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Introduction

1. Introduction

Nowadaysnanotechnology is omnipreseritom nanodevices in technology to nanorobots for
medicing a lot of materials have found their way into our daily lifBunscrees based on
nanoparticles made of titanium dioxide onzioxideor clothes with narglver, which are able to

kill bacteria and eradicate unwanted odor are only two examples of nanomaterials making our daily
life more comfortableA special feature of nanotechnology is its cross section character. It contains
pulses from almost every scientiiechnical disciplines and in many branches this promising
technology is indispensable. Accordingly the importance of nanotechnology increases steadily.
While nanomaterialsalready enhance the properties of many produictspresent life future
techniques @ under developmentVhat Ostwald describedin 1914a s Theiworld of neglected
dimensiond todaly known as nanochemistiit] He saw the opportunities, negvoperties and
interesting applicationf these materials

Even though it is a relatively young topianotechnology hasecomea widely inquiredoranchof
science.The number of publications Wit finanopar zwodlexseneéntiallysincréased
during the last decadesin 2014 a special issue for Nanotechnology & Nanomaterials,
Nanotoxicology & Nanomedicine appearéd Angewandte Chemie Int. Edummarizing the
versatile application$2]

The termnanoemanates from th&reekword for dwarf and is orprefix at the metric scale for the
factor 10° (1 nm = 10° m). For comparisorthe diameter of a human hairabout a thousand times
larger but still visibleto the nakedeye, red blood cellareeven smaller and the size of a virus is
about 20nm to 100nm (Figure 1). Objectswith a size lesghan 100nm are typicallycalled

nanomaterials.
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Figure 1: Length scale for classification of nanomaterialsAdapted from [3]
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Besides the sizehdr large surfa@ area is characteristic for geematerials compared to thalk
material and the physicochemical properties are diradtlyendentThe surface properties are
characteristic for nanomateriadsid die to the increased surfat®evolume ratio theyare different
compared to their bulk materiaNanoparticles resemble both bulk material and molsctitey
combine the ability to move (malele) with specific properties of solids, @. catalytic activity,

magnetism, surface.

The interaction of nanoscale materials with biological systems is currently the focus of a fast
growing area of investigatioand progress in nanomedicine increasquidia in the last yearsAs

these interactions are mostly governed by the surface of the particles, maodifications of those can
tune the properties. Nanoparticulate materials aeecimmparablesize rangeelative toproteinsor
enzymesthey can selectivg intervene in cellular processes in a way that small molecules cannot.
Engineered nanoparticles have shown versatile applications for e. g. drug d€liompared to
conventional therapeutics nanoparticles can overcome problems like poor solubiktyorlac
targeting or nosspecific distribution Remarkable progress has been made in the development of
new nanomateria with enhanced wategolubility, bioavailability and reduced toxicit@lthough
nanomaterials are currently widely used, there is a l&ékformation concerning environmental
implications and it is necessary to spend investigations on the beHaweldrnanoparticles haven
been used for biomedical applications since their colloidal synthBsisause of their high
biocompatibility they hae versatile applications. A lot ofynthetic approaches have been
developed to prepare sizand shapeontrolled particlesFuture challenges will be to find new
methods of functionalizing gold nanoparticles with compounds that involve sufficient

biocompadibility and are efficient pharmaceutical agents.
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2. Basic Knowledge

2.1 Nanomaterials

The development of colloidal chemistig closely relatedto the advances in methods and
techniquesnd colloidal gold for example i invention of modern time#t was Michael Faraday
who reported orthe earliestexperimental studies on noble metahdtheir interactions witHight
giving a first description of colloidasolutions [4] He reducedtetrachloroaurate (AuGl) with
phosphorousn CS and obtained deep red solutiorHe describedt asfinely disperse goldnot
knowing that the optical phenomenaas caused by nanoparticl&ientists assumaduch eaier
that gold nust be present in such a degree that it is not visible to the humafbgeyée term
colloid, from the French wordolle (glue), was mtroducel by ThomasGraham in 1861[6] Some
colloidal phenomena are known unconsciously since applicatiomncient times, eg. inks or
cosmetics and manufacturing of colored glass based on dispersions of pigrheritgcurgus cup
is a fascinatingexample for nanomaterials from ancient tinfEgyure 2). Datedbackin the 4"
centuryB.C.it is a masterpiecef handcrafffor this time It appears in different colodepending of
the incident of lightjf it is reflected itappeargade green, ift is transmittedit appearsuby red.
The material consists of metal nanoparticles of gold and silV&]. Another examplefor
nanomaterials in daily use the Purple of Cassiudt was popular in the 7century as colorant for

glasses consistinof gold particles and tin oxidg8]

Figure 2: The Lycurgus cup contains nanoparticles of gold and silveBritish M useum) [9]
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At the nanescale not only miniaturization but also chamge propertiesare possible.The TiO,,
which is applied as UV/Vis protéor in sunscreenss only about 5Gimin diameter Absorption of
solar radiation is much higher in materials composed of nanopartictes than thin films. At this
size it appears no longer white but transpaaextcan be applie the skin

Nanoparticles with a diameter roughly betweem@Oand 100m are natural bridges between
molecules and extended solids and are also catlednced molecule3hey combine the molecular
ability to move with properties of bulk materidike fluorescenceBesides their sizethe vast
surface area iflso characteristic. Nanoparticles possessigh surfaceo-volume ratio For
example 10m nanoparticle have about 20% of the atoms at the surface, whefeas2 nm
nanoparticleghis value increases up 89% aurface atomsThese surface atonase different in
energy and mainly govern the propertifghe material[3] At the nanoscale the electronic energy
states become discrete tinique optical, electronical and mechanical properties of the materials.
Thus minidurization has drastic effectsr the physical and chemical propertiééot only for metal
nanoparticlesbut for all nanomaterialthe characteristics at theubmicroscopic scaleredifferent
Gold as bulk material appes with a metallic glancegold at the nanosizeppears as a purple
solution Figure 3). In additiongold nanoparticles melt at much lower temperature9@<@ for
2.5nm size) than the gold slabs (10%2). This is due to the increasing number of surface atoms.
Solid gold is inert against oxygen and is u$edjewelry or tooth crowns. When presented in
nanostructures it is very affine to oxygen and treeeftpplied as catalysthe optical appearance

at the nanoscale is also no longer metallic but red caused by quantum effects.

-y

Figure 3: Gold as bulk material and dispersed in water as colloids.

Quantum effects are based on the fact that electrons behave both as particle and as wave resulting in
the waveparticleduality. When electrons are trapped in a spapelar to their wavelength their
energy levels are no longer continuous but discrete.values depend on the size and shape of the

particle. Other sizedependent property changes include quantum confinement in semiconductor
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particles (CdSe, CdTe)surface plasmon resonance in some mesagarticles (Au, Ag) and
superparamagnetism in magioenaterial{Fe0s;, F&O,).

Within a colloidal systepnanoparticles are uniformigispersed in an ager@lassification is made

in dispersion, molecular and association colloiBsspersion colloids are thermodynamically
instable systems consisting afystalline or amorphous soBdn a liquid agent.Micelles and
biocolloids belong to the categonf associative colloidsThe stabilization force of dispersion
colloids basicallyderivesfrom the repulsive interactions of the charge distribution around the
particles or a stabilizing shell10] In this contextcolloid describes the characteristics amsho

gives the indication for size and quantum effects.

Nanoparticles can benderstoodas a smallnit of a solid accordingly they can be synthesizieg
two differentroutes While in the top-downmethod a macrocrystallim@aterial is crushed down to
nanoscale under mechanical actionthe bottomup method nanoscopic structures are bindm

atomic componentd-igure4).

Crushing down of

Microm%\ter Bulk macroscopic structures
10 m Top-Down e. g. lithographyball-milling
physical
Powder
Nanometer Nanoparticle
-9
10 m
Cluster
Synthesis of nanostctures
from molecular compoundgs BottomUp
Atomic e. g. colloidal synthesis Atom
chemical

Figure 4: Top-down and bottomup approach for the synthesis of nanopatrticles.

In a topdown approach usually the nanoparticulate material is gendratedhe bulk materiaby
physicalmethods e. g. lithographyContrastingly bottomup methods have ehemicalapproach.
The bottom upsynthesis starts with the nucleation step, #rah the surface is saturated with

further atoms (surface growth). The growth mechanism has to be stopped at the nanoscale and the
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resulting nanoparticlebave tobe stabilizedto avoid further particle growtiNanomaterials are
synthesizedrom molecularatomic precursors usually in solution by salf§anization. The growth
mechanism can be controlled during the synthesis. The nanoparticles need to be stabilized at the

surface to prevent coalescence.

The synthesis of nanoparticles is typicatlivided irnto a number ofifferent steps: nucleation,
nucleus growth an@stwaldripening Syntheses in the liquid phase can usually be adjusted

via the monomerconcentration and reaction temperature. For monodisperse nanoparticles
nucleation nucleus growttand agglomeration procebave to becontrolledprecisely The reactive
surfaces can be saturated directly with stabilizers or ligands added to the sdlaktsr. and
Dinegarset up a model to describe the steps of nucleation and gféigthre5). [11]

A
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Figure 5: LaMer diagram to describe nucleation and nucleus growthAdapted from [12]

The mechanism starts with the reduction or decomposition of the precursor and the increase of the
monomeric building blocks. When a certain concentration is reaamacleation starts and
homogeneous crystal nuclei are form&tdermodynamic control results in the most stable product,
whereas the reduction of reaction velocity (kinetic control) can result in other structures. This can
for examplebe achieved by a wealeducing agent. Subsequentfyee atoms accumulate at the
surface of the nuclei alwayaternating inloss of volume energy and increase of surface energy.

Surfactants can control and stabilize the surface.



Basic Knowledge

Time
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Figure 6: Growth and stabilization of nanoparticles.Adapted from [3]

As colloidal solutions are thermodynamically instable and aim for a ststhlethe surface must be
immediately saturated.his process can be suppressed by stabilizafibis. can either be achieved
sterically or electrostaticallgFigure 6). Within a colloidal system thre are repulsive and attractive
forces. Attractive actions result from dipal@ole interactions and are also called -den\Waals

forces. Repulsion results from electrostatic interactions from charged particles. Dispersed particles
in a medium have a ctge at their surface called charge cloud. It is symmetrigadligedaround

the particle When the particles move throughhamogeneouphase the static and a part of the
diffuse layer move along. Within this motion a potential barrier occurs betweeayreand the
surrounding medium. lincreasedinearly in theSternlayer, a rigid layer around the particle, and

falls exprentially in the diffuse layer. The resulting difference is caltetikpotential which isa
characteristic value for the stéityi of colloidal solutions andan be measured by electrophoresis or
streaming potentialdt depends on the properties of the surface as well as of the sdligarids
surrounding the nanoparticles must be able to stabilize the colloidal solution eitheysgdgically

or sterically. This can be achieved by surface tailoring. The stabilization of nanopaicles
described in the literature with various methoa®stly using polymersA proper monolayer is

often needed to shield the surface. The surface energy is decreased, which reduces the formation of

aggegates.
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2.2 Metal Nanoparticles

Compared to bulk metals, metallic nanoparticles have different properties due to their sizesand thu
the resulting high surfae®-volume ratio. Nanostructured materials of coinage metals such as gold
and silver have unique optical properties due to strong surface plasmon absorption in the visible
region of light.[13] They have versatile applications in modern research and technology and are no
longer indispensable. They are applied in catalysis, electronic compounds, sensors or medicinal
devices[14, 15] Their properties are based on physical parameters and can easily be tuned. Size,

shape and structure are the mainly contributing parameters.

2.1.1 Synthesisof CoinageM etal Nanoparticles

Various synthetic procedurésve beemublished.In the majority of reports, HAuGIprowed to be

the favored starting material due to its ready availability, despitdishevantagef limited control
over nucleation process and possible chloride contamination in the resulting partidesethod
was first described byTurkevichand enhanced bffrens [16, 17] It is basedon the chemical
reduction oftetrechloroaurate with citrate in aqueous solution. Citrate is both reducing agent and
ligand for the stabilization of the formed nanoparticldanoparticles with a diameter between
10nmand 100nm can beprepared Frensalso showed that the colloidal stability strongly depends
on the size of the nanoparticldd8] Mechanistic studies on the formation okthanoparticles
showed thain the synthesis acete is formed and stabilizes the surface. If NaB$used as
reducing agent differenparticle sizes could be obtained and thefsce can be covered with
different ligands added during the synthesise reduction of AuGl with NaBH, in a twophase
systen was described bgrugs and ScHirin. [19, 20]Nanoparticles of Au, Ag, Pt, and Ir in toluene
can be readily synthesized usin@piphasic reduction procedur1i 23] A noble metal salt (a3.,
HAuCIl,) dissolved in water is first extracted into an organic phasethe help of a phadeansfer
reagent, tetraoctylammonium bromide (TOAB). Upon reduction with NaBikl possible to obtain
uniform-sized metal nanoparticlesSmall gold nanoparticles with a diameter of <0 can be
synthesized in organic solventd-Dimethylaminopyridine (DMAP) is often used for the

stabilization of the resulting nanoparticles in aqueous solyidn 25]

Stuckyand ceworkers developed a methémt the reduction of a gold salt in organic solveimdsg

an amineborane complexand n-dodecanethiol for stabilizatiori26] The resulting nanoparticles
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have a narrow size distribution and are nearly spheiRadction time, temperature, molar ratios
and solventan be varied to adjushe srze of the goldnanoparticlesin addition other metal
nanoparticles like AgPd and alloy compositions can be synthesized. Furtherntioeesynthesis
can beeasily upscaled to gemultigrams of nanoparticles for applicatior@Gold nanoparticles
smaller than £.5nm consist of a distinct number of atoarsd the compounds are called cluster
These gold clusters can either behave like discrete molecules or exbjgtties of nanoparticles,
depending on the numer of atoms. The weknown Schmidcluster Aus consiss of a phosphine
stabilized gold clustr Auss(PPh)..Cls with a stable closed shellt is a molecule with a well
defined formula weight, unlike the colloidal solutiori3ifferent to nanoparticles they have no
weakly bound ligands on the surface. In cluster structures-metal bondingnteractions can be
found. [27] Apart from spherical nanoparticlesother shapes of gold nanostructures can be
synthesized Nanorods can be prepared by a seeding growth mechaf@&hn.Hollow gold
nanospheregan be prepared bgacrificial galvanic replacement of cobalt nanopartic[@9]
Colloidal stability of the nanopatrticles is they challenge in synthesis and can be controlled by the
ligands at the surfac&Veakly capped nanoparticles agglomerateefastan those with strongly
bound ligandsCitratecapped golchanoparticles are stabilized via weakly physisorption of citrate
ions, whereas dodecanethgthbilized gold nanoparticles are stabilized via strongly chemisorbed
thiolate ligands[30] This thiol stabilization of golchanoparticles and the sel§sembly of organic
sulfur compounds on gold surfaceas first reported bgiersigand Mulvaneyand gave access to

highly stable colloidal solution§31]

2.1.2 Optical Properties of Gold Nanopatrticles

A characteristic of all gold colloids is the calavhich canvary from light red viapurplered to
blueish-red. The optical properties of gold nanoparti¢lésst describedand attributed to thoday
Faradayin the 19" century are unique and caused by quansiredeffecs. The color results from
absorption and scatteringf electromagnetic irradiation by local surface plasmon resonance, a
collective oscillation of the free electrons in the conduction band. The expressomonconsists

of the physical terms for plasma and vibratior gold nanopaicles with differentcore sizethe
absorption maximum shgtFor largernanoparticles it shifts talonger wavelengthmeaningower
energiesKigure7). The maxima are also broadenkds also posble to determine the partictze
via t he c o mtokthesurface plasmofB2] This phenomenon is very characteristic for

both gold and silver nanopanles, which appear red and yellprgspectively.
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Normalized Abs.

Figure 7: UV/Vis spectra (normalized) for Au nanopatrticles with different core sizes in aqueous solution.
Adapted from [32]

When small spherical metallic nanoparticles are irradiated by light, the oscillating electric field
causes the conduction electrons to oscillate coherently. The displaced electron cloud has a restoring
force which arises from the Cawhb attractions between negatively charged electrons and
positively charged nucldFigure 8). An oscillationcaused by the displacemeapipearselative to

the nuclei frameworkWhen incoming light enters into resonance with the vibration of the electron

cloud an amplification proegls and the absorption is intensified.

The frequency is related to the size and shape of the resonance body and the density and effective
mass of electrons. Thus metal nanoparticles of different sizes appear in different colordd For go
nanoparticles thenaximum liesat around 52@im, for silver nanoparticles at 4a@n with respect to

a particle size of 2aGm.

E-field Metal

e cloud

Figure 8: Plasmon resonance: scheme for oscillation of the electron cloud at a spherical nanopatrticle.
Adapted from [33]
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2.3 Semiconductor Nanoparticles

From a historical perspectivld research on semiconduebarsed nanomaterials fisuchyounger
than thosébased on metsl but many principle$rom metal nanoparticlesould be transferredn
the beginning of the 1980s CdS colloids were synthesigeH analyzedby Gratzel Brus and
Henglein [34i 36] A few years later the quantum sigiéect has beemtroducedby Brus [37] It
describes the relation @fize and electronic bd gap ands based on a strong confinement of
electrons and holes in a small particle with a diameter below the exciton Bohr radiagerhge
diameter between electron and hds.the size is reduced the electronic excitation shiftigber
energieslt means thathe largerthe core diameters of semiconductor nanoparticleddaher the

energy of the emitted light and the longer the wavelefig&

Semiconductor nanoparticléetween 2im and 10hm are quasi zerdimensional single crystals
and are often called quantum dots (QD)ese colloidal nanocrystals exhibit strong fluorescence
with a sizedependent emission wavelengilfhe energy states beconuiscrete Figure 9). They
possess unique optical properties and are often used in electronic and aptices.@Ds are
appliedfor LEDs and soliestate lighting, displays, photovoltaics, transistors, qguantum computing,

medical imaging, biosensors, among many others.

Density of States

) &~ - -
[

Figure 9: Density of states in a semiconductor crystal in dependence of the dimensidulapted from [38]

N
7

Energy

The optical properties are a result of the quantum confinement effect and depend on size, shape and

compositionof the nanocrystaldMost common gantum dots are CdTe and CdSéhen the core

11
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diameter of the QDs is smaller than the exciton Bohr rattiesenergy levels become discrered
recombination o the band gap causes emissioarger QDs emit longer wavelengt{figure 10).
For both materials at theanoscalethe emission wavelengthes in the visiblepart of the
electromagnetic spectrum making these materials suitable for imaging of biological j88{lies.
[40] The phota and electroluminescence properties can betfined to emit ay color of light by
changing the material 6s crystallite size.

