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Chapter 1 Introduction a@dals of the Thesis

1. Targeted Drug Delivery

The pharmacological response of an organism audi$s an applied drug substance
is, in general, directly linked to the drug concation at the site where it is supposed to act.
Due to this fact, many of the active ingredientscurrently available medicines and drug
therapies are not as efficient in vivo as they halready proven to be in cell cultures.
Specifically, in many cases, the applied substaraes not available in the optimum
concentration and can therefore not exhibit theraele effect [1]. Still, the majority of
today's applied drugs are delivered systematicalpich leads to them being evenly
distributed throughout the body. Their specific modf action is mediated by localized
receptor distributions or by certain physicocheinpaaameters of the target, which lead to an
accumulation at the target site. This conventionathod of drug delivery, however, results
often in non-optimal drug efficacy and can often dssociated with negative side effects,
resulting from the use of large doses of the aatngeedients that must be used. Moreover,
there is drug resistance at the target originatingh cellular drug elimination that further
reduces the concentration of the active substaaictge site of action. Finally, many current
drugs have very poor water solubility or low bio#adaility, making them very difficult to
apply, especially if they are very rapidly cleafemim the body by reticuloendothelial system
due to their particulate character.

Because of the difficulties associated with currédnigs, targeted delivery of drug
molecules or small particulate drug carriers toaogyor certain tissue sites, an idea initiated
by Paul Ehrlichs’s magic bullet concept, represents of the most challenging research areas
in pharmaceutical sciences today. For all drugagies, the most important goal is to get the
drugs exactly where they are needed in the bodyowitaffecting other tissues. Targeted drug
delivery can be defined as the attempt to delivelgsl to a specific target site in the body
where they have greatest pharmacological effectd, additionally, to not allow them to
diffuse to other sites where they may cause daroagegger side effects.

In principle, successful drug targeting can be e by specific physical, biological
or molecular interactions, which result in the analation of the pharmacologically active
agents at the relevant sites of action. Based @chbsen mechanism of interaction two kinds
of targeted drug delivery exist. The first kindpassively targeted drug delivery, which is
mainly based on the physical characteristics offikeased target tissue, such as the enhanced
permeability and retention of tumor tissues withkle blood vessels and imperfect lymph
drainage (EPR-effect). Additionally, local propesj such as the pH or the presence of certain

enzymes or the activity of bacteria can be useakctoeve passive targeting to a certain site.
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The second type of accumulation is mediated viveaechechanisms of targeting, which rely
on the expression of certain disease specific msuikeluding certain antigens or receptors,
which can be targeted using corresponding antilsoolidigands. The different types of drug

targeting principles that can be found in literatare summarized in Scheme 1 [2-8].
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Scheme 1: Schematic representation of differemistyb drug targeting

Successful drug targeting to specific tissues,éwaw, is a very complicated process. It
demands the control over various distribution abgdogption processes as well as drug
metabolism and disposition. Therefore, a numberingbortant parameters have to be
considered for the design of each drug targetistesy. These include the nature of biological
and cellular membranes of the target tissues,lliston and presence of specific receptors, as
well as the activity of enzymes responsible for shbsequent drug metabolism and also the
local blood flow, which is responsible for the tsport to and from the target tissue.
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2. Nanoparticles as Targeted Drug Delivery System

For drug targeting approaches, particulate delisistems of different sizes can be
used as transport vehicles without affecting thigvidg of the drug ingredient by chemical
modification. Due to limitations of tissue permeatiand the necessary transport in the blood
stream, particles for drug delivery systems mustdr@ometer sized and highly biocompatible
with blood components and tissues in order to abtang blood circulation times in the
patient without immunological reactions.

The nanoparticles (NPs) used for drug delivery iappbns are part of a rapidly
developing field within material science. This @iels nanotechnology, and it has many
potential applications in clinical medicine ande@sh. Due to their unique size- dependent
optical and physicochemical properties, which ideluthe specific absorption of
electromagnetic waves, nanoparticles offer uniqatergial for the development of both
therapeutic and diagnostic tools based on the ptisnrand emission of light [9].

Furthermore, nanoparticles used for the purpostuaf delivery can be designed in a
variety of different systems such as micellar sohd, liquid filled vesicles or liquid crystal
dispersions as well as solid polymeric or metatienoparticle dispersions [10]. Further
modifications of these drug carriers with ligandsther targeting molecules, specific for the
intended site of action, allow the design of peadiaed medicines, which reduce the side
effects of the drug while maximizing the therapewifects. Such local action is mainly
achieved with very small nanoparticles, which sudintly penetrate across barriers through
small capillaries and finally into individual cel[l¥1].

Based on their aforementioned properties, theresaveral important technological
advantages of nanopatrticles, which make them daifabapplication as drug carriers:

1) Small particle sizeNanoparticles less than 100 nm are in a simifg@-gange as biological
materials like viruses, DNA and proteins.

2) Inert surface modificationThe surface of nanoparticles can be decorated watious
molecules in order to avoid being recognized byitheune system enabling them to reach
their target more efficiently.

3) Targeted surface modificatipriThe surface can be easily manipulated to achimté
active and passive targeting by attaching suitivtpeting ligands.

4) High carrier capacity Drug molecules can be adsorbed, dissolved oredisg in the
particle matrix.

5) Flexible loading Based on the nanoparticle matrix material bottdrbghilic and
hydrophobic drug substances can be delivered.

10
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6) Flexible route of administratign Nanoparticles can be used for various routes of
administration including oral, pulmonary, parentenatraocular, for mention just a few [12-
15].

Several types of nanoparticles have been extegsstetlied as vehicles to target drug
molecules to specific sites with optimal drug rekegrofiles. Such nanoparticulate delivery
systems can be used to treat cancer and a wide cdrgher diseases [9,16,17]. Some of the
most important therapeutic applications of nanoglad that are currently in use are described

below.

2.1. Therapeutic Applications of Nanoparticles
2.1.1. Cancer Therapy

Nanotechnological approaches promise broad apilitya for therapies against
cancer, which include molecular imaging of tumolssemolecular diagnosis as well as
targeted drug therapy. Moreover, continuous devetops in nanotechnology hold the
promise of more personalized oncology, in whicmtdeed genetic or protein biomarkers of
one patient can be used to diagnose and treatrchased on the molecular profile of the
individual patient [18].

For an effective anticancer treatment, applied partculate drug delivery systems
should first be able to reach the desired tumaués through penetration of biological
barriers, which are naturally present in the bosy&ll as those barriers developed during
tumor growth and progression. This transport shdaddachieved with a minimal loss of
number and activity in the blood circulation. Sedpafter reaching the respective tumor
tissues, the released drugs should have the atmliselectively kill the tumor cells without
affecting normal cells around the tumor. Fulfillmeh these two basic requisites is associated
with significant improvement of patient survival danquality of life because local
concentration of drugs is increased and dose-higitoxicity of drugs is reduced. Overall,
successful achievement of these requisites shoatstdingeted nanoparticles seem to have
high potential to satisfy all the requirements éffiective drug carrier systems against cancer
[19-23].

