceptor (crown
AuNPs) selectively detected analyte 2 from the substrates-8efFjure39). The selectivity

of crown AuNPs resulted to be even greater than that of the crown ether in the free state,

and even -aminoacids were not detected by the nanoparticles. This improved setgas
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likely to be caused by steric effects of the analyte substituents which are amplified by the

crowding of the crown ether moieties on the nanoparticle surface.
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Figure38: crown etherthiol (1) employed in the synthesis afown NPsnd the substratetested.?6
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Figure39: A)IH NMR 6a mixture of compounds-2 10 mM each in MeOD. B) N@kEmping spectrum of the
same sample in presence of crown AuNP${2P C) NOfpumping CPMGz spectrum of the same sample as in
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Indeed, theKs for substrate 2 resulted to be 1.6*¥M™, an order of magnitude smaller than

that of the free crown ether. The signals of the alkyl protons of substrate 2 resulted broader
than those of the aromatic ring which suggest that the alkylammonium portion is closer to
the nanoparticle than the aromatic one, ii$s expected in a typical interaction with a crown
ether. When the experiments were repeated in presence of a base (DBU), tyramine signals
were no longer visible in the N@iEmping spectrum confirming the need for a protonated
primary amineDiamines @&nd 10 were detected by the systanmith a lower detection limit.
Theaffinity constantwas highemith respect tothat of substrate2 but decreased to similar
values when the analytes were in a mepmtonated state, demonstrating an interactiarf

one diamine with two crown ethers (1:2when both the aminesof the analyteare
protonated Thehigher sensitivity for diamines is likely caused by a closer spatial proximity
of their spins with those of the crown ether moiegnd by longer residence times ofeth
guest inside the monolayer, which both lead to increased magnetization trabgf&OE
Chemosensors for the detection of amphiphilic organic cations in water, in particular for
phenethylamine derivatives (designer drugs), watso developed by exploitig both ion
pairing and hydrophobic interactiorfs.Thiols bearing a negative chaygerovided by a
sulfonate group and an hydrophobic chain were employe&igure 40, StS4) The
hydrophobic portion was modified in S2, S3 and S4 to exptereffect on the system
selectivity (the dimethylsilane group in S4 was introduced for STD purposes, which will be

discussed in a later chapter).
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Figure40: Thiols employed for the development of nanoreceptors for amphiphilic organic cations

STAUNPs detected all thphenethylaminederivatives tested Kigure41) with association
constants in the range 20° M. No signals were detected from molecules not having a
cationic head group (except phloretic acid, probably recognized by hydrophtdxiadtions
only).
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Figure41: NOE pumping experiments with-&aANPs (InM in thiol) on several phenethylamine derivatives (2
mM) in HEPES buffer (10 mM)CE

A linear corelation was found between the binding constants) (&nd the roctanol/water
partition coefficients (logD at pH 7.4) of the analytes, demonstrating that the interaction is
modulated by hydrophobicity. Modification of the hydrophobic portion in thiolS$2always
led to a decrease of the affinity constant with respect teAAMNPswithout affecting the
correlation between Kand logD. Tierefore, he decrease in affinity is likely to be caused by
a weaker ion pairing interaction with the analytes due toear@ase in charge density on the
sulfonate groups. In SRUNPs a stronger sensitivity amalytehydrophobicity was observed,
demonstrating that the presence aharomatic residue can increase the stabilization of the
hydrophobic interactions, increasirtgeir relative weight in the energetics of the binding
eventand allowingto tune the selectivity obuchsystens. S2ZAuNPs proved to be able to
detect Nmethylphenethylaming2 mM)in a hypothetical designer drug tablet containing
phenylalanine (2 mM) asmasking agent and glucose (20 mM) as a possible excipigote
42). The system was able to identify MDMA (the active component of ecstlsyih areal
aSAT SR & a i mgrddd) fproving trdt MR-hémosensing is an effective method

for the analysis of designer drugs in a re@rld scenaid.
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Figure42: NMRchemosensing of designer drugsi)NMR spectrum of fhethylphenethylamine
hydrochloride (2 mM), phenylalanine (2 mM) and glucose (20 mMydn ) NOumping CPMGz spectrum of
the same sample in presence of BINPs (3072 scan, 4h)1E}NMR spectrum of a drug tablet dissolved 40D
d) NOEpumping CPMGz spectrum of the same sample in presencefofN§% (3072 scan, 4h)-82NPs 1 mM

(in thiol), HEPES buffer 10 mM, pD =47.0.