20 25 30 35 40 45 50 55A

@ XXX

475 500 525 550 575 600 625nm 300 400 500 600 700 800
Wavelength, nm

Absorbance, PL intensity [a.u.]

Figure 10: Sizedependent photoluminescencea(+ b) and absorption andemission spectra (c) of CdSe.
Adapted from [41]

The sizedependent optical properties allow the synthesis of quantum dots covering the entire
visible to neafiR wavelength range. A different growth of the nanocrystals tlaaetfore different

optical properties, can be achieved by the use of different ligands in the syrfd&si3] One

major disadvantage of this tuning method is that each maximum is related to a different core size,
which makes a direct comparison difficulthis could be avoidedby the use of mixed crystal
systemsmulticomponent materials with gradient compositidrternarysystem oiCdTe and CdSe

varies in chemical compositiorof the nanocrystal and the optical properties of both binary
compounds can be combingd4] In the coreshell structure of two component materials the

external shell improves the quantum yieldsd gives stability to the nanocrystal.

Originally QDs were preparely a hotinjection method, a bottorup synthesis using dimethyl
cadmium anda selenide or telluridgorecursorin a coordinating solvent with trioctylphosphine
(TOP) and trioctylphosphin@xide (TOPO).[39] Besidesthe extremely toxic precursor the

12
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resulting nanoparticles are capped with a hydrophobic,siwich makes them unsuitable for
biological applicationsDifferent cadmium precursors like CdO, Cd(OAcy CdCQ have been
applied in the organic approadbut for biological applications solubility in water and stabikire
required Synthesis in organic solvent mus followed by ligand exchange at the nanopartioles
they have tobe synthesized directly in aqueous solutidime direct synthesis of cadmium
chalcogenide nanoparticles in @pus solution was achievéy thiol-capping of the nanocrystals
yielding sizecontrolled and highly luminescent QDg5] First described by Weller and further
investigated by Zhang CdTeanocrystals were synthesized in aqueous solyd@n.46] A freshly
prepared NaHTe precursor solution is added to a mixture Bfi@ts and thiol ligand under inert
conditions leading tdighly luminescent CdTe quantum dotster different synthetic approaches
using hydrothermal synthesis, ultrasonic or microwave irradiation were developed but mainly based
on the procedure by WellgA7i 50]

To obtain water soluble quantum dots from organic synthesis the hydrophobic shell must be
replaced by ligandgroviding both solubility in water and stability of the colloidal sotuti
Mercaptopropionic acid capped CdTe/ZnS nanocrystals could be synthesized via ligand
exchange[51] One major tbadvantage of th method is the decreasing photoluminescence upon
siteexchange of the ligand$he impact of thiol ligands on the photophysical properties of quantum
dots ha been studied intensivel{52] They mainly depend on the concentration and pH value in

solution.

Optical properties of quantum dots are mainly determined by the elements in the eoral mad

are sizedependent. For some applications tuning of optical gnt@s without changing the sids
important, eg. in cell uptake studie§his can be achieved by a variation of the core components.
CdTe and CdSe nanocrystals ah versatile materials for biological applicatiobsth emit in

the visible to neainfra-red spectra(Figure11). Bothcompounds crystallize in cubic structsissnd

a combination of both can lead to combined optical properifiesed crystal systems with a

homogeneous internal structure allow fine tuning of optical propej&igfs.

Compared to binary compounds like CdTelSe or other semiconductors, ternary systamonly
scarcely exploredUntil now someternary and quaternary systems have been synthesized and
characterized[54] Aqueous and microwawassisted syntheses are known for the preparation of
theseCdTegSe., quantum dotg55, 56]
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Figure 11: Quantum dot core materials and their emission wavelengt Adapted from [57]

Semiconductor quantum dots (QDs) with high photoluminescence and narrow size distribution are
versatile diagnostic and therapeutic tools for a varietiy afitro andin vivo bioapplications[58]

Due to their bright photoluminescence and their high photostability they mhaje advantages

when compared to organic dyesNonethelessit should also be considered that upon
functionalizationof the QDsthe hydrodynamic diameter of the particles increases antasanan

effect thecell uptake.

Figure 12: Confocal fluorescence microscopy images of cells incubated with quantum dots. Two different kinds of

modified CdTe coloring nuclei (red) and cytoplasm (green)Adapted from [59]
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In vitro they can be appliefbr labeling of cellsor biomolecules and imunostainingin vivothey
can be useds vessaland for tumor imaging, visualization dfhe bio distribution of QDs and
tracing of labeled cells in a bod@0] and theyare also applied for cell imagin@igure 12). In
contrast to organic dyesthey are stable against photo bleachirkggre 13). Fluorescein
isothiocyanate (FITCluminescence for exampfades in color afteonly a fewminutes whereas
CdTe/CdS/znS quantum dathow luminescenctr more than30 min under the sameradiation

conditions.

Traditional dye FITC

O @) OH
LT

CdTe/CdS/ZnS QDs

Figure 13: Photostability of a traditional dye compared to quantum dots Adapted from [61]

QDs can also bknked to biomolecules such as antibodies, peptides or small molealiteging a

highly sensitive and specific targeting or detect[6]

Another important aspect for biological applications of QDs is their biocompatilillagmium-

based quantum dots can legkotoxic Cd" ions anchavethe tendency to aggregatehichare two

major factorsessatially for biocompatibility. Both can be prevented by a eshell structure.
Passivatiorof the bare QDs with a polymer coating or the growth of a ZnS shell can reduce the
cytotoxicity. [62] Cytotaxic effects can not only result from the core material but also from ligands
at the surface[63] Howeverthere are also a number of studies where no cytotoxic effects of

guantum dots werobserved59]
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2.4  Surface Runctionalization

Surface functionalization of nanomaterialsrnismportant topicof current researciT.he interaction

of nanoscale materials with (biological) systems is mostly governed by the surfacenait¢hials.
Modifications of thee can tune propertiedNanoparttles are well suited as templates for the
immobilization of bioactive ligands, &. amino acids, peptides or enzymesd their multiple
presentation$o receptors for a simultaneous bindifgdi 66] Figure 14 showsa general scheme

for the functionalization of nanoparticles.

Q4

core &

spacer linker
anchor

Figure 14: General scheme for the functionalization of nanopatrticles.

Various core materials like noble metals (Au, Ag), quantum dots (CdTe, CdSe) or metal oxides
(F&04, TiO,) can be synthesized and applied as multivalent scaffblor both noble metal and
semiconductor anopatrticles ligands with a sulfide anchor are often used due to their excellent
stability. For iron oxide nanoparticles catechké ligands exhibit high stabilityj67] The spacer
betweenthe nanoparticle andhe active moiety usually consists of alkyl or polyethylenecgly
chains,while the lengthof which may vary. The spacer must provide enough stability to the
colloidal solution. Bifunctionalized ligands with both a moiaig one endanchoring at the
nanoparticleand a freefunctionality at the otheend offer an addional moiety for thefurther
attachmerg of bioactive ligandsFunctionalization of gold nanoparticles is mainly based on the
work on selfassembled monolayers (SAMs) of molecules on planar gold surfaces. The dynamics
and conformations of these assemblies have been studied inten§®&ly69] A variety of
functional ligands is available including thiolates, dithiolates, ditro@mates, amines,
carboxylates, or phosphine.hese mol ecul es can be attached

ligand exchange reactiorisor stable conjugations thiblased anchoring groups are favored.

It could be an advantage when the ligaiséd inthe synthesis is only weakly bound to the surface.

Citrate or DMAP-stabilized gold nanopatrticles are good precursors for these reactions, but also
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thiol-stabilized gold nanoparticles can undergo an exchajije. 64, 70, 71]Even if gold
nanoparticlessynthesizedwith the methodby Turkevich are only weakly coveredby citrate,
chloride ions and acetone dicarboxyldtes oxidation product of citrate, amsopresent][72, 73]
These species bind strongly to the surface and give certain stability to the colloidal sBlutian
suwccessful exchangéghands with stronger affinity to the gold surface must be.used

Schiffrin et al.describedfor the first timea twophase synthesis of gold nanoparticles. Thiol
stabilized gold nanoparticles were synthesized in aqueous solution and transfersetongianic
phasein a singlesynthesisstep [19] Monolayer prote@d nanoparticles smaller tham# can be
synthesized with this method. Thigbld interactions and vaserWaals attractions stabilize the
nanoparticles. lonic and polymeric stabilizatiame much weaker. Through ligarekdhange
reactions at the surfaceitratecapped gold nanoparticles can be stabilized. Howewpon
chemisaption of thiolate ligandsdesorption of charged ligands like citrate sacrifices the

electrostatic stability and can cause irreversible aggregffidh.

Ligand exchange reactions at gold nanoparticlescarded out by addingn excess othiolate
ligands into the aqueous solution of the colloids. Buitae  -tumcionatized thiols, whicloffer

both the ability to bind at the surface via the thiol moiety and stabilization viedeeWaals
interactions. Colloidal solutions with ligands which do not shield the nanoparticles properly turn
steel blue in their optical appearance indicating particleegggion A two-step approach for the
functionalization can be us€l@0] Negatively charged ligands provide enough electrostatic stability
wherea ligand exchange with neutral or positively charged ligands is critical and often results in
aggregation of the colloidal solutioBspecially nercaptocarboxyli¢Figure 15) acids turned out to

be excellentigands [75]

0] (@]
HS/\)J\OH HS/\/\/YOH HSMOH
(0]
MPA MHA MUDA

Figure 15: Mercaptocarboxylic acids for ligand exchange reactions.

Studieson the stability of gold nanoparticles showed that methylene chains from mewstuto

acid thioglycolic acid, TGA) or mercaptoprapnic acid (MPA) are too short and do not establish
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enoughsteric stabilization for the colloid476] 6-Mercaptohexanoic acid (MHA) is still not
sufficient, however 11-mercaptocarboxylic acid (MUDA) witlits long alkylchain protects the
surface sufficiently ad stabilizes the nanoparticlésecausetipossessesore methylene unit§77]
Vibrations C-H bond in the IR spectrumappears at 291@8m* indicating a polymethylene
monolayer of trangigzag chains[78] This effect was also observexh gold surfaces with self
assembleanonolayers (SAM).

To obtain gold nanoparticles with shatained ligandsother synthetistrategiesnust be selected.
The biphasic reduction @ metal salt (HAuGlor AgNG;) with NaBH, andthe additionof organic
ligands give access to thee colloidal solutions[79, 80] Positively charged golshanoparticles
cannot be synthesized via ligand exchange reaction. The oppamiteslinterfere with each other
and destabilize the solutiofrQ] This type of nanopartickhas to be synthesized directfyom the
precursor salts or via a twgiep modification[81]

The dynamic and mechanism of plamehange reactions at the surface of gold nanoparticles has
been studied intensivelKinetic studies haveaevealedthat either an associativeyBlike, a
dissociative §1-like or a combination of both takes plasden long alkythiolate ligands are used

The rate depends on the concentration of the incoming ligand and decreases with the §¥Zg of it.
Detailed'H NMR studies byMurray and coworkerexamined the ligand exchange on monolayer
protected gold clusters in dependence of concentration and ligand chain length and concluded an
Swo-like associative mechanisii82] Later, this was confirmed byontalti et al, who examined

the kinetics of the release of a pyrene derivative from the surface via fluorescence

spectroscopy83]

Through eactions at the ligand periphery bioactive molecobes be attached to the sané ofthe
nanoparticlesThe molecules are covalently bound to the ligand and stable agdaiiasthment
Depending on the free functional groupd -functionalized thiolsat t he nanoparticl eds
there are a variety of reactidypespossible(Figure 16). [84], [85] The synthetic methods require
highly reactive specidike active esters or nucleophiles but reacttonditions arelwayslimited

to theprotection of thecolloidal stability.The reaction between carboxyhcids and amino groups
results in a very stable amiderab This is a rather common method for the immobilization of
biomolecules, because many of them possess a free gnonp MUDA-stabilized nanoparticles
can be coupled directly in solution with thespective amine. Usually carbodiimide based agents
are used for the activation of the carboxylate, followed by the reaction Wih
hydroxysuccinimide[86] Then theactive ester reacts witheamineimmobilizing the molecule via

a covalent bondThis method can be applied for reactions both in aqueous and organic solvents.
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Esterification betweerboth alcohol and carboxylate functionality can also yield in a covalent

attachment between bioactive molecule and ligg8i

Nucl eophil i c -functibnalized halogen alkanesis$ alsa an approved strategy for the
immobilization of bioactive molecules. As in organic synthesis the steric demand of the ligand
directs the reactioto beSy1 or S 2-like. [88] Another powerful synthetic method for incorporating
bioactive moécules on the surface of nanoparticles is thedip8lar cycloaddition between azides
and alkynesAlthough theselick-reactionsareusually catalyzed by a Cu($plt, triazoleformation

can alsmccurat room temperature and uncatalyZ&9]

@wCOOH
@NNHZ
@WCOOH

@

Figure 16: Different reaction types for covalent attachmentof bioactive molecules.
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Besides covalent linkage of active molesuie the surface of nanopartislalso physical methods
like hydrogen bondingndelectrostatic or hydrophobic interactions can be used foadkerption
of molecules. This process pfagn important role in proteiand enzyme adsorption57] For
example negatively charged DNA can hekéd to gold surfacegia electrostatic interactiong0,
91] Compared to covalently bound moieti¢ise stability of the resulting nanoparticlés weaker
and strongly depends on the solvent, pH vahral ionic strength. Furthermorthe number of

immobilized molecules can vary significantly.
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In generalfunctionalizationdepends on the type of molecule which is to be immobilized and the
type of application. In some cases, for example drug delivery, ayeaikhd ligand is favored.dF

all synthetic methods the molecules need to possess foaicjoups whiclareeither already there

or mustbeinserted through chemical modificatiofainctionalized molecules can be qualitatively
verified by a number of characterization methods, e. g. vibrational spectroscopy, thermogravimetric

analysis, determination of hydrodynamic diameter zetdpotentials.

2.5 Characterization

There are different methods to characterize nanoparticles or cbboidéons, generally all those
which can be used for bulk materialsor functionalized nanopieles with an inorganic core and

an organic ligand shella technique can only characterize either core or shell. For a complete
characterization a combination is necessa@he different methods for characterization used in this
work are shown ifmable 1. The precise determination of size, dispersity, state of aggregation and
composition of the ligand shell is crucial for applications not only in biological médraall
techniques onlysmall amounts in the nanomolar range are available and the method has to be

sensitive enougto analyze thesguantities

Table 1: Summary of the nanopatrticle characterization methods.

TEM, EDX NMR,
UV/Vis, IR, Core Shell
Fluorescence MS, CHN

TEM Jeore H NMR Uy

\ OM EDX composition IR 3bond
M DLS dhydr MS m/z

\ e / UV/Vis Mbs g-potential charge
DLS, Zeta-potential Fluoregsence Sem
TGA

For thecharacgrization of the core sizéransmissiorelectronmicroscopy (TEM) ismainly used.
The mean core diameter of the nanoparticles can be determheedample is penetrated by a high

energy electron beam which is scattered at the atoms of theHigiheaccelerating voltage and the
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low wavelength of the electrons cé@ad to single atom resolution. & the measuremenof
biological samples the voltageeeds tobe lower to avoid destruction of the materialEM
measurements witlower resolutioncan give an overview of the sample and/gia statistical
distribution of the nanoparticleHigh-resolution TEM can visualize single nanoparticles in
structure and crystallinity. Lattice planes indicate crystalline materialgléow lattice parameter
determination Due to complex interferencpattens the e@termination can be very complex
Elementswith a high atomic number and theref@a heavy cordike gold or silver have a high
scattering rate and appear with high contragtereasorganic compounddike single ligands,
mainly consistingof carbon do not appear. In additioenergydispersive X-ray emission
spectroscopyfEDX) can be done to obtain the elemental constitution of the sample. For alloyed

systems or mixed crystals the respective content can be deteumingdhis technique

Dynamic light scattering (DLS) gives the hydrodynamic diameter of the nanopartitiese he
volume of the whole nanoparticle including the core and ligand shell is deterroomepared to
TEM measurementsvhere only the core diameter is measuredr ionic shells coordinating
solvent molecules caalsobe depicted The method isiondestructiveandcan be assesselifrectly

of the sampleDLS measurements give the average diametaH tifie nanoparticles included in the
sample for a reliable resulthe nanoparticleshould be monodispersEurthermorethe colloidal
solution can be characterizég their surface potential. Streaming potential measurements indicate

the charge at the surface.

Optical properties of nanoparticles candsermined with UV/\G spectroscopy and fluorescence
measurements. As mentioned ahothe optical properties strongly depend on the shape of the
nanoparticles. For metal nanoparticles the plasmon resonanseghe color appearance, quantum
dots can either absorb or emghit with distinct wavelength&sold nanoparticles larger thamén
develop the characteristic plasmon resonance. The maximum shitsisbonger wavelength and
therefore smaller energies for bigger nanoparticles. The position of the maximum can bar used f
the determination ofhen a n o p a r t,ithe $shapé ®r tre idigpersitiMonodisperse colloidal
solutions have a narroabsorption bandy comparison with reference solut®tie concentration

of the nanoparticles can be calculatédisotropic goldnanoparticles appear in different colors and
possessnore than one maximunthe optical properties of quantum dots also strongly depend on
the size and shape. Besides absorption they also have an emission maximum when irradiated with a
distinct wavelengthWith fluorescence spectroscopy the size and size distributioralsarbe
calculated Another figurefor high quality fluorophores is the quantum yieldY(QIt is defined as

the ratio between emitted and absorbed photons. QY below 100%s thearsome electrons in
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excited states relax without radiation. It is drastically reduced by any kind of defect in the crystal
lattice.

The ligand shell of the nanoparticles can be characterized with the same methods used in organic
chemistry NMR (nuclear magnetic resonancend IR (infra-red) spectroscopgive information

about the composition of the shell. The signals of immobilized ligands are typically broadened
comparedto the free ones Broadening is caused by the chemical environment and the
inhonogeneity of the shifts caused bghtly bound molecules. Cloge the corethe signals are

even morebroadened[92] Due to only smallconcentration®f the particles mostly only proton

NMR is recorded, fosignificant signals irtarbon NMRanalysisthe concentrations ateo low.