In today’s cancer therapy, the occurrence of desjstance is a major obstacle for the
successful treatment of tumors. Poly(alkyl cyangate) nanoparticles have been found to
provide a useful alternative at a cellular levebteercome multidrug resistance mediated by
P-glycoprotein by increasing the intracellular cemication of the drug [24]. Similarly,

methotrexate conjugated to gold nanopatrticles isenedfective in the treatment of lung
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cancer than methotrexate alone. This finding canatiebuted to the increased drug
concentration due to the accumulation of gold nanoges carrying methotrexate inside the
tumor cells [23]. More interestingly, multifunctiahnanotherapeutic systems based on gold
nanoparticles have been developed to target samtiwbit carrying multiple therapeutic agents
in order to increase the overall efficacy and atsovercome the limitations of using a single
drug [22,25].

Alternative therapeutic approaches, like photodyicatancer therapy, are based on
the destruction of cancer cells by laser generatedhic oxygen without the use of cytotoxic
substances. For these applications, a large anwdystiotosensitizer is required to generate
enough atomic oxygen, and this is mainly achiewedabgeted accumulation in cancer cells.
This leads to only the targeted cancer cells bkilted when the tumor area is exposed to the
laser radiation. Unfortunately, remaining photosieres later migrates to the skin and eyes
and renders patients sensitive to daylight exposure avoid these side effects,
photosensitizers have been enclosed inside poraosparticles, which trap the dye and
limited diffusion to other parts of the body. Aetsame time, the oxygen generating ability of

the photosensitizers and therefore therapeuticieffty is not affected [26].

2.1.2. Treatment of Respiratory Diseases

Other therapeutic approaches using nanoparticlée mse of the pulmonary route of
administration, which is of increasing interest floe development of new medicines, not only
for the treatment of lung diseases (e.g. asthmachnohic obstructive pulmonary disease),
but also for a fast and efficient delivery of drug® the systemic blood circulation avoiding
parenteral application. The advantages of diredivety to the lungs for treatment of
respiratory diseases include the potential to redsystemic toxicity and to achieve higher
drug concentrations at the site of action. Addaibnfirst-pass metabolism can be avoided,
which mainly occurs after conventional oral adntmason [27,28]. Theophylline is a drug
that reduces the inflammatory effect of allergithasa, but it is difficult to administer it in
appropriate dosage without causing systemic sidectsf It was found that, intranasal
inhalation of theophylline complexed with thiolatetlitosan nanoparticles augmented the
anti-inflammatory effect of the drug in relationtteeophylline administered alone in a mouse
model of allergic asthma. The beneficial effectsttidophylline in treating asthma may be
enhanced through the use of this novel drug dsliv@rstem by increasing the local
concentration or by a slower release rate in ting lafter nasal inhalation of nanoparticles

containing theophylline [29]. It has also been r&gub that, the encapsulation of three
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antitubercular drugs, isoniazid, rifampicin and ggmnamide in alginate nanoparticles
administered by inhalation resulted in an increasethe relative bioavailability and
therapeutic efficacy of these drugs when comparéid eval administration of the same free
drugs, This was attributed to increased local cotmagon of drugs at the main site of action
[30].

2.1.3. Treatment of Cardiovascular Diseases

One of the most recent therapeutic applicationsasfoparticles is their use for the
local delivery of active substances for the treatin&f cardiovascular disorders. Targeted
perfluorocarbon nanoparticles have been appliednimal models for the treatment of
various cardiovascular disorders such as ruptudedup, atherosclerotic plaque or the
delivery of antirestenotic therapy following balfopangioplasty. Nanoscaled particles can be
synthetically designed to potentially intervene time lipoprotein matrix retention and
lipoprotein uptake in cells, a process central tioew@sclerosis. Nanoengineered systems
molecules called nanolipoblockers can be used taxlkatthe atherosclerotic plaque due to
raised local levels of low density lipoproteins [3Manotechnology here may facilitate the
repair and replacement of blood vessels, myocardinchmyocardial valves. It may also be
used to stimulate regenerative processes, sudteespeutic angiogenesis for the treatment of
ischemic heart disease [15].

2.1.4. Treatment of Neurological Disorders

The potential benefits of nanoparticles for thetmegent of both peripheral and CNS
disorders are tremendous and may also offer balp#tient and clinician novel therapeutic
choices. The central nervous system (CNS), inctuttie brain, has attracted a lot of research
attention due to the multitude of diseases linkeddisorders of signal transport and
degeneration, such as Alzheimer’s or Parkinsorsgalie. Most of the therapies are limited
due to difficulties in overcoming the blood-braiarber (BBB). The use of nanopatrticles to
deliver drugs to the brain across the BBB may mewsignificant advantages over current
strategies, since particles can be used to maskrahsport limiting properties of the drug
substances to protect drugs from chemical or entigrdagradation in the blood stream and
also to provide the opportunity for a sustaineckasé, which can additionally reduce the
peripheral toxicity of the free drug substancehas been reported that nanoparticles coated
with polysorbate 80 have the ability to penetrdie BBB and deliver drugs of various

chemical structures (including peptides, hydrophand lipophilic compounds) to the brain
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[32,33]. When a suspension of polysorbate-coatetbperticles is introduced into blood,
apolipoproteins of the plasma adsorb on the partsirfaces, which then interact with
receptors of low-density lipoproteins in the eneditd cells of cerebral blood vessels and
subsequently stimulate the endocytosis of the qesti [34,35]. Drugs that have been
successfully transported to the brain using thibvelgy system include loperamide [36],
dalagrin (a short peptide, Leu enkephalin analggkgdtorphin [37], nerve growth factor
[38], tubocurarine [39] and doxorubicin [40].

Other therapeutic approaches with nanoparticléizeifree radical mediated damages,
which is known to play a major role in ischemic atefjenerative disorders of the CNS. For
example, water soluble derivatives of buckminstégfane C60 are used as a unique class of
nanoparticles with potent antioxidant propertiesirtiiermore, it has been reported that
nanoparticles composed of cerium oxide or yttrixide protect nerve cells from oxidative
stress and their observed neuroprotection is aldependent of particle size. The ceria and
yttria nanoparticles act as direct antioxidantsjcWwHimit the amount of reactive oxygen,
which is known to Kill cells. Consequently, it cba surmised that this group of nanoparticles
can modulate many kinds of oxidative stress indgimlal systems in addition to in the central

nervous system [41].

2.1.5. Ocular Drug Delivery

For more accessible organs, like the eye, nanafestoffer advantages over presently
known therapies. Conventional eye drops represbouta90% of all ophthalmic drug
formulations, and it is well known that up to 95% tbe applied drug is lost through
immediate tear drainage. This mechanism is useajul pfotecting our eyes against the
exposure of noxious substances. For these applnsatnanocarriers such as nanopatrticles,
liposomes or high molecular weight dendrimers, lbareasily administered as eye droplets.
These nanocarriers may provide prolonged residemzedue to interactions with the ocular
surface after instillation, which enable them t@idvthe natural clearance mechanism of the
eye. In combination with controlled drug releasmfrthese particles, it should be possible to
develop ocular formulations that provide local #peutic concentrations for long periods of
time, thereby reducing the dose administered akaselhe necessary instillation frequency.
For intraocular drug delivery, the same mechanisars be used to release the drug in a
controlled way, reducing the number of intraoculajections required to maintain
therapeutically active concentrations [15]. Anothetential advantage of these systems is the

targeting to specific sites of action, which camadeto a necessary dose decrease and
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consequently a decrease of side effects [15]. Faf @éhese applications, the formulation of
biodegradable polymers as colloidal systems all@mbanced ocular drug delivery by
immobilization of the particles inside and on thge €for long periods of time, while
additionally avoiding the need to remove the engglvery systems from the patient due to
the degradation of the polymer carrier.