NOEpumping experiment

The NOEpumpingis an experiment based on pulse sequence originally developed by
Shapiroin the framework of drug discoveffgr the screening of drug candidates capable of
binding macromolecule$.This sequence relies on te@nificative decrease of thebserved
translational diffusion coefficient afmall molecules when these interact with relatively large
macromoleculesThisdecreaséhappens because the observed translational coefficiethtas
weighted average ahe translational coefficientsf the free and bound specie$helarger

the fractionof bound ligand it isthe lower the observed diffusion coefficient will behis
phenomenon can be exploitdaly the use of a diffusiofilter which dephases selectively the
magnetization obmallmoleculesdepending on their observed diffusion coefficielita cut

off which separateshe macromolecule$rom the small moleculesn solutionis employed

then a situation where only the supramolecular nanoreceptors are magnetized can be
reached.After the application of the filter, the previously dephased #mzolecules which
interact with the nanareceptors are progressivelye-magnetized viaNOE.A fast guest
turnover on the receptor surface leads to an increased amount of magnetization transferred

to the free analyte population the receptor workgherefore as a signal amplifieAs the
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detected analytes are now magnetized, all their signals@cerded with the aquisition of

the FID.A scheme of the pulse sequence can be seerFigure 43. If the residual
magnetization on the supramolecular systeneeds to be removed, for example when the
nanoparticleoriginated signals are superimposed withose of the analytesand interfere
with the dataanalysis it is possible to apply a CPMGz filter in sequence after the- NOE
pumping Figure43, below) This filterremoves the signals from the fast relaxing spe@ies

and the FID now recorded will contain only signals from the smallacterg molecules.
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Figure43: Pulse sequences for NPEMpind' (above) and NOCEPMGZ (below)

NOEpumping basetNMRchemosensing
NOE pumping can be used for nanoparticles assisifglR chemosensing if nanoparticle

basedreceptors of tailed selectiity are used in place ofhe proteins originally used by

Shapiro.
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Figure44: NOEpumping based NMihemosensing experiment scheme
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The NMRchemosensing experiment is schematizedFigure44. As can be seernwhat
happens overall in the samptiiring the experiments that only a suget of the molecules
present insolutionis magnetized From a very complex mixture it is therefore possible to
acquire a clean spectrumf the nanoreceptorguests(green inFigure44), which allow not

only to quantify but also to fully identify the species detected.

STDexperimentdbased NMRhemosensing

STD has beegriginallydevelopedin drug discoveryo study the interaction between small
analytes and relatively large macromolecutéd.resonances of the macromolecule@hich
are not superimposed witlthe analytesoneg are saturated Wh an appropriate rf pulse,

then the accumulated saturatiooan be transferred to the interacting molecul@sgure45).
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Figure45: saturation transfer during rf irradiatidd

By subtractiorbetweentwo spectra wheran the firstthe macromolecule is saturated and
in the secondhe rf pulse issent in a region where no resonances are presiii$ possible
to reacha similar situation to NGRumping experiments where onbignals ofnteracting
moleculesappear (Figure46). However, hanks to the active saturation of the receptor
resonances,signalsmuch more intense can be recordedVhile NOEpumping NMR
chemosensing is very effective when it comes to analyze a complex mixture it is ald@true
this technique suffers from low sensitivity, an issue generally shared betweenlidistl
techniques. A single analysis performed with a diffusion fi&sed sequence can take
several hours in order to have a sufficient signal to noise ratio to alevanalysis to be
performed, and the detection limit is at the best around 5081 for a 4h experiment.

Saturation Transfer Difference can bembined to NMRchemosensing to positively affect
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the sensitivity of the technique. This wagemonstrated in the development of NMR
chemosensors for the detection of amphiphilic organic cations (designer drugs) in3vater.
Nanoparticles functionalized with &&33 Errore. L'origine riferimento non é stata trovata.

were developed for the detection of these analytes via NOE pumping experiments, as
explained in an earlier chapter, but a decrease in the limit of detection was needed for the

analysis of biological samples.
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Figure46: STD experiment schefeA) offresonance spectrum, B) wasonance spectrum, C) difference

spectrum(A-B)

Thiol S4 was therefore designed as an analog of S1 hearimethylsilyl group, which can be
saturated without affecting the analyte resonances, thanks to its characteristic signals at 0.1
ppm, in a region where no signal overlapping with the analytes can be observed. With this
thiol it was possible to functiotize AuNPs for STD experiments. While this modification
caused a relatively small decrease in the affinity for the analytes, probably caused by a
decrease of the charge density on the sulfonate group, moving from-pN@iping
experiments to STD ones impral/¢he sensitivity of the NMihemosensing technique,

decreasing the limit of detection from around 508 to 30uM.
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Figure47: STD pulse sequence foNiMRGuide4.0, Bruker BioSpin, 2004
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Figure48: AUNPs developed for the detection of amphiphilic organic cattons.

As can be seen iRigure49, the area of the analyte signals was linearly proportional to its
concentration, allowing its quantification. It should be noticed that the signals of the analyte
are completely undetectable in the proton spectrumKEigure49) as they are superimposed

with the phenylalanine ones, which is present at a concentration 20 times higher. A drawback
of this technique, with respect to NOE pumping, is that being based on a spectra subtraction,
subtraction errors can affect thexperiment. ST#xperiment