IR spectroscopy also characterizes the organic camgmofthe nanoparticleBoth NMR and IR

can monitor the surface and indicate changes after ligand exchange or couplingngeactio
Characteristic vibrations dunctional groupse. g. S'H or C-H bonds or the carbonyl group in
amide bondscanhelp to identify the ligand.

Mass spectrometry can be used for the characterization of the single ligand before immobilized on
nanopartioks. Depending on the reaction way the complete ligand can be synthesized separately,
characterized and then attached to the surface. Elemental analysis also lélpsadterizethe

organic compound.

The number of ligands can be determined wftermogravimetric analysis (TGA). The loss of
weight depending on the temperature canthébated to theamount oforganiccompound With
the diametefrom TEM measurementthe assumption of a spherical shapel the molecular mass
of the ligand the number of ligand moleculesan be calculatedlhis analysis needs ralatively

large amount ofample

2.6 Nanopatrticles inBiological Systems

The synthesis ancbntrolledfunctionalization of nanoparticleglowstheir applicatiorin biological
systems Due b the small size andarge surface ler properties are beyond the performance of
previously used materials and offer nespportunities but also render them to unexpected
interactions and unanticipateztbnsequenceqg93] Depending on the materjathe application

possibilities are wdespreadFor examplegold nanoparticlegan beused for labelling, delering,
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heating and sensinf@4] and quantum dots can be used as fluorescent markers \fidfro andin

vivoimaging.

Traditionally, gold nanoparticles were used feisualization due to their strong interactions with

light. Applied on tissue and enrietl in areas of intereshey provide enough contrast.

Consideration should also be giventhe pxicity of nanomaterialsvhich is also a significant part
in drug development and has to &ecidatedcarefully. The term nanotoxicology originated and
descibes the effects of nanomaterials on living tissugiaceto their size similar to biological
components (cells, proteins) nanoparticles can intesh@ cellular level They also possess
dynamic properties. Nanoparticles have the ability to move insisen allowing a wide
distribution, butthey also have the ability to build agglomeratehich are less mobile. Through
functionalization of the ligand shell stabilization in biological media can be achieimtomes,
polymeric nanoparticles and gold nanopartidiave already found their way intonedicine as
powerful carrier system$95i 98] The first FDAapproved nanodrug was Doxil®, a liposom based
nanocarrier[99] Iron oxide nanoparticles are already apped as MR imaging agent and targeted
polymeric nanoparticles entered clinical trial;n the second generation of nanomedicine
nanoparticles were developed for specific ligand targeting of organs, tissues, or cells. The ligand is
presented at the surfacé the carrier, which is accumulated at the site of actip@0] Third-
generation nanoparticles act at the subcellular and orgdeedle [101] Ligandfunctionalized

nanoparticles arthe focus of current reseeh and have a huge potentigplication.

Biofunctionalized nanoparticles can overcome natural bariiererganisms e. g. biological
membranesskin, lung or the blood-brain barrier.Like small molecules they can diffuse through
the lipid bilayer depending on size, shaged chargeThis can be used in therapeutic applications
and medicaldiagnostis, but he nanoparticles need to haaféicient binding, biocompdtility , and
long-time safety[102] Transport across a membrane can either proceed in vesicles, mostly found
for oxidic nanoparticles, or directly without modification. The charge zetdpotential of the
nanoparticles have a vasfezft on the cell uptake. Solubility of the nanoparticles in the biological
medium is decisive for average residence time in the orgarimpending on thesize and
compositionnanoparticles can enténe cell by differentendocytic pathwaysThere are seval
internalization mechanisms like phagocytosisacropinocytosis, andlathrin and caveolae
mediated endocytosi$103] The processes are triggered by -seifface receptors either targeted
directly by the nanoparticle or indirectly by effective moleculesgg(egrowth factors)Whenthe
nanoparticle is incorporated in a vesjcthe natural digestn mechanismstarts. Phagocytosis

engulfs foreign particles and disables gaghogenThis process is a natural defense mechanism in
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organismsFurthermore pinocytosis is also a pathway for materials entering eukaryoti¢@3ls.
Through lysosomes and phagocytosis the nanoparticle is infiliratethe cell, vinerethe pH value

is lower. Depending on their chemical propertiedgdic and metallic nanoparticles are not stabl

under acidic conditions and toxic ions can be released. Heavy metal ions in the cytosol cause stress
and have an influence on production and activation of reaction oxygen species [RU3§).
Through passivabn of the core with polymers or zinc oxjdenis can be preventedtor the
development of nanocarrier systems ardépth understanding of cellular uptake is of great

importance.

2.7 Multivalent Ligands

Multivalency is a key interaction in biologicaystems[105] It means plyvalent interactions in
(biological) systemsand oftenresults in an amplification of binding strengMultivalency is the
simultaneous interaction of multiple ligands on one entity with multiple receptors on afdier.
valency of a particle is determined by the number of separate active mdibigsorcept plays a

centrd role in recognition processes, safsembly of matter and in signal transduction pathways.
The recognition element on the central scaffold can be a carbohydrate, peptide, protein or small
molecule, any moiety binding to the receptdhe scaffolddefinesthe geometric features of the
multivalent ligand, eg. shape, size, orientation, flexibility and valensfnomaterials provide a
versatile platform for immobilization of bioactive molecules. Due to the high sutdaca@ume

ratio a multitude of molecules can be assembled on them. For the immobilization of effector
moleculesa central particle is needed. Several inorganic and organic scaffolds belong to the class
of nanomaterials: dendrimers, fullerenes, liposomes, SPIONS, Au NyngroNP, QDs, nano

hollow spheresor selfassembled peptides.

Multivalent ligands can act as effectors or inhibitors of biological procefhegerms are different

to bioactive monovalent moleculewhich are often referred to aagonists (activating) or
antagonists (inhibiting) High functional affinitiesand binding part densitgan result in an
amplification of the effectThe potency of a multivalent ligand can depend on the mechanism of
interaction(Figure 17). For monovalent ligands single site receptor binding or hetero dimerization
are typically found. In multivalent presentation there are different interaction modes between ligand
and receptor. For exampleatural occurringmultivalent vaccines are able to cluster cell surface
receptors and have a high effectiveness. The inhibdotivity of pentamericShigalike toxins

derivesfrom the ability to occupy multiple binding sites. Steric stabilization is given when the size
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ligand prevents further interactions. Subsite binding and chelating effects are secondary binding
effects in regions of the receptdifferent tothe primary bnding site. &tistical effects camlso

occur when rebinding of the multivalent ligand is favored through high local
concentration[106, 107] Different binding modes can resbkcaus@f the structural complexity of
multivalent ligands. There are many biological systemshich multivalency plays a crucial role.
Understanding the molecular features that influgheebinding can help to develop new systems

The scaffold structure mawldetermines the effects on activity. Small multivalent scaffolds may
not be capable of spanning a large distance between several receptors but may effectively occupy
multiple subsites.

Receptors are usually proteins embedded in cell surfaces and traxismigtion from outside into

the inside of a cell. Signal transduction is predominantly mediated by lggted ion channels.
Many receptors act as part of oligomeric complexes and the interaction with multiple ligands may
have an effect on signal transdion. Multivalent ligands provide new opportunities for the
activation or inhibition of receptor interactiorj08] The valency and orientation of recognition
sites and the stability of the resulting complex can influence the intera¢fiogs.

Monovalent Ligand

Multivalent Ligand
Chelate effect Subsite binding
Steric stabilization
Receptor clustering Statistical effect

Figure 17: Different mechanisms of binding with monovalent and multivalent ligands.
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Nanoparticles offer a versatile platform for multivalextion When functionalized with ligands
including both a bioactive moiety and an anchor for the surface they are a highly multivalent
system. Size, shape and physical properties can be selectively adjusted. For example multivalent
presentation otarbohydrate mmeticson gold nanoparticle®r selectin inhibitionexhibitedICsg

values in picomolar range with high selectiviti10]

Although nanopatrticles with terminally functionalized ligand shells are used for a large number of
applications in the life sciences gold nanoparticles lmake been useds multivalent ligand$or

the presentation of bioactive amiriegeceptor bindingnteraction[111]
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3. Motivation and Goals

Due to their similar size to biological systems, e. g. enzymes or receptors, nanoparticles are
interesting tools for studying the interaction with each other. Functionalized nanomaterials might
help to answer fundaental questions in biochemicahd cell biology to understand molecular
mechanisms and might also find their way into medicinal applicatidi® behavior of
nanomaterials in biological systems is still not completely understood and currently under

investigation.

These nanomaterials, especially oparticles, can be functionalized with simplified binding
moieties of biologically active compounds. This type of functionalization implies a multivalent
presentation allowing polyvalent interactions between ligand and receptor. The concept of
multivalency proved to have special effects in biological interactions. The newly developed
conjugates possess different properties compared to monovalent analogues. Besides studies on the
multivalent interactions of natural molecules, e. g. carbatgdror selectimhibitors, only little is

known about the interactions of neurotransmitters multivalently presented to their receptors.
Neurotransmitters belong to an essential class of natural products and represent an appealing class
of small molecules for immobilizath on nanomaterials. These molecules are endogenous
chemicals which enable transfer of information in biological systems. They are chemical
messengers transmittiragsignal. Their biosynthesis is rather simple and they are readily available

in living organsms. There are different types of neurotransmitters, e. g. amino acids, peptides or
amines. Investigations are to be focused on biogenic amines. Histamine, dopamine and serotonin
are only three examples with important functions in the central nervougnmsysAll
neurotransmitters have distinct receptors for signal transductions. These native amines act as
agonists activating a receptor response. Their monovalent {igaegtor interactions are well

studied and understood.

Gold nanoparticles proved to bersgatile tools for the application in biological systems due to their
high biocompatibility. The surface can easily be modified and furthermore, size and shape of the
nanomaterials can be adjusted during synthesis. By the determination of the size ibeaidree

active moieties can be varied.

In this work gold nanoparticles are to be synthesized, functionalized and fully characterized.
Different synthetic approaches can be used to obtain various core sizes, yet watdtysahubil

stability must be ensured. Subsequently these nanoparticles should be functionalized with the
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biogenic amines mentioned above. It has to be tested, which core sizes are suitable for application.
The effect of these newly developed conjugates onliamdreceptor interactions should be
studied. Therefore a cooperation project between chemistry and veterinary medicine will be
established, where the biological functionality of the gold nanoparticles can be tested. These results
can be compared to tleffects of the native amines. Immobilization of the amines also involves a
loss of recognition attribute as the amino group will be bound to the nanoparticles. But
simplification of binding moieties is also common in multivalent presentation. As there is n
information about multivalent contribution in these interactidhese investigations can give new
insights in this phenomenon. Depending on the results the scaffold and geometry of the components
can be improved. The particular aim is the developménew nanoscaled materials foredical

application.

Besides the interaction of gold nanopatrticles in biological systems another class of nanomaterials is
to be investigated. Quantum dots of low nanometer scale are able to penetrate biological barriers
and can be used for cell imaging. The physical properties of these materials aransizghape
dependent, which can be precisely adjusted during the synthesis. Optical characteristics like
emission and absorption ability of different quantum dots shouldusstigated and improved, as

these are important for upcoming use. The quantum dots can be applied as cell dyes and the cellular
uptake can be studied. Additionally, the synthesis should be followed by surface functionalization
with bioactive amines. Fluescence microscopy can be used for a visualization of the behavior in

biological systems.
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4.  Gold Nanoparticles

4.1 Syntheses of GoldNanoparticles

In this work variousgold nanoparticles witla nearly spherical shape were synthesiaesing
different gold precursor materiald he sizeof the nanoparticlegariesbetweerd nmand25nm
andthey are either already water soluble dispersd in an organic solveniThree different
synthetic approaches were chosen to obtain nanopartdlbs different diameters.For
biomedical applications aniform size isrequired Thus the size distribution of the resulting
particles should be vemryarrow.Additionally, the colloidal solution must be stable in water and
under physiological conditions. Therefore ligand exchange reactions have to be peridrened.
size of the colloids can be adjustedm smalkr to larger sphereslepending on the reton
conditions Figure 18 gives an overviewof the synthesizedjold nanoparticle$rom 4nm to

25 nm dotainedby differentsyntheticapproaches
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Figure 18 TEM images of colloidal goldnanoparticleswith different sizessynthesized via theStuckyapproach
(A, B), the Brust-Schiffrin method (C) and the Turkevich method (D, E).

The most popular andrequentlyused concept for the synthesis of gold nanoparticles is the
reduction oftetrachloroaurate AuGlin agueous solution using NaBHbIr trisodium citrateThis
method provides gold nanoparticles which aleeady water solubleFirst published by
Turkevichin 1951 and improved bRanigrahi et al.thesegold nanoparticles were synthesized
sizeselective[16], [112]
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Figure 19: Reactionscheme for the syrtiesis of citratestabilized gold nanoparticles.

For the synthesis HAu@B H,O was dissolved in ultrapure water and heated up to°@10
(Figure 19). Under vigorous stirring a solution of trisodium citrate was added at once and the
mixture was stirred at 8GC. The reaction time and the molar ratios of Au(lll) and trisodium
citrate detemined the size of theresulting particles less reduction agent gave bigger
nanoparticlesThe reaction volume was kept at B0 for each synthesisTrisodium citrate
serves not only as a reducing agent but also as the stabiigamgl. The formation othe
nanoparticles in solution can Imeonitoredby the change of the color from pale yellow over
greyish after a few minutes to final red. After a certain time the solution was cooled down with
an ice bath to stop the reactiohhree different reactiawere perfomed via this approach
yieldingthree different sizesT@ble?2).

Table 2: Reaction conditions for the synthesis of AwCitrate nanoparticles in aqueous solution. [112]

Jexpected N(HAUClyy n(N&Cit) Au:Lig T t

8nm 12.5umol 76 umol 1.6 110°C 30min
14nm [ 12.5pmol 50 pmol 1:4 110°C 30min
25nm | 12.5pmol 28 pumol 1:2 110°C 30min

The size of the gold nanopatrticles wasaracterized by TEM and DL&1d summarized in
Table3. All synthesized gold nanopatrticles are mostly of a spherical shape with an average size
distribution Thelarger particlesof 25nm and 14m diametemwere reproduciblevith respect to

the literature; only the smaller particles with a diameter ohr@ could not be synthesized
successfully. To obtain gold nanopatrticles from the citrate reduction a reversed addition of the
compounds is needed113] The hydrodynamic diameter is slightly larger than the core

diameter determined by TEM due to the ligand shell and coordinated solvent molecules.
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Table 3: Three different gold nanoparticles synthesized through reduction of HAuGlwith different amounts
of NagCitrate. TEM and DLS values are given for the determination of the core size. Scale bar is 20 nm.

dexpected: 8nm dexpected: 14nm dexpected= 25nm

-
«
20nm 20nm
TEM:d=17.4+ 1.2nm TEM: d =14.0+ 0.9nm TEM: d =25.3+ 2.4nm
DLS:d =19+ 6nm DLS:d =16+ 3 nm DLS:d =26+ 10nm

Smalkr gold nanoparticlescan be synthesized via theStucky method. Au(PPh)Cl and
1-dodecanethiol weraisedin different ratios and different solven{gigure 20). [26] This
method gives acces® tnanoparticles maller than 10wm dispersed in organic medidwo

different sizes werprepared and the substitution of benzene through toluene was investigated.

1-dodecanethiol
AuCIPPh; + ‘Bu-NH,:BH solvent .
° 78 Ts5°C 1h HS

Figure 20: Reaction scheme for the synthesis afodecanethiotstabilized gold nanoparticles in organic solution.

All syntheses were carried out under atmospheric conditions. The gold precursbssuvhsed

with the capping liganth chloroform or benzene, heatedtos5°C and then the amirleorane
complex was added.he resulting gold nanoparticles a@mmarizedn Table4, A-C. All three
types are monodisperséth a narrow size distributiomnd nearly perfelst spherical. This can

be explained by the use of the ambwrane complex. Compared to commonly used reducing
agents like NaBHthis is a milder alternative. The reducing ability is weaker and the formation
process is slowed down resulting irt@nstantgrowth. [26] This process is visible in the color
change of the reaction mixe and is much slower than the citrate reduction. At lower
temperature small gold nanoparticles ofdn can be synthesize@he slightly bigger 6nm

gold nanoparticles were synthesized in benz&he. substitution ofoxic benzene byoluene
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results in monodisperse7 nm gold nanoparticlesCharacterization was done with TEM
microscopy and DLS measurements. All gold nanoparticleshegized via this method are
dispersed in organic solvents and a phase transfer into aqueous solution must be done
afterwards

Table 4: Different gold nanoparticles were synthesized in different organic solvents. TEM and DLS valsare
given for the determination of the core size.
dexpected= 4nm dexpected= 6nm dexpected= 7nm dexpected= 6nm
DRI 5 ST, C O
20% 20 £
.‘..‘. .'. {z...e
@
$o oot oW
*sett s ® .0

A ) L]
®Cose 'Y
Q%.".'Qq .'Q
weg 80
LN
ok o
Tartd
b :“ 10 nm

TEM: d=3.8+ 1.3nm TEM:d=6.4+0.4nm TEM:d=7.2+0.4nm TEM: d=6.0+1.5nm
DLS:d =5+ 0nm DLS:d =13+ 2nm DLS:d =12+ 2nm DLS:d =35+ 10nm

Chloroform Benzene Toluene Toluene/Water

A third method forthe preparation of gold nanoparticless performedin a two phase liquid
liquid system via th®&rustSchiffrinmethod[19] Usingthe phase transfer agent TOAB AuCI
ions where transferred into an organic phase were they were reduced with, Ha@Ktabilized
(Figure21). With DMAP the gold nanoparticles were transferred back into the aqueous phase.
[114] The resilting gold nanoparticles were aboGthm in diameter spherical but rather

disperse in size and prone to agglomerafiable4, D).

1) TOAB, NaBH,
- /  toluene — /
Al R /N 200MAP.HO, @ @ND: AN

Figure 21: Reaction scheme for the biphasic synthesis of DMABtabilized gold nanopatrticles
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Nevertheless these gold nanoparticles are good precursors for ligand exchange reactions due to

the weak interactions of ligand andfsice.

4.2 Optical Properties

Figure 22 gives an overview of th&V/Vis absorption spectraf the colloids, measured in
quartz cuvette Spherical gold nanoparticles exhibit a characteristic surface plasmon band
around 520 nminduced bythe collective oscillation of electrons in the conducting band.
Depending on the siz#f the nanoparticlethe absorption maximum can shift. The charadieris
plasmon resonance bond da@ seen in all synthesized siz&se gold nanoparticle®f 6 nm

and 7nm sizecannot be distinguished in the spectraythleowno difference in the positioof

the maximum

0; 1 e AU-DT (4 N
"~ e AU-DT (6 M)
5 08 e AU-DT (7 i) c Absorbance maxima
: 0,7

8 = AU-DMAP (6 nm) £ 530 .