In recent investigations, chitosan based nanopesticave been investigated for the
delivery of drugs to the ocular mucosa using thenimosuppressive peptide cyclosporine A
as a model drug. The expected advantage of thesensy in ocular drug delivery is their
ability to contact intimately with the corneal andnjunctival surfaces, thereby prolonging
and increasing the delivery of the drug substarmeexternal ocular tissues without
compromising the inner ocular structures and awgidsystemic drug exposure [42].
Consequently, these nanoparticulate systems shaat goromise with regard to the
circumvention of the present limitations for theeatment of external inflammatory or
autoimmune ocular diseases such as keratoconfistisicca, or dry eye disease. The
described local application and immobilization aihoparticles inside the eye is completely
different from the systemic administration of naadjeles, where the particles are designed
to circulate inside the body until reaching theesdf action. This extended range of
application reflects and confirms the usefulnessafoparticles as a versatile drug delivery

system.

2.1.6. Treatment of Infections

A final example for the application of nanopartetel delivery systems are colloidal
drug carriers, such as liposomes and nanopartieleish are easily taken up by phagocytic
cells and accumulate in the organs of the retiowdothelial system, which make them useful
for the treatment of intracellular infections witlintibiotics that would normally not
sufficiently access the intracellular sites. Consely, in vitro and in vivo experiments with
drug substances incorporated in liposomes and m@atcps did demonstrate the increased
therapeutic efficacy of substances, such as amptiatd3, dihydrostreptomycin, amikacin
and ampicillin, against a number of microorganism;luding Leishmania donovani,
Candida albicans, Staphylococcus aureus, Mycobagteravium, Listeria monocytogenes
and Salmonella typhimuriunf43,44]. Furthermore, polymeric nanoparticles halso been
applied to develop an oral delivery system of ttleewise only injectable streptomycin. The
results of the biodistribution and activity stuglief particle-loaded antibiotic suggested that

nano-encapsulation of streptomycin might be usefuhe development of an oral dosage
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form of streptomycin and perhaps other injectabiibéotics, since encapsulated drugs
showed a significant increased bioavailability aftral administration. The enhanced
bioavailability is attributed to the intestinal alpgtion of antibiotic-loaded nanoparticles by
the intestinal epithelium and sustained drug reeaer reaching the systemic circulation
[45].

The continuing increase in microbial drug resiseahas led to widespread problems
in the treatment of conventional bacterial infeeioOf particular concern are those ilinesses
caused by methicillin or multiple resistancemphylococcus aureuMRSA), which are
responsible for the majority of all hospital-acgairinfections. Clinical complications and
nearly 100,000 deaths each year are attributeletsetinfections in the United States alone.
Since penicillin and othds-lactam antibiotics have been the basis in thaadinreatment of
bacterial infections, their effectiveness is nown#icantly compromised in bacteria that
producef-lactamase enzymes, which efficiently hydrolyzes fHactam ring to an inactive
ring-opened product. An additional incorporation thiese antibiotics into nanoparticle
matrices may successfully shield them from badtgrémicillinase degradation and render

them effective against penicillinase producing baat[46,47].

2.2. Imaging and Diagnosis

Nanoparticles targeted to certain structures giwehe ability to identify individual
cells within organs or find molecular changes witlissues that we otherwise cannot detect
through conventional imaging because of these raiofges have high sensitivity and
photostability, which allow imaging for prolongedrpds [48]. Several types of nanoparticles
have been specifically designed for diagnostic emaging purposes: the most frequently
used are gold nanoparticles (GNPs), quantum ddis)@nd magnetic nanoparticles. GNPs
are known for their high electron contrast, thisiisy they are used as markers for all kinds of
electron microscopy.

QDs are nanometer sized inorganic fluorophores dmatbased on different types of
semiconductors. They offer significant advantageser oconventionally used organic
fluorescent markers. They are much brighter tharvenotional fluorescent dyes and can be
tuned by alteration of their size to shine at défe emission wavelengths. Due to their high
photostability they can be used for much longereokstion times in comparison to organic
dyes, which are often very sensitive to photobleaghThis increased length of observation
time is crucial to study slower cellular proceshiofescent particles can moreover help to
identify new cellular receptors as targets for ndmg candidates and a more detailed
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understanding of the behavior of these receptocdding their activation or internalization.
This understanding can open up new treatment apfiennanoparticulate delivery systems
[13,49].

Superparamagntic iron oxide nanoparticles (SPION®asuring 2-3 nm, have been
used in conjunction with magnetic resonance ima@Mgl) to reveal small and otherwise
undetectable lymph-node metastases. Ultrasmall S®I@so enhance MRI contrast for
successful imaging of cerebral ischemic lesionsfa8a modified dextran-coated iron oxide
nanoparticles also enhanced MRI visibility of ii@nial tumors for longer time [50].

Early diagnosis of Type | diabetes (insulin-dependdiabetes mellitus, IDDM) is
very important for the treatment of this diseadae €arly and sensitive diagnosis depends on
the detection of autoantibodies, which are predmiore clinical onset. Supramolecular
protein nanoparticles have been applied by Leé §H for ultrasensitive early detection of
antibodies of IDDM. The principles of detection ded on the formation of supramolecular
protein nanoparticles by the self-assembly of thteganic protein expressed in bacteria. Each
nanoparticle has many binding sites for the spea@ftibody (the early marker of type |
diabetes). After complexation with further nanojgdes that carry polylysine residues
suitable for the binding of DNA, the nanoparticlsibodies complexes are detected by using
highly sensitive PCR. Similar supramolecular proteanoparticles would also be useful in
the diagnosis of infectious diseases, such as aschIDS and hepatitis C during the early
phase of infection, when the concentration of amdies is very low.

Nanoparticles are also attracting considerableasteas contrast agents for other types
of medical imaging. Hainfeld et al. [52] showed tthgold nanoparticles are useful X-ray
contrast agents that offer novel physical and plaokinetic advantages over the currently
used agents. They, for example, enable higher @strdind also longer imaging times than the
currently standard iodine-based agents.

The overproduction of hydrogen peroxide is linkedmany different diseases and
there is consequently a great interest in the dgweént of contrast agents that can image
hydrogen peroxide production in vivo. It has beemdnstrated that nanoparticles formulated
from peroxalate ester and fluorescent dye imagedgah peroxide with specificity and
sensitivity. The peroxalate nanoparticles imagerbgen peroxide by undergoing a three-
component chemiluminescent reaction between hydrggeoxide, peroxalate esters and a
fluorescent dye. First hydrogen peroxide diffuse® ithe nanoparticles and reacts with
peroxalate ester groups, generating a high endoyethnedione that chemically excites

encapsulated fluorescent dyes through the chemicatitiated electron-exchange

17



Chapter 1 Introduction a@dals of the Thesis

luminescence mechanism and leads to the chemilscenee. Peroxalate nanopatrticles have
great potential for imaging of hydrogen peroxideemsated diseases, given their high
specificity and sensitivity and their capability fdeep-tissue-imaging [53].

3. Gold Nanopatrticles

Among the colloids of metallic and semiconductagior, gold nanoparticles stand out
as one of the most extensively investigated systérhgs is mainly due to the fact that
colloidal gold has well defined chemical, physiectronic and optical properties with
respect to shape and size [54]. Also, gold nanmbastare of special interest for research due
to their potential applications in biomedical, étenic and optical materials [55]. In
biomedical applications, gold nanoparticles areduse rapid and sensitive diagnostic assays
[56], for radiotherapy and imaging [57,58] andlae basis for drug and gene delivery systems
[59-61].

3.1. Advantages of gold nanoparticles
Gold nanoparticles (GNPs) play a special roleanascience and nanotechnology due
to the following facts;
1. Gold is most stable at the nanoscale [62].
2. GNPs have unique optical properties. GNPs exhildiong absorption of
electromagnetic waves in the visible range dueuttase plasmon resonance (SPR).
SPR is caused by the oscillation of the conducéileetrons on the metal surfaces
upon irradiation by electromagnetic waves. The wength of the peak absorption
here depends on many factors like particle sizgediric constant of the surrounding
media, and the inter-particle distance. Spheriealoparticles have a single plasmon
resonance extinction peak at around 520 nm, whimds chot shift extensively by
change in the size and refractive index of theagurding medium [63-65].
3. GNPs can be synthesized in different sizes andiffarent media according to the
desired application.
4. GNPs provide a versatile nanoscale platforms thateasily be functionalized with
small drug molecules, polymers and biomaterialsviany potential applications [66].
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3.2. Synthesis of gold nanoparticles

Different methods have been developed and optimiaeprepare and subsequently
characterize gold nanoparticles. For the preparatfaanoparticles, special precautions must
be taken to avoid uncontrolled growth and aggregatbecause single particles tend to be
unstable in solution. The most frequent synthese$hod for gold nanoparticles in aqueous
medium is the chemical reduction of gold salts sasliHAuUC}) by tri-sodium citrate. In this
method, the citrate salt acts initially as the g agent to reduce Au (Iff) ions to Au(0)
and later also functions as stabilizing agent boynfog a layer of citrate anions on top of the
nanoparticle surface. The adsorption of citrateommion the particle surface charges the
particles negatively and induces enough electigstapulsion forces between individual
particles to keep them separately dispersed insthehesis medium [67-72]. Particles
synthesized by citrate reduction can be obtainealrasst monodisperse spheres, the sizes of
which are controlled by the initial reagent concatidons and the chosen reaction conditions.
The particles in aqueous dispersion are charaetérlzy a deep red color with surface

plasmon resonance peak at about 524 nm as showgure 1 [73].
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Figure 1. UV-Vis absorption spectra of different Idjonanoparticles preparations
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3.3. Stabilization and functionalization of gold nanoparticles

For successful application of GNPs, they must bbikted in order to maintain their
individuality upon the changing of the dispersiodium. For this task, self assembled
monolayers (SAMs) of polymers are frequently usedst@rically stabilizing agents. SAMs
are ordered molecular arrangements that are fotmgespbontaneous adsorption to a surface
with specific affinity of its head group to the wrtying substrate [74]. In other words, SAMs
are thin monolayers of organic molecules that hamd groups that spontaneously and
selectively interact with metal or semiconductobsitates [75]. Recently, the synthesis,
functionalization and assembly of monolayer-pradctgold nanoparticles have been
extensively studied, and particles have been dedigimt are suitable for application in many
fields such as discovery of biomarkers [50], molacumaging and radiotherapy [57,58], and
DNA delivery [60]. For all of these particles, thigroups and disulfides have a very strong
tendency to spontaneously react with the gold sadaexplaining the high popularity of
modifying gold surfaces. Such adsorption in genersililts in the formation of well-organized
SAMs due to the strong chemical bond formed betvggda and sulfur [76].

For all biomedical applications, the surface fumadlization of gold nanoparticles is
the essential prerequisite for applying them td celtures or allowing selective interactions
with organs, tissues, cells or even biomolecules.rrany different applications, it has been
reported that poly(ethylene glycol) (PEG) surfacedification of gold nanoparticles
significantly improves their dispersion stabiliggpecially, in the presence of high electrolyte
concentrations, which would furthermore lead to llheakdown of the electrostatic repulsion
of the citrate coating. Additionally, PEG layersiioit unspecific protein adsorption to the
particle surfaces due to steric repulsion effetth® tethered PEG strands. PEG-maodification
(PEGylation) of nanoparticles imparts a stealtlelsling of these particles and prevents
unspecific opsonins from recognizing the partictegreby limiting the phagocytosis by the
RES cells and increasing the systemic circulatiore tfrom minutes to hours or even days
[77]. The protective action of PEG is mainly groeddin the formation of a dense,
hydrophilic cloud of long flexible polymer chains the surface of the colloidal particle that
reduces the adsorption of opsonins and thus atkaes the hydrophobic interaction with the
RES. The tethered or chemically anchored PEG chaiect the surface in different spatial
conformations depending on their molecular weigthtss preventing the opsonization of the
gold particles, which usually leads to the uptakentacrophages of the RES and causes
preferential accumulation in the liver and splegttached PEG is non-toxic, non-

immunogenic and approved by the FDA for internaé ws humans. Furthermore, it is
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included in the list of inactive ingredients foraband parenteral administration [78-81]. The
mechanism of steric hindrance of PEG modified s@feoated nanoparticles was proposed
by Gref et al. [82]. The water molecules includadhe PEG layers form a structured shell
through hydrogen bonding with the ether oxygen’sP&G. The tightly bound water then
forms a hydrated film around the particles and equoently repels all interactions with
proteins and other nanoparticles.

Besides surface bound or conjugated PEG, amphspbitick co-polymers such as
poloxamers and poloxamine, consisting of blockshgflrophilic PEG and hydrophobic
poly(propylene oxide) (PPO) have been applied foairnnanoparticles with stealth-shielding
properties. The hydrophobic section of the polymesisich contains the PPO units, can be
used to adsorb and anchor the polymer molecules treg particle surface, while the
hydrophilic PEG section can extend into the solutamd shield the particle surfaces. This
method is simple to achieve and can also impareased RES avoidance of the particles.
Conversely, it has the drawback that surface aésbgmlymers can desorb again, leaving
spaces in the surface coating where proteins daseguently bind. Beyond this, proteins may
also be adsorbed to the hydrophobic part of thgrpets, and this has detrimental effects on
colloid stability [83]. Accordingly, several trialgave been done to increase the strength of the
polymer attachment to the gold surfaces. Many pahbns report the utilization of thiol-
terminated poly(ethylene glycol) for the prepanatiof water soluble and stable gold
nanoparticles, which is very important for the bgitally applied particles [84-89]. Other
organosulphur compounds, such as aliphatic or drortiaols and disulfides, also form self-
assembled monolayers (SAMs) on gold surfaces dtieetehemisorptive Au-S bond, which
forms very strong links due to the high affinitytbfols for the gold surface [90]. In addition
to the stabilization of nanoparticles, functionatisn of the second terminal end of
thioalkylated poly(ethylene glycol)s with certaianttional groups, such as amine groups,
provides valuable versatile polymers for the prapan of surface functionalized gold
nanoparticles. Therefore, a coating of nanopasgialgh such bifunctional polymers produces
fairly stable nanoparticles and at the same timaviges terminal functionality for the
installation of targeting ligands, which can labeteract with the specific receptor or target
tissue [54].
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4. The Need for Bone Tissue Targeting

Many chronic bone diseases, such as osteoporosisosigoarthritis, are closely
associated with the natural aging process and qoesdly gain more importance in aging
societies. Osteoporosis, for example, is a bonelid¢ing disease that causes nearly 1.3
million bone fractures each year. In addition te thronic and destructive diseases, bone is
also affected by various types of cancers, origigafrom bone tissue or as metastases from
other tissues (90% of patients that died of breaster or prostate cancer also have skeletal
metastases). Bone cancer and cancer metastasgtearassociated with significant pain, and
their therapy is generally very difficult since thissue is very difficult to reach with
irradiation.