8 0,6 e = o®

e u-Citrate (8 nm) 5, 520 s .

g 0.5 Au-Citrate (14 nm) %

= | —Au-Cl = 510

8 04 e Au-Citrate (25 nm) % )

-2 0,3 - = 500 - T T T T 1
0.2 - 0 5 10 15 20 25
0.1 - d/nm

0

600 700 800
Wavelength / nm

Figure 22 UV/Vis absorption spectra of all gold nanoparticles synthesized. For bigger nanopatrticles the

maximum of the plasmon resonance shitto longer wavelengtts (inset).

Only for the 4nm gold nanoparticles the shap of the absorption spectrudifferent (Figure
22). The maximum is not as distinct as for the other parti¢tes. small nanoparticles no

plasmon resonance can be observed.
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4.3 Alloyed Metal Nanoparticles

Besides these gold colloidalso silver nanoparticles were synthesizéd agueous solution
Again citrate reduction of the metal salt was perforifi@gure 23). To prevent the formation of
theinsoluble AgCI precipitatall eductshave to beadded quickly Alloyed nanoparticles of Au
and Ag can also be synthesized via this methoadsgeductionof both the gold and silver
precursor sadt [115] [116, 117] Coreduction of the precursor salts gives simple access to

different compositions and the elements are equally distributed.

0 0
o
. 0 ONa H,0 @ o@
HAUCl, ONa 110°C—=80 °C 0
and + NaO HO > Au/AgO b0
o

AgNO4 o

Figure 23: Reaction scheme for the synthesis of alleg nanoparticles with the citrate reductionroute.

Optical properties of thealloyed nanoparticles are plotted iRigure 24. The absorption
maximum shifts from 52bm for pure gold nanoparticles to 448 for pure silver
nanoparticles corresponding to the surface plasmon resonance respectively; the partile size i
nearly the same for atlifferent particles. The maximumhifts linearly in dependence of the

molar ratios of Au and Ag indicating a constant distribution of both elements.
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Figure 24: UV/Vis absorption spectra of Au/Ag alloy ranoparticles. The photograph shows the colloidal
solutions. The maxima of the plasmon resonance shift linearly between both Au and Ag nanoparticl&be
spectra are normalized for a better comparison between the different alloys.

4.4  Ligand Exchange Reactionsat Gold Nanoparticles

After the synthesis of the gold nanoparticles ligand exchange reactions were perfagaed.
exchange reactions offer an effective way to modify the properties of nanopasticlesas
solubility and stability For biological applications they need to be stable at physiological
conditions meaning watesolubility and pH stability. As the ligandssed in thesyntheses
cannot be functionalized with biomolecukkgy must be exchanged lgjfferent ligands giving

both stability and an anchor for further linkaigebiomolecules

Water soluble gold nanoparticles coated with mercapbosglic acids are welknown and
versatilefor the preparatiorof multivalent specieg110] The parttles can either be obtained by
simple ligand exchange startingtlvAu-Citrate nanoparticlesr can besynthesized directly in
solution by the reductionf gold(l) or goldlll) salts with suitable ligands. Using the second
approach the core size of the nanoparticles can be tuned during the synthesis tiheitsa#soof
Au-Citrate nanoparticles can be varibdtween 3im and 60hm and the size distribution is
excellent [112] Au-Citrate nanoparticles are known to be excellent precursors for ligand

exchange reactions but also-BMAP and AuDT exhibit those characteristid4.18]

The gold colloids were stirred at room temperature under atmospheric conditbtiseanew

ligand was added ilargeamount while the pH wascontrolledand held constantly over 8he
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stability of the nanoparticles in solution extremelyaffected by the ligands on therface

There is a risk of aggregationrihg ligand exchangeesactions. A typical reaction is shown in
Figure 25. The ligand is added to the nanoparticles solution in excess and the exchange is
performed for atleast 16 hoursat room temperaturelhe progress of theeactioncan be
monitored by UV/Vis spectroscopyVithin a ligand exchange the mimmum slightly shifts
between 2xim and 5nm. This is due to the change in dielectric permittivity of the gold

nanoparttles caused by the formation of the thiolate monold$&8]

o
e
0s_0O
m HSHn\)J\OH o
o
n=1,4,09
and LA

Figure 25: Reaction scheme for the ligand exchange at citratstabilized gold nanoparticles with
mercaptocarboxylic acids.

The exchange of the citrate ligaryy the respective mercaptabaxylic acids proceeds
completely due tdhe stronger affiniy of the thiol moiety to the gold surfa@d the huge
reactanexcessThe binding strength between O and Au is more like an electrostatic interaction
whereas S and Au form covaldagpe bonds The thiol ligand is bound very tightly on the
surface[75, 120] The staility of the nanoparticlestronglydepends on the spacer lengthi-
Mercaptoundecanoic acidUDA) appeared as a very suitable ligand due tadgaliity of
shielding the core with its flexible chaifhe fatty acid chain presumatdyrrounds the surée,

forms a monolayeassembly and stabilizes the nanoparticles. This ability decreases with shorter
chain length.With 6-mercaptohexanoic aci(MHA) the stability in aqueous solution is still
given but the sbrtestligand 3mercaptopropionic aci@MPA) does not stabilize the particles

enough under the reaction conditiarighe ligand exchange
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Figure 26: UV/Vis absorption spectra of gold nanoparticles stabilized different ligands compared to Au
Citrate are shown. For shortchained ligands MHA and LA no stable solution could be obtained.

In Figure 26 the UV/Vis spectra of both ACitrate 14 nm andthe gold nanoparticlesvith the
respective ligands aghown For AuCitrate the maximum appears clearly a Bn. It shifts

to 524nm after the ligand exchange with MUDA. The resulting gold nanoparticles are stable
under atmospheric conditions. For the shorter ligands withaindength of three and six
carbon atoms no stabflispersion in water could beldieved with thein situ exchange. In both
spectra no maximunof the plasmon resonandg observable indicatingggregationof the
nanoparticles. A black precipitaie formed which is also visible with theakedeye.Only for
MHA -stabilized nanoparticless a slight absorbancendicated but no stabilization of the
particles could be adhied. In additiona ligand with a disulfide anchor was also tested. Lipoic
acid (LA) contains wo thiol moieties which cabeattached at the surface giving more stability
for the nanoparticles. A stable colloidal solution with a maximum atn&3lcould be
synthesized via the ligand exchange protocol.

Ligand exchange reactisiwith MUDA at gold nanoparticles with different core sizesre
performed. The snaller 4nm and 7hm gold nanoparticles were transferred into aqueous
solution via twephase ligand exchange reactiothe bigger 14nm and 25m gold
nanoparticles were already disperdedvater andonly modified at the surfaceAll kinds of
nanoparticlegre stable in aqueous solution and no agglomeration is obseindibbted by the

plasmon resonance maxirfligure27).
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Figure 27: UV/Vis absorption spectra of gold nanoparticles with different sizes after the ligand exchange
reaction with MUDA. All colloidal solutions are stable.

Silver nanoparticles and the alloyed compounds vedse tested in the ligand exchange with
MUDA. Again a red shift for the absorption maxima demobserved. The maxima sHiftearly

between both pure gold and silver nanopatrticles.

AU-MUDA 524 nm
14 Al 7:A . MUDA 499 nm
/ Al 7:AG, . MUDA 473 nm
: AgMUDA 424 nm
>
© A
> 06 -
o ' 4
c
3 —— AU-MUDA
g 0.4 1 ——Au-Ag 2:1 MUDA
——Au-Ag 1:1 MUDA
0.2 - |
\ Au-Ag 1:2 MUDA
. — Ag-MUDA
300 400 500 600 700

Wavelength / nm

Figure 28: UV/Vis absorption spectra of Au/Ag alloy nanoparticles after the ligand exchange with MUDA. All
colloidal solutions are stable. The spectra are normalized for better comparison between the different alloys.
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SinceMUDA -stabilized gold nanapticles show excellendtability, a ligand withsimilar chain
length buta terminal alcohol group was also tested. Unfortunatel§1-mercaptoundecanol
(MUDOL) is only barely soluble in water even under basic conditions and the resulting gold
nanoparticlesagglomeratemmediately The absorption speet show the differences at the
plasmon resonance maximu(figure 29). However with a sulfated hydroxyl groughe
solubility and stability of the gold nanoparticlesn water is good.Within two steps
11-mercaptoundecanaian be sulfate@MUDOLS) with SOMMF in good yields and coupled

to thesurface of gold nanoparticles (see publication chapfd).

141 Au-Citrate 524 nm
12 - Au-MUDA 525 nm
5 Au-MUDOL  xx
o 19 AWMUDOLS 525nm
(O]
S 0,8 -
_8 = Au-Citrate
5 06 -
g a " —— AU-MUDA
' \ Au-MUDOL
0,2 -
\ Au-MUDOLS
0 T T T 1

400 500 600 700 800
Wavelength / nm

Figure 29: UV/Vis absorption spectra of gold nanoparticles after the ligand exchange with MUDA, MUDOL
and MUDOLS. No stable solution of alcohcterminated nanoparticles could be obtained.

Three different sizes of gold nanopads were synthesized with MUDOLS at the surface.
After the ligand exchange the plasmon resonance of all three types is still visiléxlagiifted

compared to the precurs@igure30). The colloidal solution is stable in water.

39



Gold Nanoparticles

1 _

0,9 - AGMUDOLS fim 522 nm
0.8 - AFMUDOLS4 nm 525 nm
e AFMUDOLS 25 nm 528 nm

5 0.7 1

> 0,6

(&)

€05 -

o)

5 0,4 -

8

< 0.3 1 Au-MUDOLS 7 nm
0.2 -
o1 —— AU-MUDOLS 14 nm

’0 —— AU-MUDOLS 25 nm
400 500 600 700 800

wavelength / nm

Figure 30: UV/Vis absorption spectra of gold nanoparticles with different core sizes after the ligand exchange
with MU DOLS. All colloidal solutions are stable.

Besides MUDA also LA anchoring with two sulfur atoms at the sursaosved good colloidal
stability. Following the idea to stabilize the nanoparticles with a bidentate anchor the
dithiocarbamat€DTC) linker is auseful igand Due to its simple synthesis it gained attention
for the functionalization of metal nanoparticléisis formedin situ from CS, and an amine and

can be directly coupled to the gold nanopartid&21] DTCs are unstable in their acidic form
and are often prepared as metalts under strong basic conditiofik22] Primary as well as
secondary amines can condense with. T8e ligands have a stronger affinity to gold surfaces
and form stable conjugateld.23] Thus this methodllows fora wide variety of conjugation
with biomoleculescontainingan amine moiety The methodhas beenused for dopamine
functionalization of goldnanoparticles which can bapplied in sensoring, detection and
quantification of small molecule§l24], [125] Not only gold nanoparticles but also quantum
dots can be functionalized in the same way with this me{i@é] Compared to the previously
used alkyl chained linker this can be seen asralengthlinker which binds the biomolecules
close to the surface. For s ome -amindabgyricaacid i ons t hi
(GABA) aspacer can be placed between surface and biomol#ocde. be linked to CSia its

amino functionality andhe carboxylic acid is free for further coupling stépgure31).
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Figure 31 Reaction scheme of the formation of DT@nchors followed by the ligand exchange at citrate

stabilized gold nanoparticles.

The intermediate product of GABAnd C$ was formedin situ in aqueous solution with
ultrasonic treatment. It was not characterized but added directly to gold nanoparticles
functionalized with citratewhich weresynthesized separately via tfiarkevichmethod.The

ligand can be exchangeasilyusing this method andhi¢ newly formed conjugates are stable in
agueous solution due to the free carboxylic acid moiety. UV/Vis spectra before and after the

reaction are shown iRigure32.

1,4 - .
Au-Citrate 522 nm

1,2 - Au-DTCDA 543 nm
g 1 AUDTCGABA 526 nm
B P ——
20,8 -
1]
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[%2]
Q0
<04 — Au-Citrate

0,2 - = AU-DTC-GABA

0 : : : . Au-DTC-DA
400 450 500 550 600

Wavelength / nm

Figure 32 UV/Vis absorption spectraof gold nanoparticles after the exchange with DT@igands.

The maximumshifts slightly indicating the modification at the ligand shell. Th@noparticles

are still dispersed and did not suffer in size. The DTC linker was also tested with dopamine

41



Gold Nanoparticles

representative faanamine reaction. The UV/Vis spectrum shows a larger shift of the maximum
indicating a growth of the particles. Due to thesbaty of dopamine towards oxidatipthe

reaction was done under argon atmosphere in degassed water. Nevertheless autooxidation might
occur. This problem will be discussed in detail in chapt&d where gold nanoparticles
functionalized with biogenic aminese presentedn general multidentate ligands enhance the
longtime colloidal stability of nanoparticles in comparisomtonodentate ligand$127] The
bidentatelipoic acid (LA) ligand can be compared to DTGABA ligands due to nearly the

same chain length and the free carboxylic acid giving simiéer solubility properties.

4.5 Gold Nanopatrticles with Positively Charged Ligands

Besides the already mentionegkercaptocarboxylic acid terminatdiand shellsalso gold
nanoparticles with a free amine moiety were synthesized. Free amino groups csermasas
an anchor foligands via peptide bond formation for multivalent presentation.

The first attemptfor the preparation of amine functionalized gold nanoparticles was a ligand
exchange reaction withl-acetytysteamine (NAc-CA) at citratestabilized g@ld nanoparticles
followed by deprotection, whictvas dondlirectly after thecouplingreaction(Figure33). The
major advantage of this synthetic stratégyhe size control of the particles. This can be set in
the synthesigoute after Turkevih. Moreover ligand exchange reactions with functionalized

thiols are favored andtherefficient. InFigure33the reaction way ishown.

TMAH, HZO N NH,
C RT, o/n S/\/ \H/ S/\/
o]

Figure 33: Reaction scheme for the ligand exchange witNAc-CA at Au-Citrate followed by deprotection of
the amino moiety.

The first step of ligand exchange proceeds completely and the redWangtytysteamine
functionalized gold nanoparticles are stable in aqueous solitmmeverthe deprotection of

the amine group could hberealized even if dfferent methods were testetigbles).
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Table 5: Reaction conditions for the deprotection of the amino moiety at goldanopatrticles.

Reagent pH value result

NaOH, RT >10 No deprotection
NaOH, reflux, 24 h >10 Slight deprotectior]
NaOH, reflux, 3d | >10 Slight deprotectior
4 M HCI, RT <4 NP not stable

Reaction under basic conditions gave only slight deprotection afterd@iyegeaction in acidic
media destroyethe stability ofthe nanoparticles. Any other deprotection methods in organic

solventswere not possible due to the aqueous media needed.

Ligand exchange reaction witltysteamine (CA), 2-aminoethanthiol, gave immediate
agglomeration of the nanoparticleNevetheless there are some synthetic routes gold
nanoparticles with cysteamine known in the literat{#6, 128, 129Most of them refer to the
work by Niidome et alabout the preparation of amine modified gold nanoparti{®dg.They
report the synthesisising HAuCl;, CA and NaBH under atmospheric conditionselding
30nm nanoparticlegFigure34). A reproduction of theseesults under the given conditions was
not possible. The resulting nanoparticles welatively monodisperse but squared, the mean

diameter was about 50n.

NaBH,
HAUCL, + e~ NHp — 29 @ A NH
4 HS 30 min S

Figure 34: Reaction scheme for the synthesis of gold nanoparticles with free amino moieties.

In the following reactiorconditions werevariedto obtain smaller nanoparticles. The influence
of reaction temperature and molar ratafghe reactants wertested.Heating to 40 °C gave no
improvement but at 80 °C and 110 °C nearly monodisperse but still sqgadedanoparticles
were formed Figure 35).The molarratios of gold precursor arttie ligand given in the paper
were 1:1.5 withonly a ratio of 0.002 for the reducing agent NaBThis resulted in stdike

squared nanoparticles matherpolydisperse.

43



Gold Nanoparticles

80 °C 110 °C

Figure 35: Variation of the reaction temperature for the synthesis of aminestabilized gold nanopatrticles.

The variation of molar tés did not result in any monodispersanoparticles. The size
distribution was verproadand a mixture bboth small and bigger nanoparticles was achieved
whenthe amount othe reducing agentvas increasedFigure 36). The high diversity in size

can also be observed when NaB#lused as reducing agent in eustShiffrin method [19]

Also cysteamineloes not seero be the best ligand for the stabilization of the nanoparticles as
can be concluded from tberesults. The system is also highly jdpendent due to the free

amino moiety.

Figure 36: Variation of the molar ratios for the synthesis of aminestabilized gold nanopatrticles.

Even if nearly monodisperse gold nanoparticles could be obtaitetligher reaction
temperatureshe synthesis itselieeds to be further optimizeBurther @rameters have to be
found to adjust the diametef thegold nanopatrticles. &ertheless cysteamine is promising

ligand for functionalization of gold surfaces. The linker itself can be built separately and then

immobilized at the surface.
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4.6 Mixed Ligand Shellson Gold Nanoparticles

Interactions of anoparticlesvith their environmenare mainly influenced by theropertiesof

their surface andhe functional group®f the ligand shellThese properties can be tunedtty
choiceof the ligandsA particle shell with (two) different ligandsiay thus combine different
properties, eg. hydrophobic and hydrophilic properti¢$30] Portill a et al.presented a simple
synthesisapproach for mixed ligand monolayers by adding different concentrations of precursor
ligands to the nanoparticle soluti@md solubility and stability in different solventsasthus
beenachievedn this way For multivalent presentation of active molecules a surface with only
partial functionalization anthereforea reduced density is interesting. It could be shown that the
density of active moieties is an important parameter and does have an influence on the potency
of multivalent interactiond107] This concept can be appliéar gold nanoparticles with citrate

ions at the surface and the ligand exchange with thiolate ligands. The idea waslifp tine
surfacewith less than 10 coveragewith carboxylic acid anchors butill ensung water

solubility, to investigate whether the degree of coverage has an effect on the interactions.

- HS%OH

avnrnn @ HS” ), 0SO Na

Figure 37: Surface structure ofgold nanoparticles with two different ligand containing either carboxylic acid
(MUDA) or sulfated alcohol (MUDOLS) termination.