A number of currently known therapeutic agents lageficial for the treatment of
different bone diseases. However, because bonestisdistributed throughout the body, the
systemic drug concentration needs to be maintaatea level such that the drugs exhibit
pharmacological activity sufficiently also at theripheral site. This often causes unfavorable
systemic effects, leaving a very narrow therapeawutiow for the treatment of bone diseases.
The incorporation of osteotropicity to a bone tipexatic agent may, therefore, dramatically
alter the pharmacokinetic profile to favor skeletaposition [91-95].

Apart from the treatment of osteoporosis or canamljvery systems for bone
targeting could significantly improve other treatrhepportunities. Bone targeting could
increase the efficacy and reduce toxicity or tlte sffects of new and already applied drugs
by altering their pharmacokinetics and biodistributby restricting their biological action to
the skeletal system [95].

To develop successful drug delivery systems fatinent of bone diseases, a sound
rationale based on the bone biology is neededhiBoend, an overview on the structure and

biological functions of the bone tissue will be g#ated [95].

5. Structure of Bone Tissue

Bone tissue is a specialized form of connectiveugsand is the main element of the
skeletal tissues. It is composed of cells and aifead extracellular matrix, in which
stabilizing fibers are embedded. Bone is a rathégjue tissue that performs several functions
in addition to contributing to body shape and folims the major attachment site for tendons
andmuscles, essential for locomotion and other movesneihthe body. In some parts of the
body, bones also provide the protective structimesital tissues, such as brain, heart, lung,

bladder and pelvis viscera. Bone also serves asm#ie source and depot for minerals and
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corresponding anions, mainly calcium and phosplaatd, as such is intimately involved in
the mineral homeostasis of the body. In additibe,llone marrow is the place where most of
the blood components, such as blood or immune,calés formed. Finally, there are also
mineralized tissues that have very specializedtians, such as for example the bones of the
inner ear, which are responsible for the transmissif sound. The actual composition of
bone varies strongly with age, anatomical locatiang the general health and nutritional
state. In general, the bone mineral accounts fouas0-70% of adult bone mass, the organic
matrix for about 20-40%, water for about 5-10% antbedded lipids for about 1-5% [95-97].

Bone in human and other mammalian bodies is gdpataksified into two types. The
dense outer shell is termed “cortical bone”, andls® known as compact bone. The inside
contains a much finer network of bone, which m@®mbles a sponge, and is termed spongy
or cancellous bone. Cortical bone is much dens#r wiporosity ranging between 5% and
10% and is found primarily in the shaft of long kenbut it also forms the outer shell around
cancellous bone at the end of joints and in theebeae as shown in Figure 2 [97,98].

Bone has the ability to repair itself without leayibehind scar tissue. It also rapidly
removes and replaces mineral storage based onalietdbmand, and it structurally reshapes
in response to alterations in the mechanical stimigl.g. following fractures or degenerative
diseases). Four distinct cell types are responditecarrying out the local formation,
resorption, and maintenance of bone. These areldasts, osteoclasts, osteocytes and the
bone lining cells. Osteoblasts are the cells tgathesize the bone matrix and participate in
bone mineralization. The functions of osteoblasesiafluenced by a number of endocrine
and cytokine mediators such as parathyroid hormprestaglandins, estrogens, vitamin D
and some cytokines. Osteoclasts on the other hemedmultinucleated giant cells mainly
responsible for resorption of bone, which also sagkace during regular remodelling of the
bone tissue. There are numerous factors that plagleain the regulation of osteoclast
functions and bone resorption, which include pamatid hormone (PTH), PTH related
peptide, calcitonin, glucocorticoids, vitamin Dpfactin, interleukine-1 (IL-1), interleukine-6
(IL-6), tumor necrosis factor (TNF), prostaglandiingerferon-gamma, and members of the
transforming growth factors beta superfamily, inithg bone morphogenetic proteins and
others. Osteocytes are cells, which are buried invithature bone and are formed from
osteoblasts that have been entrapped during bameafion. Several important roles are
attributed to these cells, one of the most impartaging the maintenance of mineral
homeostasis by permitting the diffusion of fluidedaninerals through the cannicular system.

Osteocytes may also serve as a mechanical damager sesponsible for initiating bone
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remodelling or repair. Finally, the bone lininglsedre formed by inactivation of osteoblasts
or perhaps other mesenchymal type cells and theeynainly present on the surfaces of adult
bone. The role of bone lining cells includes thetipaning of bone fluid compartment from

interstitial fluids, the nutritional and metaboktipport of osteocytes, and the initiation of

osteoclast mediated resorption of bone [96,97,99-10
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Figure 2: Diagram represents the structure of déf types of bone.

Besides the metabolically active cellular portiohbone, it also contains the non-
living but very important bone matrix. It is the jmaconstituent of bone and it is a well
organized composite material consisting of an dgyand an inorganic component [103].
About 90% of the organic matrix of bone is composktype | collagen, which is synthesized
by the osteoblasts and deposited in distinct lalgamsvn as lamellae in mature bones. The
organic component of the matrix gives the boneut®r shape and contributes to its ability to
resist tensional load. Bone also contains a vamétponcollagenous proteins that may be
important in the organization of the matrix, theneralization of the bone, and the behavior of
the bone cells. These proteins include osteocalosteonectin, bone sialoprotein, bone

phosphoproteins and small proteoglycans. Livingeboratrix obviously also contains many
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different growth factors that can influence thediion of bone cells and thereby regulation
the function of this tissue [97,98].

The inorganic matrix, or mineral phase of bone,stituies about 75% of the bone
tissue mass and it is composed principally of catcions and phosphate, which are
combined to form specific hydroxyapatiteystals of the compositiofCa;o(PO4)s(OH)2].
The hydroxyapatite in bone consists of very smalistals and contains many minute
impurities, including carbonate or magnesium. Bapatite is usually referred to as a “poorly
crystalline, carbonate-substituted apatite” becanigbe impurities in the crystals, which are
important in rendering bone apatite more solubilastpermitting the apatite to release ions
when needed for homeostasis or for the remodelirigone [104]. The inorganic matrix of
bone performs two essential functions: it servemageservoir, and it gives bone most of its
stiffness and strength. Approximately 99% of thelypgalcium, approximately 85% of the
phosphorous and between 40% and 60% of the totdy Isodium and magnesium are

associated with the bone mineral crystals [97].

6. Ligands for Bone Targeting

The bone’s most distinguishing property from tlestrof the human body is the
presence of bone mineral, hydroxyapatite, whicimas present in any other tissue under
normal circumstances. A very practical approachterdesign of bone targeting systems is to
synthesize drugs or drug conjugates that have yahigh affinity for hydroxyapatite, which
consequently leads to an accumulation in bone afgstemic administration. Although, a
number of drug targeting systems showed promigimgravements of the therapeutic index
by increasing efficacy and minimizing adverse saffects, a true bone-specific delivery
system still remains to be developed. To attais toal, there are several molecules and
moieties that can be used as selective-bone taggigiands. Ideally, a bone-targeting moiety
should have the following properties: it must psssa strong affinity for hydroxyapatite, the
targeting moiety must be chemically modifiable lowa conjugation to the biomaterials used
to construct the delivery system, the introductadrbone-targeting ligands must not render
the delivery system toxic, and the biological effeof the targeting moiety itself should be
minimal, or at least it should not interfere withetbiological activity of the payload [95].
Several bone targeting moieties that possess tttem@cteristics are known, and these are
now described briefly.
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6.1. Bisphosphonates

Bisphosphonates (BPs) are synthetic analogueseahtirganic pyrophosphate (PPi),
a naturally occurring polyphosphate present in meerand urine, which can prevent
calcification of bone by binding to newly formingrystals of hydroxyapatite [105].
Bisphosphonates consist of two phosphonate gromged by phosphoether bonds to a
central (geminal) carbon atom (Figure 3:GP structure). Unlike the unstable nature of
P-O-P bonds, the FC-P structure is highly resistant to hydrolysis unaedic conditions as
well as to cleavage by pyrophosphatases. Two additicovalent bonds to the geminal
carbon atom of bisphosphonate can be formed withoca oxygen, halogen, sulphur, or
nitrogen atoms giving rise to a wide range of pgasschemical structures of bisphosphonates
[105-108].

The P-C-P structure of bisphosphonates imparts the alititpind divalent metal
ions, such as G& For this reason, after being administered, bisphonates are rapidly
cleared from the circulation and localize to thendosurface at sites of active bone
remodeling, particularly areas undergoing ostediclassorption [109].

O HO
HO\// \//O
P P\
/ on e OH
O
O O
\Pé R2 /P</
HO/ \OH HO OH

Pyrophosphoric acid Bisphosphonic acid

Figure 3: The structure of pyrophosphate and biggtmnate

The ability of bisphosphonates to bind to bone mahereventing both crystal growth
and dissolution, was enhanced when the R1 sidenchas a hydroxyl group rather than a
halogen atom. The presence of a hydroxyl groupetR1 position increases the affinity for
calcium owing to the ability of the bisphosphonateschelate calcium ions by tridentate
instead of bidentate binding. In addition to antieralization properties, bisphosphonates are
also capable of inhibiting bone resorption in viaod in vivo. This property requires the

P-C-P structure and could not be achieved by the maregdtonate or with fFC-C-P or
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P-N-P compounds. Furthermore, the antiresorptive effs@ms not to depend on the
adsorption of bisphosphonate to bone mineral and $ubsequent prevention of
hydroxyapatite dissolution, because some bisphasgboderivatives with less affinity for
hydroxyapatite are even more potent antiresorptigents, despite not being bound to the
hydroxyapatite. Bisphosphonates inhibit bone resmmp by their cellular effect on
osteoclasts, rather than by a purely physicochdmieahanism [105,110-112].

Bisphosphonates are nowadays used for the treatofepatients with various
disorders affecting the skeleton including osteopisr [113], metastatic bone diseases [114-
116] and Paget's disease [117]. The pharmacologictdn of bisphosphonates is mediated
through their action on osteoclasts with four déf@ postulated mechanisms: inhibition of
osteoclast recruitment, inhibition of osteoclashesion, shortening of osteoclast life span
(apoptosis) and inhibition of osteoclast activitfowever, it also has been shown that
bisphosphonates have an inhibitory action alsosteablasts, macrophages and certain tumor
cells [105,118]. Therefore, the major concern femg bisphosphonates as bone-targeting
moieties is their possible pharmacological effent the bone cells. Particle conjugated
bisphosphonates may thus still be capable to indamaptosis in osteoclasts, and if a
controlled release mechanism is used, caution imeigbken that free bisphosphonate may
counteract the activity of intended payload drug. dddition, one should avoid using
bisphosphonates as a bone targeting ligand, ifsteoolast-mediated release mechanism of
the active material is applied [95].

In order to attempt bone targeting of other molesuthan bisphosphonates, suitable
conjugates must be developed. The main limitatibthis approach is the fact that osseous
tissues in contrast to other tissues, have a vemyHlood flow rate, because they mainly
consist of inorganic hydroxyapatite mineral. Sirtbés hydroxyapatite and the calcified
tissues are the main targets for accumulation gffHmsphonates and their conjugates, long
blood circulation times before the drugs reachrth@&igets must be expected. Successful
osteotropic drug-delivery systems based on thiphmisphonic prodrug concept as a novel
method for site-specific delivery of other drugstie osseous tissues have been developed
making use of the adsorption of the prodrug torttieeral component of the bone [119]. To
prove this concept, Erez et al. [120] demonstrat®d chemical options to construct
hydrolytically activated chemotherapeutic prodrugsntaining the bisphosphonate bone-
targeting ligand. The first option is applicable &ny drug molecules that possess a hydroxyl
group. Here, the drug is attached to the bisphasgteocomponent through a labile ester

linkage. The second option is suitable for drugeunoles with amine functional groups. In
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this case, a degradable linker is used to attaehlthg to bisphosphonate component through
a carbonate-labile linkage. This concept was detnatesl using camptothecin (containing
hydroxyl group) and tryptophan (a model moleculedaug with amine functionalities). Both
prodrugs bound successfully to pure hydroxyapatiteodel substance resembling bone, and
were hydrolytically activated under physiologicahditions.

Bisphosphonate-coupled radiopharmaceuticals aeadyrwidely used in clinics for
imaging and pain palliation of the skeleton. Ogastaal. [121] developed a nov&l™Tc-
chelate-conjugated bisphosphonate as a bone sajohig agent. The obtained results showed
that the radiopharmaceutical conjugated-bisphosmieomwas selectively distributed to the
skeleton, specifically favoring sites of high bdnenover. In this case, bone-specificity was
mediated by the bisphosphonate affinity for thetiggpaurface.

For this thesis, bisphosphonate moieties were tseleas the bone targeting ligand,
because they are chemically very stable synthatimpounds that resist chemical and
enzymatic hydrolysis induced by osteoclasts antefbee seem to possess the capability for
modifying a previously-developed delivery systeithaut affecting the chemical integrity of

the targeting ligand [122].