Both MUDA and MUDOLS functionalized gold nanoparticles exhibit excellentilgyabn
agueous solution. For coupling with biomolecules ofige carboxiic acid moieties are
relevant and the active surface can be thinnedlogand exchange reaction was performed
with two different ligands. Stoichiometric mixtures of both MUDA avidDOLS were added
to citratestabilized gold nanoparticles and stirred at room temperafive. different gold
nanoparticles were obtainedrigure 37). The solutions were dialyzedgainst waterand

characterized with UV/Vis, DLS andetapotential analysis As the diameter of the
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nanoparticles did not change no characteristic shifts are observable in the UV/Vis spectra

(Figure38).
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Figure 38: UV/Vis absorption spectra of gold nanoparticles with a mixed ligand shell of both MUDA and

MUDOLS are shown. All colloidal solutionsare stable.

The composition of the ligand shell walsacacterized viazetapotentialanalysisbecausehe

surface modifications can be monitored e change ofthis value The zetapotential

describes the electrostatic potential near the cairfd particles in solution. ldepends on the

ligands terminating the shell. Compared to citistgbilized gold nanoparticles the values for
the potentialof MUDA and MUDOLS are higher. For both AMUDA and ArMUDOLS it

differs significanty. The potentials othe mixed ligandshell nanoparticles correlatmearly

(Table 6). With increasing content of negatively charged MUDOLS the value rideS.

measurements show slightlifferent diameters of the nanoparticles in solution.
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Table 6: Zeta-Potential measurements of gold nanopatrticles with different mixed ligand shells.

Type Shell dhydr/ nm g potential / mV Conductivity / pS/cm
Au-Citrate - 17+3 -28+ 6 1.11
1 Au-MUDA 1.0 24+7 57+ 17 8.91
2 AU-MUDA/OLS | 2:1 344 -58 + 23 0.67
3 Au-MUDA/OLS [ 1.1  38+4  -63 112 0.58
4 AUMUDA/OLS | 1:2 324 -68 + 12 0.55
5 Au-MUDOLS 0:1 19+3 -70+£13 0.23

Functionalizationthrough coupling ofbiomoleculesto the nanoparticlexould be usedo
evaluate the effect of coverage. The concept calsiobe transferred tother ligands building a
buffer system which might lead to expanded stability in aqueous solution under different pH

values.

4.7 Functionalization at the Ligand Periphery

After the synthesis fothe gold nanoparticlesunctionalization of thefree carboxylic acid
moiefies was performed. Peptide coupling usirggn amine or a biomolecule with an amino
moiety can beconducted There are two strategies of functionalizatiduall functionalized
ligand synthesis prior to reaction with gold nanoparticles using ligand exchange or step by step
reactionsat the peripheryBoth pathwayshave advantages and each ligand system has to be
evaluated independently. Complex molecules are better to be synthesized sepeariataily

due torequired comprehensiveharacteration of the organic structureéCoupling at the
periphery in solution includes simple work up via dialysis but needsstafliilization of the
nanoparticles during synthesi¢-Hydroxysucchinimide (NHSYr the sulfonated analoguard
1-ethyl-3-(3-dimethylaminopropyl)carbodiimidgd EDC) are used to prepare amirgactive
esters in soligphase immobilization applications. Bo#re soluble in aqueous and organic
solvents and in the presence of carbodiimides they form a-siabhie NHSester with
carboxylates. It hydrolyzes within hours depending on the pH of the reaction solution but it is
sufficiently stable for a coupling prog® in solution[131, 132]Reaction of the -@cylisourea

with amines is also possible but with less yield.
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Figure 39: Reaction pathway of the formation of the stable amide bond between carboxylate and amine
mediated by EDC and NHS. A: unstable reactive-acylisourea ester, B: semstable aminereactive NHS ester,

C: stable amide bond.

Au-MUDA nanoparticles were mixed together with NHS and EDC under the addition of NaOH
and the active ester was formdelgure 39). Purification and isolation of the product was not
possible. AUMUDA-NHS is not stable enougim aqueous solution. To obtain actigster
coordinated nanopatrticles the linker has to be syntéasind then coupled onto the surface of
nanoparticles dispersed in organic solvents like DMF. These particles can be coupled with an
amine and then transferred into aqueous solutid33] Dode@nethiotstabilizd gold

nanoparticles can serve as precursor material.

o NHS, EDC o©
/\HJJ\ NaOH /\ea)l\ _N
S g OH —————— S e 5

Figure 40: Formation of Au-MUDA -NHS active ester in solution. The product is not stable and hydrolyzed

within hours.

As theactive esters stable for only hours coupling with the respective amine has to bardone
situ. An equivalent of amine can be added to the reaction solution and the amide bond forms
immediately(Figure40 & Figure41). To ensure full reaction anothequivalent oNHS, EDC

and amine is added after two hours. After that the solution is purified via dialysis against water.
For the stability of the resulting nanoparticles a basic pH is needddMAH or NaOH are
added.
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o amine, NHS CI)
EDC, NaOH
H

Figure 41: Coupling of amines to MUDA-functionalized gold nanoparticles bya NHS/EDC mediatedreaction.
The resulting nanopatrticles are stalte in aqueous solution.

4.8 Functionalization with Bioactive Amines

Gold nanoparticleswith a free carboxylate groupvere functionalized withfour different
neurotransmittersbioactive amines responsible for communication between éatisirg 42).

[134] Histamine, dopamine and serotonin are biogenic amines derived from amino acids by
decarboxylation.Carbachol is structurally similar to acetylcholine and a stable derivate. It binds
to acetlycholinic receptors arattsasa cholinergic agonist. Because of its amino moiety it can

be coupled to the gold nanopatrticles in the same way dsatyenic amines. All four types are
frequently found in organism8y binding onto the surface the free amino group gets coupled
and can no longer participate in receptor recognition. Only a simplified binding moiety is
available for the interaction, buteweral studies proved this to be sufficient for specific

interactions[110]

Immobilization of neurotransmitte on gold nanoparticles idtle explored and the biological
functionality of the conjugateseven less.The amines were coupled ontol4 nm gold

nanoparticlesvith a carboxylicacid terminated shell via the EDC/NHS mettiBayure 39).

NH2 NH2 NH2

N HO 9 |
~

S N
</ | HN HZNJ\O/E/@\

HN HO Cl
OH
Histamine HA Dopamine DA Serotonin 5HT Carbachol CB

Figure 42: Bioactive amines histamine, dopamineserotonin (5hydroxytryptamine) and carbachol.

Immobilization of the amines was accomplished in aqueous solution. Mub&ionalized

gold nanoparticles were mixed with EDC/NHS and NaOH forming the active ester.
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Subsequently the bioactive amine was add&l chemicals were added iarge amounto

ensure complete coupling of the free carboxylic acid.

1 -
0.9 AUMUDA 526 nm
0,8 - AF-r-MUDAHA 528 nm
. 0.7 - AU-MUDADA 527 nm (flat)
3% AUMUDASHT 528 nm
3 0,6 - AF-MUDACB 532 nm
[&]
0,5 -
2 —— AU-MUDA
S04 -
< —— AU-MUDA-HA
0,3 -
02 Au-MUDA-DA
01 - Au-MUDA-5HT
0 , . . . —— Au-MUDA-CB
400 500 600 700 800

Wavelength / nm

Figure 43: UV/Vis spectra ofgold nanoparticles(14 nm) functionalized with histamine (HA), dopamine (DA),
serotonin (5HT) and carbachol (CB). AuMUDA is plotted for comparison with the precur sor solution.

Coupling with themoleculeshistamine and serotonin gave stabBnoparticlesthe plasmon
resonance maxima are clearly visible in the UV/Vis spec@ampared to AtMUDA the
maxima shift only slightly to longer wavelengthOnly the maximum of dopamine
functionalized gold nanoparticles lost its shape indicaicgange of particldispersity Figure

43). Also A-MUDA-CB were stable despite a broadened maximiiis can be explained
because of the positively charged ligand shedponsible for electrostatic interactions between
the nanoparticlesThe colloidal solution is prone to aggregation and the pH value has to be
adjustedat valueshetween 8 and 1@®dditionally, gold nanoparticlesf 7 nm and 251m size

were functionalizd with histamine and dopaminklistamine functionalized gold nanopatrticles

were fully characterizenh the publicatiorchapter4.10
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Histamine functionalized gold nanopatrticles

histamine, NHS

/\H;j\OH EDC, NaOH /\H;?\H/\/[’\?}H

200m

Figure 44: Histamine functionalized gold nanoparticles withthree different core sizes: reaction scheme and
TEM images. A drgy = 7.320.9nm, dyygr = 11£2nm; B dygy = 14.7+ 1.2 nm, dyyg, = 26+ 6 NM;
Cdrgw =25.72 1.2 nm, dyyg = 32+ 8 nm.

Histaminefunctionalized gold anoparticles were synthesized witiree different core sizes
(Figure44). All threecoresizes are suitable for biological applicatiolmsthetests of biological
functionality the effect of the mean diameséallbe investigated. The relative number of active
epitopes depends on the surface provided fonobilization and should effethe potency of
the nanoparticlesThe histamine functionalizedold nanopatrticles are staléde aneutral pH
valuein contrast tothe other gold nanoparticles which need basitditmns. This might be

explainedby to the buffering capacity of the imidazole moiety.
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Dopaminefunctionalized gold nanopatrticles

0 dopamine, NHS 0 OH
EDC, NaOH |
S 5 OH —— S f N OH
H

Figure 45. Dopamine functionalized gold nanoparticleswith two different core sizesreaction scheme and
TEM images. A drgy = 7.8+ 1.2nm, dyyg, = 922 nm; B drgy = 152 1 nm, dyyg, = 26+ 6 M.

Only for dopamine functionalization transformation of the nanoparticles was observed. After
somehours the nanoparticles agglomerate and the solutiomdrown, butis still clear.
Figure45 shows a TEM image after the functionalizatibiMR aralysis confirms immobilized
dopaminemoleculesat the gold nanoparticles (see Experimental Sectibhg. brown color
arises from the formatioof polydopamine(Figure 46). The catechol moiety of dopamine is
oxidized to a quinone undexerobic conditions and intramolecular cyclization takes place.
Another oxidative step and isomerization leads to adBygdraxylindole, which can theie

oxidized to the analogue quinone.
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oxidation H
HO (+ 2H* +3¢) j/»::'\/\ cycllzatlon HO N N
HO NH, HO
dopamine dopamine quinone leukodopaminechrome o
oxidation
(+2H"+3¢)
H oxidation H H HO
o N (+2H*+3e) HO N isomerization © N =N
- or -
y/ / - o
o HO (0)
5,6-indolequinone 5,6-dihydroxylindole dopaminechrome

Figure 46. Mechanism of the formation of polydopamine under aerobic conditiond135]

The surface of the nanopatrticles is coated with the polymehbéytarestill watersoluble.This

is formed when dopamine is exposed to asmobic environment in solutionOxidation to
quinone andritramolecular cyclization leadto 5,6indolequinone which appears brownish.
forms a norcovalent polymer with supramolecular aggregatid35] NMR analysis of the
ligand shell did not indicate a polymeric layer but only signals fromdhilized dopamine. No
further investigations on this phenomenon weegformed The synthesized gold nanoparticles
with dopamine athe surface were tested tbeir biological functionality.

There are some applications for doparinatedinorganic and manic materials[136] Noble

metal nanoparticles can be used as optical sensing agents for the detection of ddpamine.
Dopamine caralso serve as reducing agent[138] Besidesthe amino group dopamine also
contains a catechol moiety. This functional group can also interact with surfaces; the reversed
anchor has a free amino moiety where biomolecule can be attached. Iron oxide nanoparticles
can be synthesized or functionalized this method[139i 141] Gold nanoparticles were used

as synthesized for the biological applications.
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Seraonin functionalized gold nanoparticles

serotonin, NHS le) NH

o)
0 /\ﬁj\ EDC, NaOH Q | |
COH ————— » s LN

OH

200
e

Figure 47: Serotonin functionalized gold nanoparticles: reaction scheme and TEM image. Diameter
drem = 14.12 0.9nm, Gyygr = 16+ 4 nM.

Gold nanoparticles with serotonin were also synthesizepire47 shows a TEM image of the
nanoparticles after functionalizatiomhe hydroxylated indamine backbone is algmonefor
oxidation and all reaction steps were performed in degassed waterdercatgon atmosphere.
No change in color of the solution was observable. The plasmon resomamaaum clearly
appears at 528m (Figure 43). With NMR analysisimmobilization of serotonin at the gold

nanoparticlesurface can be confirmed.
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Carbachol functionalized gold nanoparticles

(o) carbachol, NHS oI |
EDC, NaOH [CINT
J]\ /\/N\
OH S N (®)
° ° H ci®

2 -

Figure 48: Carbachol functionalized gold nanoparticles: reaction scheme and TEM image. Diameter
dTEM =14.5+0.7 nm, dhydr =17+ 6nm.

Gold nanoparticles were also functionalizedhwhe small molecule carbachol. It is a derivate
of acetylcholine and can be appliedaadrug for the activation of acetylcholine receptors. The
moleculepossesses positive charge at the quaternary amine. Immobilization is difficult due to
repulsion between the nanoparticlegyure 48 shows a TEM image of the gold nanoparticles
after the functionalization indicating no difference in particle size and dispeSityhe
immobilization on gold nanoparticles wasdeed successful. NMR analysis confirms
immobilized carbachokt the gold nanopatrticles (see Experimental Sectiomg. to interaction
with the material ofthe dialysis tube purificatiomust be done carefully. ifie for dialysis
should not be longer than 1 hour afedrich the sampléhas tobe transferred into a new tube.
The functionalized gold nanopatrticles should be stored in an Eppendorf cup. This phenomenon
could also bebservedvith the aminemodified nanopdicles also inheriting a positive charge.

Interactions with both the dialysis material and glass vessel could be observed.
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Functionalization of amine-modified gold nanoparticles

OH

L-Dopa, NHS o NH
EDC, NaOH
; N
o}

Figure 49: L-Dopa functionalized gold nanoparticles: reaction scheme and TEM image. Diameter
drem = 30.7£7.2nm, dygr =45+ 9 nm.

Coupling partners for gold nanoparticles with free carboxylate moieties need to possess either
an amino group for peptide couplingam alcohol group for esterificatiowice versa, active
molecules with a free carboxylic acid moiety ca@ @oupled on gold nanoparticlebut
requirement for the nanopatrticles is a free amino moiety. As mentioned previously nanoparticles
with a positvely charged ligand shell are relatively instable and particle growth is difficult to
control. Yet the synthesis of 30n gold nanoparticles with sgamine at the surface was
successful.Structurally amino acids arevery similar to the biogenic aminebecause they
possess both a carboxylicoupand an amia group Subsequent reactiaf amino acids results

in peptides which are coupled via peptide (amide) bonds. The immobilizatismcbtmall
peptides on gold nanoparticles is also an interesting dietésearch[142] Here L-Dopa was
coupledsuccessfullyto the amindree gold nanoparticles successfulygure49 shows a TEM

image after functionalizationand NMR analysis confirmed the immobilization e
Experimental Section). Onceg@n a brown coloring of the solution was observed resulting

from theautooxidation of the catechol moiety.
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4.9 Biological Functionality

The biological functionality of théour synthesized gold nanoparticles was testeékie many

other bioactive substanceéBe neurotransmitterexert their effects by binding to receptors
located at the cell surfac&he native ligands, molecular histamine, dopamine, serotonin and
carbachol, address their particular receptors and subunits. The newly developed conjugates of
ligand andgold nanoparticle wereéested forthe same effects and compared to the native
analogues where applicabltnvestigations on the ability to induce chloride secretion at
receptors on a tissue were done in the research group of Prof. Marin Diener, Institute for
Veterinary Physiolog at the Justukiebig-University Giessen.Gold nanoparticles were
administered to rat mucosa mountedamUssingChamber. When receptors are stimulated an
increase in chloride secretions tak@ace and a rise ithe short circuit I¢) is observed.
Histamine functionalized gold nanoparticlesere tested with three different core sizéd.

types were able to stimulate the receptors but for the biggem28anoparticles the signals
were unstable and too low for evaluation. BothnT and 14m gold nanopdicles clearly
induce a chloride secretioAfter the addition of the gold nanoparticles the tissue is treated with
the secretagogue forskolin. The cAMPBpendentstimulator is a messenger for proper
biological functionality. As it induced a prompt rise s the tissue is not harmed by the
nanoparticlesThe results from 14m gold nanopatrticles with histamine were publishe@rig.

Biomol Chem (see chapter 4.10Jhe doseeffect curve of fim gold nanopatrticles is shown in
Figure50.

Isc (REq/h/cm?)

0 20 40 60 80 100

time / min

Figure 50: Au-MUDA -HA 7 nm at the serosal side induced a timéependent increase in thed}, forskolin was
addedfor the control of proper biological functionality; each peak is an additiorof gold nanoparticle samples

Five different samples were tested.
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To verify the signals only coming from histamirexeptor interactions the gold nanoparticles
with a free carboxylate moiety were tested. UnfortunateRMAIDA also evokes amcrease in

Isc (Figure 51). Gold nanoparticles without derivatized neurotransmitter are able to stimulate
receptors. Still, activation concentrations are lower when multivalently presented. Gold

nanoparticles with a sulfated epitope were used to verify the signals. Indeed they are only
evoked by multivalently presented histamine.

15
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=
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(¥ ¥ ]
& 5 [) v
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time / min

Figure 51: Au-MUDA at the serosal side induced a timedependent increase in4, forskolin wasadded for the
control of proper biological functionality; each peak is an addition of gold nanoparticles-our different

samples were tested.

Gold nanoparties with dopamine wertested fortwo different sizes(Figure 52). Again the
colloidal solution was added at the serosal sid@ the increase iR.MWas measured. Bothrifn
and 14nm gold nanoparticles were not able to induce chlosieleretionat the adrimistered
concentrationsAs seen in the results for histamioceated gold nanoparticles the concentration

of effective active moieties is sufficient for the receptor activatidre addition of forskolin
confirmed the viability of the tissue.
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Figure 52 Au-MUDA -DA 7 nm (left) and 14nm (right) at the serosal side induced a time dependent increase
in |4, forskolin was added for the control of biological functionality.

One possible explanation for the absent signals might be the autooxidation of the catechol
moiety. Both colloidal solutions turned brown after exposure to air which indicates the
formation of the quinone. Nevertheless there was no cyiclizaisible in the NMR spectra, up

to now ro further experiments were donepimvethis assumption

47 30 min

Isc (LEq h-1cm-2)

EER -

SR B }

100fM 500fM 1pM  5pM 10 pM

Au-MUDA-5-HT

Figure 53: Au-MUDA -5HT at the serosal side induced a timélependent increase in Isdforskolin was added
for the control of proper biological functionality; each peak is an addition of gold nanoparticles. Foudifferent

samples were tested; n=7.