6.2. Acidic oligopeptides.

Recently, another drug delivery system using acidiompounds, namely
oligopeptides, was developed to target bone. Thisue¢ approach is based on the well
known structures of several non-collagenous booe&ejprs that have a repetitive sequence of
several acidic amino acids (L-aspartic acid or Wtghic acid) that makes them adhesive to
hydroxyapatite. Osteopontin and bone sialoprotetins, major non-collagenous proteins of
bone, have L-Asp and L-Glu repetitive sequencesrapdlly bind to hydroxyapatite after
addition to osteoblastic cell culture [123,124Jud@es indicated that the minimum number of
amino acids in the sequence should not be lessdixam order to obtain high binding to
hydroxyapatite. There is no effect of either theeroical nature of the acidic amino acid
(aspartic or glutamic) or the optical isomer forindr D) on the in-vitro binding to bone
mineral [125-127]. The affinity of acidic oligopég¢s to hydroxyapatite is due to ionic
interactions between the negatively charged acmdg of these peptides and the positively
charged calcium ions within the mineral compondnbane at physiological pH [128]. The

structure of commonly used acidic oligopeptidesdscated in Figure 4.
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Figure 4: The structure of commonly used acidigatieptides

Because of the unique features of these compoumgish effort has been directed to
conjugate non-specific bone agents with small acigeptides in order to obtain
osteotropicity. A prodrug conjugate consisting3eéstradiol (i) and L-Asp-hexapeptide has
been prepared and was used to target bone tissuthdotreatment of postmenopausal
osteoporosis. The clinical use of &8one is limited by adverse effects, due to thoe flaat &
easily penetrates biological membranes. By coningaestradiol with the hydrophilic
peptide, the prodrug was designed to improve patiempliance. In the in-vivo study, the
prodrug conjugate was selectively delivered to ltbee and it was eliminated very slowly
after injection into mice. This finding also comfied the usefulness of acidic polypeptides as

selective bone targeting ligands [129].

6.3- Tetracyclines.

Other acidic components with known bone-targetibdity include the tetracyclines,
yellow crystalline substances from the metabolikethe actinomycet&treptomyses rimosus
with a wide range of antibiotic activities. Whilettacyclines possess a wide range of

biological activity, they all have a similar basmolecular structure as shown in Figure 5.
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Figure 5: The basic structure of tetracycline
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Tetracyclines are mainly deposited in the newlydied bone after injection into the
living organism. This is due to the direct reactimetween tetracycline and one or more of
inorganic components of the mineralized tissue ntlost likely species being hydoxyapatite.
The affinity of tetracycline for hydroxyapatitedsie to its chelation capacity for calcium ions
present at the surface of the mineral bone ma@6x130].

Due to their high affinity for bone, tetracyclinésve been conjugated with some
therapeutic agents for improved diagnosis andrtreat of skeletal diseases. They have been
conjugated with synthetic polymers to develop watduble polymeric bone-targeting drug
delivery system based on PEG and HPMA copolymersg&hsystems may be used as
universal vehicles for the targeted delivery of ddherapeutics [131]. Because of the uptake
of tetracycline in vivo by the centers of activenbdormation, Frost et al. [132] applied it as a
marker to measure the rate of bone formation atléwel of osteoblast. However, the
complicated structure of tetracyclines and thewrpthemical stability seems to hinder further

utilization of tetracyclines as bone targeting nies®

6.4. Miscellaneous.

In addition to all of the above mentioned compayradfew other molecules have been
applied as bone-targeting moieties. These chengicalps include polymalonic acid, sialic
acid, N-methacrylamido salicylic acid, N-acryloylspartic acid, phosphonylated
polyphenylene oxide, and non-ionic polymers suchlasan. The structures of some of these

compounds are presented below in Figure 6 [95].
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7. Goals of the Thesis

The main objective of this work was the preparatmptimization and investigation of
nanoparticulate bone targeted drug delivery systesirtgy the well known gold nanoparticles
as model system for the investigation and basig#®wersatile production of the particles.

The chosen gold nanoparticles represent an extetledel candidate in the field of
nanoparticle-based targeted drug delivery becausg dan be easily obtained in the desired
size, they are easy to manufacture, and they cameasdy modified to impart various
functionalities by conjugation with various biomaéés and other molecules without altering
the biological activity of the conjugated compounddditionally, gold nanopatrticles can be
easily detected by UV-Vis spectroscopy due to theirque optical properties such as
distinctive extension band in the visible regiof?§ due to the surface plasmon oscillation
of the free electrons [133-135].

One of the essential requirements for this desifjmamoparticles is long blood
circulation time to allow them to reach the specthrget sites. In order to achieve this, the
nanoparticle surfaces must be coated with a layerhyarophilic polymers such as
poly(ethylene glycol) to avoid rapid uptake by tleéiculoendothelial system (RES). At the
same time, the polymer could act as platform fothier functionalization of the nanoparticles

with targeting ligands [136].

Along these lineshapter 2 describes the synthesis of poly(ethylene glycabjacyl
mercaptane, either methoxy or amine terminated @methe functionalization of the gold.
The synthesized polymers are characterized by thgir affinity for gold surfaces and the
formation of a well ordered self assembled monalale to the presence of the alkanethiol
parts. Amine terminated poly(ethylene glycol)-undemercaptane was also functionalized
with bisphosphonate as a bone targeting ligand sumtessfully proved its affinity for

hydroxyapatite.

The necessary optimization of polymer synthesiagisetrosynthesis approaches was
used to establish suitable methods to obtain higbhe derivatives of poly(ethylene glycol)-
undecyl mercaptane. Various experiments using ofyathesis schemes were used to
determine the optimal reaction conditions for timetkesis of the required polymeKShapter
3).
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Chapter 4 outlines the preparation and optimization of tbé&ghanoparticles suitable
for intravenous administration by citrate reductidime obtained nanoparticles were coated
with methoxy poly(ethylene glycol)-undecyl mercapaand amino poly(ethylene glycol)-
undecyl mercaptane. The prepared nanoparticles oleeacterized by size determination
(using photon correlation spectroscopy and TEMja p®tential measurements and UV-Vis
spectroscopy. Furthermore, the stability of polymmerdified nanoparticles was tested in the
presence of sodium chloride, BSA and serum to siteuhe later in vivo conditions.

The objective of the further work was the evaluatiof the in vitro binding of
bisphosphonate-functionalized gold nanoparticleshydroxyapatite (HA). The effect of
coating with different concentrations of bisphospéte on the in vitro affinities of
nanoparticles for hydroxyapatite at room tempegatuas investigated. In order to simulate
the in vivo conditions, in vitro binding of bisph@sonate-functionalized gold nanoparticles to

endobone was also studied in the presence of caldloride, BSA and serunChapter 5).

The final goal of the thesis was to test bisphospt® functionalized gold
nanoparticles in vivo. Nanoparticles were labelath wadioactive indium in order to track
them after intravenous injection. The biodistribuati in different organs and the
pharmacokinetics of functionalized and control go&hoparticles in mice were investigated
(Chapter 6).
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Abstract

Heterobifunctional poly(ethylene glycol) derivag/have a wide range for biomedical
applications ranging from the modulation of theubdity of badly soluble compounds to the
surface modification of implants. For the modifioat of variously shaped gold surfaces
thioalkylated poly(ethylene glycol)s are well edistiied, since they form very stable self
assembled monolayers (SAMs). For a more sophisticainctionalization, the polymers
should furthermore provide functional groups, whaaim be used for the attachment of other
molecules. For this study two different polymersethoxy poly(ethylene glycol)-undecyl
mercaptane and amino poly(ethylene glycol)-undewgtcaptane) were synthesized applying
a new synthetic strategy. Subsequently, a suitadre targeting ligand, bisphosphonate, well
soluble in non aqueous media was synthesized awlec with the amine terminus of the
polymer using standard DCC/NHS chemistry. The oletipolymers were characterized by
'H-NMR, HPLC and mass spectroscopy and demonstratedigh degree of purity.
Furthermore, it was demonstrated that the bisphwsgle-modified polymers bind to gold
surfaces and to hydroxyapatite, which indicated thecessful linkage of the two
functionalities. Consequently, the synthesized pelss seem to be promising for the
preparation of functionalized gold nanoparticlebjcl additionally exhibit a high affinity for
the bone mineral hydroxyapatite.
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1. Introduction

In order to modify biomaterial surfaces, like pobms or metals, bifunctional
derivatives of poly(ethylene glycol) play an imgont role due to their unique properties, like
high water solubility, good biocompatibility, lowytotoxicity, low immunogenicity, low
protein binding and subsequent poor cell adhesib@]] An additionally introduced
bifunctionality furthermore allows for the seledivattachment to surfaces and the
presentation of specific groups suitable to intied€urther functions into the polymers, like
for example controlled cellular adhesion, immolaitian of bioactive compounds or also the
targeting to a certain cell type or tissue. The fap most prominent applications of
functionalized PEG molecules include: PEGylation peptide and protein drugs [5-9],
preparation of hydrogels for drug delivery applicas [10,11], as well as the surface
modification of materials in order to control cédluadhesion [12] or the surface stabilization
and functionalization of different nanoparticle8{15].