Serotonincoated 14 nm gold nanoparticles were also tested for the activatiomegkptors
(Figure 53). They induce a concentrati@iependent increase in thg &s did the histamine

coated. The signals correspond more ljikeo chloride secretion. Sinceative serotonin
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activatedifferent receptor types no definitéassification can be madem results.Compared

to native serotonin the concentrations for activation are much lcatemanomolar
concentrationsAgain multivalent presentation of the active moietthanceghe inteactions.
Serotonin receptorbelong to the group of G proteaoupled receptors and ligaigated ion
channels and found in ®ariety of organisms. Serotonin plays diverse roles in normal
physiology, including for example developmental, cardiovascular, ragatgtstinal, and
endocrinal functions[143] Studies on multivalent effectsn the activation of the 84T»-
receptor showed enhanced activity for bivalent ligafi#$4] Dendrimeric ligands also showed
enhancedffinity at the 5HT; receptor[145] These are examples for multivalency enhancing

activities of natural processes.

Last but not least abacholcapped 14 nm gold nanoparticles were tested. The stable
actelycholine derivative showed excellent affinity to the receptors. The results were compared
directly to native carbachol (Figure 54). Both Au-MUDA-CB and native CB induce a

concentratiordependent increase i torresponding to chloride secretion.

8,0 -

30 - 7,0 - +
251 ®0 1
§ 2,0 0
= | / 40 -
o 151 30 ]
g | N
= 10 20 -
2
< 051 0

0,0
0,0 -
0 2 4 6 8 10 0 0 20 3 40 50
Au-MUDA -CB (x 10* mol/L) Native CB (x 10° mol/L)

Figure 54: Au-MUDA CB induced an increase in the {, native carbachol induced an increase in theat

different concentrations; n = 6.

The observed activation concentrations are in picomolar, nearly halfiesas for the natie
analogueA nearly equivalent response is evoked IpM. potency between AMUDA-CB in
comparison to 506M native B indicating a strong increase otency(Figure55). The dfect
of these gold nanoparticles is again supported by the multivalent presentation. The high local

density and the special arrangement allow simultaneous binding which estiene#ects.
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Figure 55: Potency of AUMUDA -CB versusnative carbachol; an equvalent potency between AtMUDA -CB
and carbachol was obtained at pM Au-MUDA -CA and 500nM CB.
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Abstract

Colloidal gold nanoparticles with a functionalized ligand shell were synthesized and used as
new histamine receptor agonists. Mercaptoundecanoic acid moieties were attached to the
surface of the nanoparticles and derivatized with nativarise. The multivalent presentation

of the immobilized ligands carried by the gold nanoparticles resulted in extremely low
activation concentrations for histamine receptors on rat colonic epithelium. As a functional
readout system, chloride secretion régy from stimulation of neuronal and epithelial
histamine H and H receptors was measuredUlssingchamber experiments. These responses
were strictly attributed to the histamine entities as histasfnee particles AtMUDOLS or the
monovaent ligand AGMUDA-HA proved to be ineffective. The vitality of the tissues used
was not impaired by the nanoparticles.

Introduction

During the past 20 years, the number of applications of-reammicrodevices in the fields of
biotechnology and biomedicine has beecreased drasticallyf3, 146] Most promising tools

are nanoparticleg147] They represent nanoscale materials with unique chemical and physical
properties due to their size. These are for example optical absorption (metal nanoparticles),
photoluminesence (semiconductor quantum dots) or magnetic behavior (iron oxides). Their
applicability derives not only from the fact that their dimension range is in the size of some
biomolecules like proteins or receptors, but also that through simple surfacecatamtifa huge
variety of interactions can be achieved. The basic requirement for every application is the
proper surface functionalization of the particles, which determines their interaction with the
environment. In this study we chose gold nanopartiakes® template because of their well
known synthesis and functionalization with small moleculéd, 112] Moreover they are
biocompatible. We took these particleamd applied the concept of multivalency for the
interaction with biological tissue. Multivalent presentation of immobilized ligands is a common
concept in ligantireceptor interactions and can result in high affinities of ligands that possess
only moderatebinding constants in a similar concentration range when they are presented in
their monovalent form[105, 106, 148]Simplifying binding structures reduces the synthetic
complexity of the molecules immobilized on the nanoparticles and hasltfamtage of being
synthetically well accessible. Multivalent carriers can either inhibit or activate biological
processes in a different way than the monovalent analogue. Usually the effective concentration
is much lower][110] There are only few examples where this concept is appheckceptdr

ligand interactions with neurotransmitteRaolino et al.synthesized dendrimeric tetravalent

ligands for the activation of liganghted ion channeld145] Indeed they found activation
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concentrations in the low picomolar ran@aada etl. synthesized gold nanoparticles coated
with histamine and applied the conjugates for enzyme activdtidi] They also found an
enhancement of the activation properties for these conjugates. Mediators such as histamine are
key regulators of physiological processes such as ion transport across epithelial barriers.
Chloride secretion is @nof these processes occurring for example at the colonic epithelium.
[149, 150]Such a secretion can be activated via stimulation of histamiaaddor H receptors

as previously showrj151i 153] The receptor activity can also be blocked by inhibitors, which
are wellknown for the histaminic receptors. Mediators or neurotransmitters represent an
interesting class of bioactive molecules and yet there is miy sba multivalent ligand
presentation on biological systems. In this paper we report the immobilization and multivalence
of the biogenic amine histamine on gold nanoparticles as well as its biological function in

receptor activation.

Results and Discussio
Synthesis of the gold nanoparticles

By attaching histamine derivatives on gold nanoparticles we developed a new conjugate for the
interaction with compatible receptors. Water soluble gold nanoparticles with a terminally
functionalized thiol shell were gpared and used as a scaffold for the multivalent presentation

of histamine. Gold nanoparticles with an average diameter ofnldvere synthesized by a
modification of a welknown method developed Byrkevichet al. (Figure56). [16, 116]In an
agueous solution Au(lll) was reduced by sodium citrate which serves not only as reducing agent
but also as a ligand to prevent aggregation of the formed patrticles. Even if the solvent is limited
to water or polar equivalents lil®MSO, the resulting size of the particles can be defined by the
molar ratios of the starting materials, the reaction temperature and time. By this method, gold
nanoparticles with a diameter of twh (NP 1,Figure56) could be obtained. Depending on the

size of the particles, the surface is coated with several thousand ligands with respect to the steric
demand of a single ligan@he resulting nanoparticles atabilized by electrostatic repulsion of

the negatively charged citrate ions adsorbed on their surface. This layer can be easily replaced
by ligands with a stronger binding affinity, such as for example thjé®. 118] Thus, in a

second step the ligand shell was substituted by a bivalent ligand. Bivalent ligands give access to
further functionalization steps at thigdnd periphery. One end binds to the surface and gives
stability to the particle whereas the other end is exposed to the solution. Depending on the free

moiety, the particles possess different stabilities at different pH values.
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Figure 56: Synthetic procedure for gold nanoparticles with a mean diameter of 14 nm (NP 1) followed by
ligand exchange with 1imercaptoundecanoic acid (NP 2) and functionalization with histamine (NP 3, Au
MUDAT HA). Double arrows at the Au core representhe ligand.

There is a wide variety of ligands suitable for exchange still providing stability in aqueous
media. Often poly(ethylene glycol) (PEG) is used as a ligand as it provides enough colloidal
stability and reduces nk B Gy le a t-ifirctiodalized thiolr pt i on
surfactants with free carboxylic acid groups are a versatile type of ligand and are often used in
agueous solutionThey offer an additional anchor point for further attachments of biological
molecules. Herein we chosd-fnercaptoundecanoic acid (MUDA). On the one hand, a new

bond between Au and S with high affinity is built upon transfer, ensuring a complete
replacement of citrate due to strong binding affinities. On the other hand, the free carboxylic

acid can serve aan anchor for further coupling reactions with amines. In addition, the long

alkyl chain provides enough flexibility for the active moiety to interact multivalently with the
receptor. The ligand exchange with MUDA giving NP 2 proceeded completely andtdatied

in the infrared (IR) spectra Kigure 57). The final step towards the fully functionalized
nanoparticle was accomplishedby peptide coupling with EDC {&thyl3-(3-
dimethylaminopropyl)carbodiimide) and NH®-bydroxysuccinimide). The free carboxylic

acid is activated by EDC and forms with NifSsitua s o cal |l ed OGactive este

with amine moieties of. g. amino acids or peptides.
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Figure 57: IR spectra of (a) Aui Citrate NP 1, (b) Aui MUDA NP 2 and (c) Aui MUDATHA NP 3; vibration for
the amide bond is found at 164tm' .

Although the prepared NHS ester is sufficiently stable for the reaction, it hydrolyses within
hous depending on the pH of the reaction solution. To ensure the coupling, another equivalent
of histamine, EDC and NHS were added after two hours. The excess of coupling agents and
byproducts of the reaction were removed by purification with dialysis agaater (MWCO

3500, three times). The characterization of the synthesized and functionalized nanoparticles NP
1i 3 was performed with different methods. For the characterization of the core transmission
electron microscope (TEM) images, dynamic light scate(DLS) measurements and UV/Vis
spectroscopy were used. The images showrFigure 58 indicate that the synthesized
nanoparticles have mostly a spherical shape; aierage diaeter determined by TEM is

14.0£ 0.9 nm. The hydrodynamic diameter of the nanoparticles in solution obtained by DLS
measurements was determined by 16.7 + 3.0 nm. The absorption maximum was found at
524nm. The position and form of the maximusnalso a hint for the size of the nanoparticles,

as it derives from a distinctive plasmon resonance at the gold surface depending on the shape of
the material. The obtained data confirmed that the average diameter of the particles cores and

the maxima of absorption remained unchanged after ligand exchange reaction and
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functionalization. The slight shift can be explained due to the new ligand. The affinity to a gold
surface is higher for thiolated ligands than for citrate and therefore effects on therplasm
resonance of the particle. Nonetheless, neither the exchange of the ligands nor the purification
via dialysis had an effect on the agglomeration state. Also the functionalization at the ligand
periphery did not alter the particles significantly. In &iddito these methods, the success of the
ligand exchange was verified by IR spectroscopigyre 57). Identification of the newly
formed amide bond at 164h1* gives evidence for the successful coupling. Again the colloidal
solution was purified by dialysis. Unlike the particles with MUDA as ligand shell, the final
functionalization with histamine provides a good stability at physiological pH value and in a
stardard buffer solution for th&ssingchamber experiments (see below). The number of the
ligands at the surface determined by TGA is abouOQ® for 14nm gold nanoparticles,
however determination is difficult due to small amounts of product. In orderdm(it whether

the size of the nanoparticles could be a limiting factor for their properties, two other sizes were
investigated. Following the same synthetic procedure as described above but with different
reaction conditions, 26m nanoparticles were olnad. Also, 7nm nanoparticles were prepared

using dodecanethigirotected particles from tH&tuckymethod as basic materi§26]

intensity
intensity

13 15 18 21 26 30

9 11 13 15 18 21 26 30 36 43 51 13 15 18 21 26 30 36 43 S1
d (hydr) / nm d (hydr} / nm _ d (hydr) / nm

absorbance (a.u.)

e AU-Citrat
Au-MUDA ~
—— =Au-MUDA-HA

350 450 550 650
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Figure 58: (A) UV/Vis spectra of the stepwise fundbnalization of Aui Citrate NP 1, Auf MUDA NP 2 and Aui
MUDATHA NP 3 nanoparticles. (B) TEM images and DLS measurements with values for the distribution of
the hydrodynamic diameters of (i) Au Citrate NP 1 d = 14.0 £ 0.9 nm, g4, = 16.7 = 3.0 nm, (i) AiiMUDA NP
2d=145+%1.2nm, g4 = 24.1 £6.7 nm and (i) AiMUDATHA NP 3 d =14.3 0.7 nm,

dhyar = 19.3%£ 2.9nm; d = diameter.

As a negative control for the biochemical application, gold nanoparticles Rigut€59) with
a sulfated ligand shell were synthesized. We already reported from sulfated ligands for the
inhibition of selectin binding[133] A structurally similar and simple ligand is sulfated- 11

mercaptoundecanol (MUDOLS), which can be immobilized on gold nanoparticles in the same
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way as mentioned before. Again citratabilized gold nanoparticles NP 1 served as basic

material.
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Figure 59: (A) Synthetic procedure for the preparation of Au MUDOLS NP 4, (B) UV/Vis spectra of Au
Citrate NP 1 and Aui MUDOLS NP 4, (C) TEM images and DLS measurements with values for the
distribution of the hydrodynamic diameters of (i) Adii Citrate NP 1 d = 14.0 £ 0.9 nm, g4 = 16.7+ 3.0 nm, (ii)
AuTMUDOLS NP 4 d=14.3 £ 1.3 nm, g 4, = 18.6 £ 2.5 nm; d = diameter.

The sulfaed ligand was synthesized separately and then attached to the surface via ligand
exchange reaction. TEM images, DLS measurements and UV/Vis sgeguee69) indicaed

that the colloidal solution was intact and the nanoparticles were stable. Sulfated nanoparticles
showed excellent stability over a wide range of pH value due to interparticle repulsion through a
negatively charged liganshell. Unlike the unsulfated AMUDA particles they are perfectly
stable at physiological pH.
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Figure 60: Synthesis of the monovalent analogue AEMUDA T HA (3) starting from 11-bromoundecanoic acid
1. Reaction conditions: (a) KSOAc, DMF, 2 h, rt, (b) NHS, DCM18 h, rt, (c) EDC, HA-2HCI, NEt;, DCM, 6 h,
rt.

When looking at multivalent effects, the monovalent ligandFgjure 60) also has to be
investigated. Thus theomplete ligand was synthesized separately. To prevent the formation of

a disulfide bond between two molecules, the thiol moiety was protected with an acetyl group.
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Functionality of the histamine-nanoparticles

From all the synthesized nanopartictddifferent sizes, only the 1dm nanoparticles yielded
consistent effects on sharircuit current () when they were administered to rat colonic
mucosa mounted irJssing chambers. Therefore, this type of particles was used for all
subsequent experimentso Tnvestigte the functionality of the AMUDA-HA nanopatrticles,

their ability to induce chloride secretion was compared with that of native histamine, which
induces a strong chloride secretion across rat colonic epithe[ilbi, 152] Indeed, the
histamineconjugated nanoparticles induced a concentratependent increase lig, which is a
measure for net ion transpaitross the epitheliunfrigure61).
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Figure 61: Aui MUDA T HA (10'** mol I'* at the serosal side, arrow) induced an increase iR(A), which was
almost abolished in the absence of chloride (0 Clblack bar, (B). At the end of the experiments, the
secretagogues carbachol (5 x 10mol I'! at the serosal side, white bars) and forskolin (forsk; 5 x 1&mol I'* at
the mucosal and theserosal side, grey bars, (A &), known to induce chloride secretion, were administered.
Line interruptions are caused by omission of time intervals in order to synchronize the tracings of individual

records to the administration of drugs. Values are mean&gymbols) + SEM (parallel continuous lines), n =i@.

These changes ig. reflect a secretion of chloride ions as they were abolished ifre@l buffer
solution igure 61). However, repetitive administration of these particles led to a
desensitization of the tissu€gble 7). Thus in all subsequent experiments, each tissue was only
exposed once tosingle concentration of the AMUDA -HA nanopatrticles (16" mol I'* at the
serosal side). The tissue conductan@g {vas not significantly changed by the nanoparticles
(10 mol I'' at the serosal side), amounted to 14.4 + 1.87 mS Cmbefore and
14.7+1.96mS cm? after administration of the particles € 6; difference not significant).

Viability of the tissuewas also not impaired by the AMUDA-HA nanopatrticles as both the
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Ca*-dependent secretagogue carbachol (5 ¥ ifbl I'* at the serosal side),e. a stable
derivative of acetylcholing,154], [151] as well as the cAM#ependent secretagagtorskolin

(5 x 10° mol I'* at the mucosal and the serosal side), which stimulates the intracellular
production of cAMP,[155] induced a prompt rise ih. in all tissues Eigure 61). As the
response to histamine evokes chloride secretion invimdtimulation of histamine receptors
located on submucosal neurons, the effect of the inhibitory neurotoxin tetrodotoxain wh
inhibits the propagation of action potentigla blockade of voltagelependent Nachannels, on

the I, evoked by the AAMUDA -HA nanoparticles was investigatdd51, 156]Indeed, in the
presence of tetrodotoxin (fOmol I'* at the serosal side), thig. evoked by AdMUDA-HA
(10" mol '*at the serosal side) onl'ycmdmewnimed to 0.
comparison to 2.92 0.64¢ E kj* cm'?in untreated control tissueB € 0.05,n = 6).

Table 7: Effects of additive concentrations of AiMUDATHA 14 nm on I;cand H; and H, receptors.

Increaseinshot i r c ui t o (ceuE'gec@M t ol

Au-MUDA-HA 14 nm

No inhibitor 1.09+0.48 0.61+0.1%° 0.42+0.1%°

Mepyramine + cimetidine 0.083 +0.04% 0.13+0.033 0.13+£0.02

Cumulative administration of gradually increased concentrationS'(50x 10**, 10 mol I'?,

at the serosal side) of AMUDAT HA induced an increase i, kconcomitant with an obviou
desensitization of the tissue dadicated by the reduceds|response after repeats
administration. Given is the control response in the absence of any inhibitors and the r
to Aui MUDATHA in the combined presence of mepyramine {Ifiol I'* at the serosal side
and cimetidine (10 mol I'* at the serosal side). Values are given as difference to the base
lscj ust before administrati gandaré mearse SEMom =
Different letters (a, b, ¢) indicate statistically homogenous groups (anaf/sigriances

followed by post hoc test of Tukey).

The response to native histamine is mediated by stimulation of histamiaedHhistamine H
receptors. [155] In accordance with that observation, the increase sinevoked by
Au-MUDA-HA (10'** mol I'* at the serosal side) was strongly inhibited by a combination of the
histamine H receptor blocker, mepyramine (f@nol I'* at the serosal side), and the histamine
H, receptor blocker, cimetidine (1moll'* at the serosal siddable 7). Mepyramine is a
substituted ethylamine derivativerhereas cimetidine has an imidazole ring system similar to
native histaming157] Both drugsact as competitive inhibitors of the-gsotein coupled
histamine receptors type[157] and tye 2,[158] respectivelyViability of the tissue was not

altered, as forskolin, the activator of adenylate cyclasg{Sh] evoked an increase iR lof
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11.90+ 1.10¢Eqh’* cm? (n = 6) in the absence and of 10.72 + 1By H* cm? (n = 6,
difference not significant) in the presence of the histam@neptors antagonists.

Controls with histamine-free nanoparticles

In order to make sure that the effects of the nanoparticles are not unspecific artefacts resulting
from the assembly components of the particles, controls were perfogitiet with the
conjugator AcSMUDA -HA or with the sulated moiety AdMUDOLS. As shown irFigure62,

these components failed to induce a riselgin Furthermore, AAMUDOLS impaired the
viability of the epithelium as it prevented the secretion induced by a subsequent administration
of forskolin (5% 10° mol I'* at the mucosal and the serosal side).
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Figure 62: AuTMUDATHA (10', 5 x 10, 10 ° mol I'?, administered cumulatively at the serosal side,
arrows) induced an increase ind. (B) AcS MUDATHA (10'"®x 107, 10 % mol I'%, at the serosal side, arrows)
was ineffective. (C) AiMUDOLS (10'*2, 5 x 10*2, 10 ™ mol I'?, at the serosal sie, arrows) failed to change
the Is. All particles except Au MUDOLS preserved the secretory function of the tissues as they did not impair
the effect of the secretagogue forskolin (forsk; 5 x 1®mol I'* at the mucosal and the serosal side, grey bars).

Values are means (symbols) + SEM (parallel continuous lines), n ¥&

Potency of the A MUDAT HA nanoparticles

The highest changes in thg or the G, induced by the nanoparticles were obtained at the
concentration 16" mol I'*. Forthel,, t he change amountceldWhen 1. 09
comparing this response with a concentratissponse curve of native histamirkégure63) it

turned out thata comparable increase In ( 1. 05 N 0 cn2®Awas dbtainedh with
histamine in a concentration of '2Gmol I'* (Figure 63). Assuming a maximum of @00

histaminic units at the surface determined by TGA, the relative potency is still some magnitudes
higher. In other words, the conjugation to the 14 nm nanoparticles strongly enhanced the

potency of histamine to evoke anion secretion.
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Figure 63: (A) Histamine induced a concentrationdependent increase in4. (B) shows the potency of Al
MUDAT HA versus histamine; an equivalent potency between AMUDATHA and histamine was obtained
with 10'** mol I'* and 10°° mol I'%, respectively. Vdues are given as increase indabove baseline in short
circuit g justbemne admipispration of the corresponding drug and are means + SEM, n = 8.

Conclusion

The gold nanoparticles with an asge diameter of 1Am were loaded with the $tamine
derivative and showed excellent activation properties inUksing chamber experiments.
Compared to native histamine, the nanoparticles were more effective at extremely low
concentrations. It was found that the newly developed conjugate was cabileluce a
concentratiordependent chloride secretion across rat colonic epitheliarstimulation of
histamine Hand H receptors. These receptors, which are composed of 487 or 359 amino acids,
respectively, belong to the class ofp@tein coupled receptors with seven transmembrane
spanning regions. Upon binding of the agonist, these receptors induce the exchange of
guanaine diphosphate (GDP) against guanosine triphosphate (GTP) asubearat of trimeric
GTP-binding proteins. The consequence is the dissociation of 4li®i8in in the GTHinding
asubunit and a b/igomplex and the activation of intracellular enzymeashsas phospholipase

C or adenylate cyclase, which then activate intracellular second messenger pgttv@ym
explanation for this stimulation might be the high local density of the immobilized ligand. The
molecular recognition between the receptors on the surface ligands bound to the
nanoparticles is strengthened through the geometric arrangement given by the spherical shape.
The density of the binding moieties allows simultaneous binding resulting in a lower activation
concentration.[107] The interaction can be blocked with same inhibitors used for native
histamine. To ensure the response originated only from multivalent histamine supported on gold
nanoparticles and not from any unspecifiteractions with the biological tissue, the
monovalent ligand Ac$MIUDA-HA or the gold nanoparticles with a simple sulfated moiety
from 1l-mercaptoundecanol were synthesized and tested in parallel. Indeed, no chloride
secretion could be observed. All peles tested in this study preserved the basic funstof

the tissues except for AMUDOLS. Only the particles with the sulfated moiety harmed the
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tissues irreversibly. Among the #w sizes of particles testednin, 14nm and 25 m), only the
intermedate size 14m showed consistent effects on transepithelials€tretion, indicating a
sizedependence. The smaller nanoparticles exhibited unspecific interactions whereas the bigger
particles evoked no signal in théssingchamber experiments. The obssahsize dependence
might correlate with the number of histamine molecules at the surface. The density of
immobilized histamine moieties at 14 nm core size and the spatial arrangement are both
essential for the activation of histaminic receptors bound @piinelium. For a detailed insight

into the mechanisms of receptor activation further experiments will be conducted on thi ligand
receptorcomplex which is formed during the activation process. But also the length of the
spacer between the particle coreldhe active moiety influences the interplay, as it was shown

in one of our previous studies on multivalent interactions of gold nanoparticles in selectin
binding. [133] Further investigations shall be conducted on this influence. In summary the
present work is another example for the influence of multivalent interactions in biological
sysems. This concept can also be transferred to other receptor antagonists and to different

neurotransmitters.

Experimental section

All reactions of nanoparticles in aqueous solution were carried out in purified Millipore water.
Organic solvents were disail before use. All chemicals were purchased from commercial
sources and used as received. The ligand exchange reactions and coupling reactions were done
under inert conditions. All glass vessels were washed with aqua regia and distilled water prior to
use.NMR spectra were recorded on Bruker BioSpin Avance Il AV600 (600 MHz), AV400
(400 MHz) or AV200 (200 MHz) spectrometers using tetramethylsilane (TMS) as an internal
standard with chemical shifts given in ppm relative to TNIS: (0.00 ppm) or the respeati

solvent peaks!H NMR data are reported as follows: chemical shifts (multiplicity [ppm],
coupling constants [Hz], integration, classification). Multiplicity is recorded as s = singlet, br s

= broadened singlet, =ldoublet, t = triplet, q = quartet, mmultiplet. For**C NMR, chemical

shifts and structural assignments are reported where applicable. Because of the rigidity of the
alkyl chains in the thiol shells and the resulting large differences in the relaxation times of
different protons, no integmhre given for the proton NMR data of the gold colloids. IR spectra
were obtained on a Bruker IFS48 spectrometer in ATR mode. Electrospray ionization mass
spectra (ESMS) were recorded on a Finnigan LCQDuo spectrometer using methanol solutions
of the repective. TEM measurements were performed on a Philips CM30 STEM (300 kV,
LaBg-cathode) equipped with a GATAN digital camera. TEM images were recorded using a
digital micrograph. The average particle core sizes were determined by measuring at least 100

individual particles from recorded TEM images. The UV/Vis spectra were plotted with an
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Agilent 8453 spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA). Dynamic
light scattering measurements were performed with a StabiSizer PMX 200C fronteRresthicx
(Meerbusch, Germany).

Chemical syntheses

Citratecoordinated gold nanoparticles NP 1 {Aitrate @ 14 nm). Citratecoordinated gold

nanoparticles were synthesized by a variation of a procedure first published by Turkevich. A

solution of 50 mg0.127 mmol) HAuGJ-3H,0 in 195 mL of Millipore water was heated to

reflux for 20 min. Under vigorous stirring a solution of 224 mg (0.52 mmol) of sodium citrate in

5 mL of Millipore water was added quickly. The reaction mixture was held at 80 °C for 2 h.

Then the solution was cooled to 0 AC in an ice
solution with a particle concentration of 2.7 nM was obtained and stored at 4 °C.

'H NMR (400 MHz, DO): Wppm = 2.61 (bs, Ch IR (KBr disc, a/cr §: 3426.8(3011),
1598.2 §c-0), 1397.6, 1258.4, 618.0; TEM:= 14.0 = 0.9 nm; UV/Visdna = 522 nm; DLS:
dhydr: 16.7+ 3.0nm.

11-Mercaptoundecanoic acid coordinated gold nanoparticles NP iZMWDA @ 14 nm).An

amount of 21 mg Iinercaptoundecanoic acid (Grimol, 16 equiv.) was dissolved in 8.5 mL
Millipore water under the addition of 5 tetramethylammonium hydroxide (TMAH). 5 mL
of a 2.7 nM solution of citratprotected gold nanoparticles in water was added dropwise and
the solution was stirred for 24 Tihe nanoparticles solution was dialysed against 300 mL water
three times (3500 MWCO). A clear red solution with a particle concentration of 1 nM was

obtained and stored at 4 °C.

'H NMR (400 MHz, DO): 3.17 (s, 16H, TMAH), 2.76 (t, GHi 2.16 (t, CH), 1.73 (quin, CH),
1.54 (m, CH), 1.40 (m, CH), 1.30 (bs, Ch): IR (KBr disc,3/cni §: 3422.8, 3018.5, 2920.1 &
2849.8(3c.), 1583.5 $c=0), 1487.9, 1396.2, 1274.9, 956.8, 948.2, 625.0; TEM=
14.5+ 1.2nM, UV/VIS: 3yax = 527 NM, DLSOhyq, = 24.1 + 6.7 nm.

Sodium 11mercaptoundecyl sulfate coordinated gold nanoparticles NP AMBADOLS @

14 nm). An amount of 30 mg Lkinercaptoundecanyl sulfate was dissolve®.5 mL Millipore

water and 5@ L t et r amet hyl ammoni um hydnl @fxai 2d7enM ( T MAH) w
solution of citrateprotected gold nanoparticles in water was added dropwise and the solution

was stirred for 24 h. The nanoparticles solution was dialysed ag@idsnL water three times

(3500MWCO) and stored at AC.

'H NMR (400 MHz, BO): W/ppm = 4.003.89 (m, CH), 2.70'2.60 (m, CH), 1.68 1.51 (m,
CH,), 1.371.23 (m, CH); IR (KBr disc, a/cni §: 2918.7 & 2849.9 3y), 1614.8 §=0),
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1470.0, 1261.7 & 1205.1 & 1128.Br{osoaor), 1068.8, 966.4, 831.8, 718.9, 628.7, 586.3;
TEM: d =143 * 1.3 nm; UV/Vis@max= 525 nm; DLS 4 = 18.6 + 2.5 nm.

Synthesis of histamine functionalized gold nanoparticles NP 3 NAIDATHA @ 14 nm).

10mL of a 1 nM solution AUMUDA were set in a glass vessel washed with aqua regia and
distilled water. 18ng histamine dihydrochloride (0.1 mmofll7 mg EDC (0.11 mmol) and
15mg HOBt (0. 11 mmwdreaddedtathem@noparticle dbiition. The reaction
mixture was stirred overnight and subsequently dialysaginst water three times
(3500MWCO) andstored at £C.

'H NMR (400 MHz, DO): 7.55 (s, 1H, CH), 6.81 (s, 1H, CH), 2i2386 (m, 2H, CK{HA)),
2.5712.71 (M, 3H, CH{HA) + NH)), 2.41 2.53 (m, 2H), 2.202.34 (m, 4H), 2.102.21 (m, 3H),
2.03 (t,J=7.7, 1H), 1.521.68 (m, 1H), 1.361.48 (m, 1H),1.18 (bs, 8H, Ch}, IR (KBr disc,
3/cnd §: 3018.8, 2921.4 & 2850.84 ), 1641.1 §c—o, amide), 1596.33¢q ), 1488.2, 1404.2,
957.1, 948.6, TEMd = 14.3 + 0.7 nm, UV/ViSena= 528 nM, DLSyye = 19.3 2.9 nm.

Sodium 1imercaptoundecyl sulfatdMUDOLS). In a flamedried vessel under argon

atmosphere, 353 mg of 4tercaptoundecanol (1.72 mmol, 1 equiv.) was dissolved in 3 ml dry
DMF. Separately, 395 mg of S@MF complex (2.5 mmol, 1.5 equiv.) were dissolved in 1 mL

dry DMF and added to the solah. After stirring for 1 h at room temperature the solvent was
removed under reduced pressure (OPV) and the residue was dissolved in 4 mL of 1 M NaOH. A
white precipitate appeared. 15 mL of ethanol were added and washed three times. The product
was driedin vacuum. 280 mg of a colorless solid (0.91 mmol, 53%) could be obtained. The

dimer was formed.

'H NMR (200 MHz, DMSQde): Wppm = 3.68 (tJ = 6.6 Hz, 2 H, Ch), 3.35 (t,J= 6.3 Hz, 2H,
CH,), 2.272.61 (m, 4H, CH), 2.56 2.49 (m, 2H, Ch), 1.67 1.52(m, 4H, CH), 1.36 1.24 (m,
10H, CH); 3C NMR (200 MHz, DMSQdy): W/ppm = 65.6, 60.7, 32.5, 29.1, 29.0, 28.9, 28.8,
28.6, 28.5, 27.7, 25.5; EMS: m/z = 633.1593 ([M + Nd]} calcd 633.1612).

11-(Acetylthio)undecanoic acid (AGMUDA). 500 mg 1ibromoundeanoic acid (1.89 mmol,

1 equiv.) were dissolved in 70 mL absolute DMF under argon atmosphere. Separately 520 mg
potassium thioacetate (4.56 mmol, 2.4 equiv.) were suspended in 8 mL absolute DMF under
argon atmosphere and added dropwise to the first solufiee reaction mixture was stirred for

2 hours at room temperature. The precipitate was filtered off, washed several times with water

and dried in vacuum. 414 mg of a colorless solid (1.59 mmol, 84%) could be obtained.

'H NMR (200 MHz, CDCY): Wppm = 279 (t,J = 7.17, 2H, CH), 2.27 (t,J = 7.17, 2H, CH),
2.25 (s, 3H, Ch), 1.61 1.52 (m, 2H, CH), 1.52 1.44 (m, 2H, Ch), 1.32 1.16 (m, 12H, Ch);
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*C NMR (100 MHz, CDCJ): tWppm = 196.2 (g C=0, acetyl), 179.4, 33.9, 30.7, 29.5, 29.4,
29.3,29.2,29.1, 29.1, 29.0, 28.8, 24.7;-E8: m/z = 283.1335 ([M + Nd] calcd 283.1344).

2,5Dioxopyrrolidin-1-yl-11-(acetylthio)undecanoate (AGSAUDATNHS). 195 mg NHS
(1.7mmol, 1.1 equiv.) and 700 mg ACBIUDA (1.55 mmol, 1 equiv.) were dissolved in DCM

under stirring at room temperature. 350 mg DCC (1.7 mmol, 1.1 equiv.) were separately

dissolved in 5 mL DCM and added slowly. After 30 min a white precipitate appeared. The
reaction mixture was stirred oveghit. The solvent was remed under reduced pressure.

506 mg (1.42 mmol, 92%) of a colorless powder were obtained.

'H NMR (400 MHz, CDC)): U/ppm = 2.812.77 (m, CH), 2.53 (t,J= 7.34, 2H, CH), 2.25 (s,
3H, CHy), 1.7411.63 (m, 2H, CH), 1.521.47 (m,2H, CH,), 1.381.17 (m, 12H, Ch);
CNMR (100MHz, CDCL): Wppm = 196.1 (g C=0, acetyl), 169.3 (2 x £ C=0), 168.7
(Cq, C=0), 30.9 (CH), 30.7, 29.5, 29.3, 29.2, 29.2, 29.1, 29.0, 28.8, 28.7, 25.6 (2,); £46;
ESFMS: m/z = 380.1502 ([M + N4}, calcd 380.1508).

S(11-((2-(1H-Imidazot4-yl)ethyl)amino}11-oxoundecyl) ethanethioate 4 (AdBUDATHA).

97mg AcS MUDA (0.27 mmol, 1 equiv.) were dissolved inMP to form a clear solution.

34 mg HA-2HCI (0.30 mmol, 1.1 equiv.) and a few drops Ni#re adéd and the solution was
stirred overnight. Subsequently 50 mL water were added and a white solid appeared. The

precipitate was filtered off and washed three times with water. The crude product was dissolved
in CHCI,, filtered again and purifiedia columnchromatography (CHgMeOH 9/1R; = 0.7).
After evaporation 7@ng (0.19 mmol, 70%) of a colorless powder were obtained.

'H NMR (400 MHz, CDCJ): W/ppm = 7.50 (s, 1H, CH), 6.75 (s, 1H, CH), 6.33 (br s, 1H, NH),
3.523.42 (m, 2H, CHHA)), 2.792.69 (m, 2H,CH,(HA)), 2.532.39 (m, 2H, CH), 2.56 (s,
3H, CH), 2.10 (t,J= 7.24 Hz, 2H, CH), 1.591.43 (m, 4H, CH), 1.26 1.14 (m, 12H, CH);

*C NMR (100MHz, CDCL): Wppm = 196.4 (g G=0, acetyl), 173.7 (¢ C=0, amide), 134.8
(CH, G, 127.6 (G, C.), 1186 (CH, G)), 39.2 (CH(HA)), 36.9 (CH (HA)), 30.7 (CH), 29.5,
29.3, 29.3, 29.2, 29.1, 28.7, 28.4, 26.9, 25.7;-MS| m/z = 354.2221 (M + H], calcd
354.2210).

Animals

Female and male Wistaats with a body mass of 20860 g were used. The animals were bred
and housed at the institute for Veterinary Physiology and Biochemistry of the-Uigdiigs
University Giessen at an ambient temperature of 22.5 °C and air humidity=§%0n a 12 h

:12 h light dark cycle with free access to water and food until the time of the experiment.

Experiments were approved by the named animal welfare officer of the Justus Liebig University
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(administrative number 487_M) and performed according to the GermaBuaogean animal

welfare law.
Solutions

The standard solution for thdssingchamber experiments was a buffer solution containing
(mmol I'): NaCl 107, KCI 4.5, NaHC¢{P5, NaHPO, 1.8, NaHPQ, 0.2, CaCJ 1.25, MgSQ 1

and glucose 12. The solution was gabwith carbogen (5% Gn 95% Q, v/v); pH was 7.4.

For the Cl-free buffer, NaCl and KCI| were substituted by Na gluconate and K gluconate
(KGluc), respectively. The Caconcentration in the Gfree buffer was increased to 5.75 mmol

I"* to compensateof the C&"-buffering properties of gluconat.60]
Tissue preparation

Animals were killed by stunning followed by exsanguination. The serosa and tunica muscularis
were stripped away by hand to obtain a mutesbmucosa preparation of thestdi colon.

Briefly, the colon was placed on a small plastic rod with a diameter of 5 mm. A circular incision
was made near the anal end with a blunt scalpel, and the serosa together with the tunica
muscularis was gently removed in a proximal directionoT®ggments of the distal colon of

each rat were prepared.
Short-circuit current measurements

The mucosisubmucosa preparation was fixed in a modifiggsing chamber bathed with a
volume of 3.5 ml on each side of the mucosa. The tissue was incubated@taBd short
circuited by a computezontrolled voltageclamp device (Ingenieur Biro fur Messind
Datentechnik Mussler, Aachen, Germany) with correction for solution resistance. Tissue
conductance®,) was measured every minute by the voltage devidtidnced by a current
pulse (50 ¢ A, dur at i o n-cirzwt @onditisny. Shonsirduit curremt ;@ was
continuously recorded on a chagcorderl.i s expr es S emf, i@ te flaxEoffa h
monovalent ia per time and area, withelgh'*cm?= 2 6 . 9'2 AtAhe enu of each
experiment, tissue viability was tested by administration of the cholinergic agonist, carbachol
(5% 10°mol I'* at the serosal side) and/or the administration of forskolin (53%midl I'* at the
mucosal andhe serosal side), an activator of adenylate cyclase(s), which induce a stfong Ca

respective cAMRlependent Clsecretion[154, 155]
Drugs

Aui MUDOLS, Aui MUDATHA, carbachol, cimetidine, histamine dihydrochloride, and
mepyramine were dissolved in aqueous stock solutions. Forskolin (Calbiochem, Bad Soden,

Germany) was dissolved in ethanol (final maximal cotregion 0.25%, v/v). Tetrodokin was
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dissolved in 2 102mol I'* citrate buffer. If not indicated otherwise, drugs were from Sigma,

(Taufkirchen, Germany).
Statistics

Results are given as means = SEM, with the numi)esf(investigated tissues. Whereans of
several groups had to be compared, an analysis of variance was performed follgpostiHnc
Tukey'stest. For the comparison of two groups, a Mainitney U-test was applied®? < 0.05

was considered to be statistically significant.
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5. Quantum Dots

5.1 Quantum Dots for Cellular Imaging

Due to their unique optical properties quantum ¢QitSs) consistingof CdTe weresynthesized and
applied as new cell dyes. Preliminary work was done on éveldpment of a synthesis for the
preparation ofmonodispersequantum dots of Cd and Te or $&61] Based on theleveloped
method the chalcogenide precursor was added to aqueous solution of Cd* and
mercaptocarboxylic acid'hree different types were appliedMrcaptel-acetic acid (thioglycolic
acid, TGA), 3mercaptel-propanoic acid (MPA) an8-mercaptel-propanesulfonic aciMPSA)
(Figure64).

0
HS/\[(OH HS/\)J\OH HS” " S0,Na

O
TGA MPA MPSA

Figure 64: Mercaptocarboxylic acidsand -sulfonic acid used for the synthesis of quantum dots.

The reaction mixture was stirred at 100 for 3 hours and then cooled down with an ice bath
subsequentlyhe colloidal solution was purifiedarefully via dialysis against watelVithin the
molar ratios of 2:1:4.8 for Cdefligand different rates for the guwth of the nanoparticlesould be
observedDepending on the ligand the size of the resultjogntum dotsan be tuned161] The
longer the alklchain of the ligand the smafithe particles gewithin the same reaction timgVith

increasing reetion time the nanoparticles grdarger.

ligand
NaOH, H,O 0
. x=0 TGA
Cd(OAc), + NaHTe _100°C.3h _ CdTe S/\ﬁ/)kOH x=1 MPA/MPSA
X

Figure 65. Reaction scheme for the synthesis of CdTe quantum dots in aqueous solution.
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CdTe quantum dots with three differesuirface ligandgFigure 65). All of them showed high
emission intensities. For the shortest chain length (TiBA)Jongest wavelength fdine absorption
and emission maxima were achiey@uticating different particlegrowth with different ligands
(Figure66).

Absorption Emission
——CdTe-MPA 1400 + ——CdTe-MPA
2 |
5 cdTe-mpsa 12007 CdTe-MPSA
z <1000 -
8 -
= 2 800 -
5 1- g
§ £ 600 -
< 400 -
200 -
O T T T — 0 T I T L =
400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 66: Absorption and emission spectra of CdTe quantum dots.

Additionally CdSe quantum dots were synthesized via the gaowedure butonly two different

ligands wereapplied(Figure67).

ligand
NaOH, H,0 o
o x=0 TGA
Cd(OAc), + NaHSe _190°C.3h _ CdTe s/\ﬁ/)kOH x=1 MPA
X

Figure 67: Reaction scheme for the synthesis of CdSe quantum dots in aqueous solution.

The selenide precursor solution is vegnsitive to air and must be handtadefully under argon

atmosphereThe spectra show only for MPgtabilized quantum dotabsorption properties and
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emission intensityFigure68). TGA-capped quantum dots could not be obtaimedhe absorption
spectraa red shift ca alsobe observed for shorter chain length indicating the same particle growth

as for CdTe quantum dots.

Absorption Emission
4 -
= CdSe-TGA = CdSe-TGA
100 -
= CdSe-MPA = CdSe-MPA
S 3 80 -
d =)
3 «
€2 - 2007
© 7
3 &
2 £40 -
2 £
1 -
20 -
O T O T T 1
400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 68: Absorption and emission spectra of CdSe quantum dots.

FurthermoreCdS quantum dotweresynthesized via the previously described mettodufe69).
No precursor solutiowith NaBH; needed to besynthesized but N& wasdissolved andused

directly for the synthesis. Again all reaction steps wareged ouunder argoratmosphere

ligand

NaOH, H,0 o
o x=0 TGA
Cd(OAc), + Na,s _100°C.3h cds s/\ﬁ/)ﬂ\OH
X

Figure 69: Reaction scheme for the synthesis of CdS quantum dots in aqueous solution.

Both spectra show absorption and emission properties of the colloidal solution indicating the

formation of quantum dotgFigure 70), the intensitiesare however only weak. No further
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characterizations of the solution or the nanoparticles perfermed Thus te synthetic parameters
must be optimizetbr creationof CdSquantum dots via the approach in aqueous solution.

Absorption Emission
80 -
= CdS-MPA = CdS-MPA
4 70
5 60
< 3 - ;
E c\550
3 240
22 - 2
(&)
g §30
1 20
10
O T T T 1 0 T T T 1
400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 70: Absorption and emissionspectraof CdS quantum dots.

SubsequentlyCdTe quantum dotsapped with TGA and MPAvere covered with a Zn§hell. This
prevents theQDs from the leakage otytotoxic Cd* ions which is essential for biological
applications The passivation was done directly in solution. Precursor solutions’of@d $ were
added and the reaction rixe was stirred at 60C. Again dialysis was done for purificatiofzom
TEM images a mean thickness dhm for the shell can bedetermined;EDX spot analysis

confirmed the layer of ZnS around the quantum dbe reaction time determines the thickness of

the shell.

ZnCly, Na,S
o] NaOH, H,O

ZnS 0O
60 °C, 3 h
CdTe s/\ﬁ/)ﬂ\OH - CdTe s/\ﬁ/)J\OH
X X

Figure 71. Reaction scheme for the passivation of CdTe quantum dots with a ZnS shell.
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The QDs were characterized by TEM and DLS for thetermination of the core size and with

UV/Vis and fluorescence spectroscopy for the analysis of the optical properties.

For further biological applicatiothe optical properties of the synthesized ODs were examined and
compared with each other. The prdjgs of the core materials CdTe and CdSe with different
ligands wereused for comparisoand the optical properties before and after passivation were

compared.
O O
OH
A[( A)LOH S/\/\SosNa case s on
(@)
CdTe-TGA CdTe-MPA CdTe-MPSA CdSe-MPA
Absorption Emission
——CdTe-TGA 1000 - ——CdTe-TGA
——CdTe-MPA ——CdTe-MPA
c o 800 -
= 2 CdTe-MPSA . CdTe-MPSA
>
c 2
£ 2
(@] Q ]
2 14 §400
<
\ 200 -
0 T T T — 0 -1 T / T —— =
400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 72 Summary of absorption and emission spectraf CdTe and CdSe quantum dots with different ligands.

The absorptiorand emissioimaxima of the QDs with different surface ligardiffer as shown in
Figure 72. CdTebased QDs absorb light between 4/ and 540m, the maximum of CdSe
based QDs lies at 4%8n. The emission maximum liebetween 544m and 594mfor CdTe QDs

andfor CdSe at 548m. The intensities are also different.

Additionally, passivatedQDs were compared to their precurso@omparing the absorption and
emission spectra of botBnS covered QDsnd their unpassivatecanaloguesthe growthand
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thicknessof the shell has naignificant effect on the position of both absorption and emission
maxima but on the intensitiggigure 73). The dsorption abilies decreaseand theemission
abilities are higher for both TGA and MPAstabilized quantum dot§he spectrara plotted as
measured anthe concentratiaof the samplaresimilar.

@@ @ (@

CdTe-TGA CdTe/ZnS-TGA CdTe-MPA CdTe/ZnS-MPA

Absorption Emission

2,5 - ——CdTe-TGA 1600 - ——CdTe-TGA
CdTe-MPA 1400 - ——CdTe-MPA
.2 1200 - ——CdTe/ZnS-TG#
ut ——CdTe/ZnS-TGA 5
- ©1000 - — CdTe/ZnS-MP}
81,5 ——CdTe/ZnS-MP4 3
S % 800 -
£ G
9 11 2 600 -
2 £
400 -
0,5 -
200 -
0 T T T 1 O 1 T 1 L
400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 73: Summary of absorption and emission spectra of passivateddTe quantum dots and their precursors.

The ZnSshell isvery thin andhasonly a slightinfluence on the optical propertieehe maxima are
shifted toa longer wavelengthTable8 summarizes the values for absorption and emission maxima
of the compared quantum dot$he corresponding diameters determined via TEM and DLS are also

shown
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Table 8: Quantum dots stabilized with different ligands and the analogues passivated with a ZnS shell.

drem Chyar s Bem
CdTeTGA 4.1+ 0.3nm 8 +2nm 540nm 594nm
CdTeMPA 4.4+ 0.4nm 6+1nm 498nm 574nm
CdTeMPSA 49+ 0.4nm 5+£1nm 478nm 544nm
CdSeMPA 3.9£0.2nm 5+1nm 473nm 543nm
CdTe/lZnSTGA | 42+0.2nm 11+£2nm 542nm 590nm
CdTe/ZnSMPA | 4.5+04nm 6+1nm 500nm 574nm

CdTe quantum dots functionalized withree different ligands and the passivated CdTe/ZnS
analogueswere applied as new cell dy€Bigure 74). The effect of the ligand shell and core
composition was investigated in cell uptake studies. Free carboxylic acid maieteesompared

with sulfonated moieties and the effect of passivation was investigated. All quantum dots have
almostthe same diameter and were dispersed in basic solution, the concentration of the stock
solution was umol/L. All QDswere stable in the buffer solution and could be used in biological

media.
0
H OH
CdTe S/\[fo CdTe S/\)kOH CdTe 'S™ " S0;Na CdTe s/}(
o ZnS o
CdTe-TGA CdTe-MPA CdTe-MPSA

CdTe/ZnS-TGA

Figure 74: Overview of CdTe quantum dots used for biological applications.

The tests were done by Ervice Pouokam, resegroup Prof. Diener, Institute of Veterinary
Physiology, Justukiebig University Giessen. The teste@lls were rat colonic epithelial cells
forming crypts. Mucosaubmucosa preparations obtained from rat colon were fixed on a plastic
holder with tissueadhesive and incubated for abounin in an EDTA solubn, then vibrated for
about 30s in order to obtain crypt#\ stock solution of theQDs was diluted to 2.25mol/L. The

QDs were collected in a higk* gluconate Tyrode buffer and piped ontopoly-L-lysine-coated
cover glassefd = 23mm). Thecryptswere allowed to settle down at rodemperatureand attach

onto the surface othe cover glasses for about 8n. The cover glass was then mounted in a
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chamber and the volume adjusted tml2 After selecting at leastine regions of interest (ROIs; 3

in the depth of the crypt, 3 in the middle and 3 at the surface), corresponding each approximately to
a cell, five excitabn flashes were launched at 3%@ with the following durations: gs, 10ms,

20ms, 50ms and 100ns. The resulting fluorescence was recorded live and the data stored. Then
the stock solution of th€Ds was added into the chamber to yield a final concentration of
2.25pmol/L without changing the volume. After an incubation perioid 1 hour at room
temperaturethe chamber was rinsed twice with fresh Tyrode buffer to remove eQ&ssand the

same excitation protocals before incubation was ruphis allowed for tracking the changes of the

fluorescence in the same ROls.

Cd TTeGA Cd TP A Cd TMP S A

5000

4000 1

3000 — H H 0

1h

om

2000 —  H I

A =l

5ms 10ms 20ms 50ms 100ms 5ms 10ms 20ms 50ms 100ms 5ms 10ms 20ms 50ms  100ms

Figure 75: Crypts incubated with the QDs for 1 hin a Tyrode buffer solution; fluorescence intensity before and

afterwards was compared. Xaxis exposure time, Yaxis in arbitrary units.

All quantum dots tested showed a cell uptake after 1 hour incubation. TGA stabilized quantum dots
also showed coloration of the background. This suggests unspecific interactions Vatfichio
tissues. The differentoce sizes seem not to effdbie interadbns. The experiments showed that

QDs with a carboxylic acid terminated shell have a better cell uptake than their sulfonated
analoguegFigure 75). The negative charge of the sulfonate group seems to restrain the quantum
dots from entering the cells. Depending on thevplieof the cellular environment carboxylic acid
moieties are bat protonated and deprotonated. The redumaduntof effective charge seems to

support the uptake.
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Figure 76: Crypts incubated with the QDs for 1 hin a Tyrode buffer solution; fluorescence intensity before and

afterwards was compared. Xaxis exposure time, Yaxis in arbitrary units.

The experiments showed that the passivated quantum dots had a faster uptake, buthdidgeot

significantly after ime (Figure 76). PassivateddDs gave better results, which prosehe shell

preventof Cof* leakage CdTe/ZnS with thioglycolic acid at the surface gave best resuite cell

uptake studies

Fuorescencentensity

I T R

Rat colonic crypt
1 hour after incubating with MPA
Excitation period 1 s

Figure 77: Crypts incubated with the QDs for 1 hin a buffer solution (tyrode).

Colonic
epithelial
cells
(loaded
with
QDs)

the [
g

]

Rat colonic crypt
Autofluorescence evoked by
long excitation period (1 s)

Figure 77 shows an image of the cells incubated with quantum dots for one hosliows on the

left hand an image of the cells incubated with quantum dots for one hour. Aredsgh
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fluorescence intesity are shown in red. Compared with the autoflummese of the cells on the
right hand it appears tha@Dshave crossed the cell membrane and accuntlteétkin the cells

Further experiments mushow where the quantum dots are located in thekdiglher resolution of

the image is needed toexplain the mechanism behindhis. The experiments show that
mercaptocarboxylic acid terminated quantum dats suitablefor cell imaging but need to be
passivated with a ZnS shell. These results also indicateno further functionalization at the ligand
peripheryis needed for cell uptake. it specific epitopefioweverthese quantum dots might be
able to target cellular compartmenidie synthesized quantum dots are equivalent to organic dyes
for cellular maging with several advantages: Within the choice of ligand, core material or core
composition optical properties of tiggbscan be tuned easily.

5.2 The Ternary System CdTgSe_,-MPA

The ternary system of Cdy®a., was synthesized with different molar ratios of tellurium and
selenium.For stabilization of the nanopatrticlélse short ligandMPA was chosen. The CdJ3e.,
guantum dots were prepared via the conventional synthesis in aqueous solution under inert
conditions. The precursor solutions were prepared out of tellurium or selenium powder reduced in
situ with NaBH, under inert conditions. Different molar ratios of NaHTe and NaHSe were added at
the beginning, the reaction temperature and timeweld constant d00°C and 4h, subsequently

the resulting nanoparticles weparified via dialysis in water

MPA
NaOH, H,O o
Cd(OAc), + NaHx ~ —100°C.4h _ CdTe/Se s/\)ko@

X =Te, Se

Figure 78 Synthetic procedure for the mixed crystal system CdTSe.,.

The structural and optical properties of the resulting quantum dots were determined.
Characterization was dori®y UV/Vis and emission spectroscopy, XRD analysis and EDX spot
analysis.With an increasingercentage of telluridanionsin the system the absgmion maximum

shifts toa higher and the emission maximum shiftsattower wavelengthKigure 79). For CdSe

MPA QDs an absorption maximum of 4861 and an emission maximum of 58m wasobserved,
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and for CdTeMPA 520nm and 55%1m respectively. A linear correlation for the mixed analogues

was found Figure79).

600 —
580 —
560 —
540 —

520 —
500 - —A— Absorption
- —— Emission

Wavelength [nm]

=TT T T T T T
0,0 0,2 0,4 0,6 0,8 1.0

Figure 790 E mi s.$=i380nm) ana absorption maxima of CdTgSe_,-MPA with x = 0.0 to x = 1.0 Inset:
Photography of CdTeSe ,-MPAwithx=0.1tox=1lunder t he ,8%66hmmp ( &

XRD patterns of MPAcapped CdT&a., show that the reflections shifhearly between thse of

the binary compounds of CdTe and Cdse& c or di ng t ¢(FigWes@.a hisdirmisates aa w
solid solution meaning both compourfdsm a mixed crystal system without miscibility gap. This
is possible due to the fact that both CdTe and CdSe hawei@crystal structure wittellurium and
selenium atomstatistically occupying the anion sub lattidde reflections in the XRD patterns are
broadened due toanostructuringA mean diameter of Bm can be calculateasingthe Scherrer

equation[162]
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Figure 80: XRD patterns of CdTeSe.,-MPA with x = 0.0 to x = 1. Both binary compounds CdTe and CdSe are

also shown for comparison with the mixed crystal system.

TEM measurements show maligperse nanoparticles with mean diameter between 218 and

2.9nm and nearlymonodisperseThus, the growth nechanism for the quantum dots does not
dependon the precursor solution. EDX spot analysis revealed a homogeneous distribution of the
constituting elements within the particles. The values found correspond to the nominal composition
of the mixed crystaléTable9).
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