For all of these applications, thiol functionalized thioalkylated poly(ethylene
glycol)s are known to binds strongly to gold suesaue to their spontaneous and very
specific adsorption of the thiol or disulfide dexiwes to the gold surfaces, leading to the
formation of very stable self assembled monolay&A&Ms). For these applications, the
alkanethiol part of the polymers is essential torf@ highly stable, highly ordered and well
oriented monolayer film due to the present Van\dals interactions between neighboring
alkyl chains, which almost form crystal structumdsring their assembly [16]. Also, the
binding of the sulfur head group to the gold sudistoccurs in the form of the metal thiolate,
which is an extremely strong bond and subsequénéyesulting monolayer are quite stable
[17-19]. It is reported in literature that the nmmim length of used alkyl chain should be 11
carbon atoms in order to obtain a densely packewsdl crystalline like assembly of the
chains. Shorter aliphatic parts (less than 11) equently produce less ordered structures with
a lower packing density and also weaker coverageeofinderlying gold surfaces [20-22].

The application of poly(ethylene glycol) as surfacating is well known to prevent
non specific adsorption of proteins to the modifeafaces. The PEG mediated protein
resistance also of SAMs is due to the formatiorstable interfacial aqueous layer, which
prevents a direct contact between the underlyimgnbterial surface and the proteins, and
furthermore exhibits also no interactions betweba tincharged PEG and the protein
molecules [23]. It is described in literature thihe inhibition of the unspecific protein

adsorption to PEG modified surfaces is almost iedépnt on the chain length of the PEG
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coating, but a minimum chain length of PEG is reggiito diminish cellular adhesion, which
is found to be about 2000 Da [24,25].

The functionalization of PEG for surface coatingsliready described in literature to
achieve specific interactions with cells. Knerr andal. [12] reported the modification of gold
coated quartz surfaces with alkanethiol PEG madlifieith RGD containing adhesion
sequences in order to measure the cellular adhesimiy the quartz crystal microbalance.
Functionalized gold nanopatrticles have been algal tig target specific organs in the body
via the surface receptors of certain cells. Heofic facid modified poly(ethylene glycol)
coated nanoparticles were used to target folateptec on cancer cells [26] or PEG-thiol
coated gold nanoparticles were used as a platforoptimize hepatocyte-targeted delivery in
Vivo using galactose targeting moieties [27]

In order to achieve bone targeting of nanopartjcheschose bisphosphonates, organic
analogues of pyrophosphate, due to their exceptioigh affinity to bone mineral, which
already led to their exploration for targeting difint pharmacological agents to bone tissues
[28]. Currently, bisphosphonates are the most itambrclass of antiresorptive drugs used in
the treatment of metabolic bone diseases, includsigoporosis, tumor-associated osteolysis
and also subsequent hypercalcemia. All these congsolnave a very high affinity for
calcium ions and therefore mainly target the bornieeral, where they are as primarily
adsorbed drugs internalized by the bone resorbstgoclasts and subsequently inhibit their
physiological function [29]. Bisphosphonates halg® &een studied as tool to achieve a high
bone mineral affinity for various other materidfsinctional nanoparticles for the treatment of
bone disease were designed by surface modificafidti.GA particles using alendronate as
targeting moiety. The observed HA affinity assaggested that the alendronate-modified
PLGA nanoparticles have the potential to the taddhese drug delivery systems to bone
[30].

Additionally, protein-based therapeutic agentsrided for treatment of bone diseases
have been prepared by direct chemical conjugatiitim bisphosphonate. It was demonstrated
by several experiments that conjugation of bonéiegebisphosphonate with various bigger
proteins improved their localized delivery to mialezed tissues [31-36]. Also the delivery of
an antineoplastic agent, methotrexate, to bonaigtra@hemical ligation with bisphosphonate
has been achieved and demonstrated an over fiws tyreater antineoplastic activity against
osteosarcoma compared to methotrexate alone [37db&lashi et al. [38] described the
development of diclofenac prodrugs linked to bisgimnate (DIC-BP) creating an
osteotropic drug delivery system (ODDS). Their hssdemonstrated that the synthesized
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prodrug provides a localized and prolonged rele#sdiclofenac, while at the same time
preventing adverse side effects in the stomaclanlattempt to achieve higher drug loading
per molecule alendronate and an also bone targasipgrtic acid peptide were conjugated to
water-soluble polymers as polymer based bone faggeslystem. Alendronate and aspartic
acid were introduced in the polymers either byais®njugation or by copolymerization with
the corresponding monomers. The obtained resuftghr bone targeting affinities also
showed that these novel delivery systems were aglated in the bone tissue [39].

The main drawbacks for conjugating bisphosphortateslymers or other compounds
are the limited abilities to detect their bindingedo the lack of a sufficient chromophore and
the limited solubility in non aqueous media du¢h@ir high polarity.

The goal of this study was the establishment gindhesis providing a bisphosphonate
labeled poly(ethylene glycol) suitable for the swgd functionalization of differently sized
gold particles in order to provide systems for tin@estigation of bone targeting of
nanopatrticles. In order to achieve this, an orgaoicble bisphosphonate with an aromatic
ring as chromophore was chosen to conjugate tb alkane modified poly(ethylene glycol).
The polymers should, furthermore, be provided vathigh purity in order to estimate the
surface composition on the later used gold pasgibl@sed on the polymer amounts used for

their assembly.

2. Materials and Methods

Tetraethyl methylenebisphosphonate, diethylaminkbrbmo-1-undecene, sodium
hydride, N-hydroxysuccinimide (NHS), N'Micyclohexylcardodiimide (DCC), ethylene
oxide, and ammonium persulfate, were obtained fiduka (Buchs, Switzerland). P-toluene
sulfonic acid monohydrate, 3,5-diaminobenzoic apay(ethylene glycol) monomethyl ether
(mPEG, M, 2000 Da), a,a” azoisobutyronitrile (AIBN), thioacetic acid, pstum
bis(trimethylsilyl) amide, di-t-butyl dicarbonate BQC), tetramethylsilane (TMS),
bromotrimethylsilane, amylamine, DEAE-sephadex AR8 dialysis tubing with a molecular
weight cut-off (MWCO) of 1000 Da were acquired fr@mgma-Aldrich Chemical Company
(Steinheim, Germany). Paraformaldeyde, calcium idgdr methanol, toluene,
dichloromethane, chloroform, acetonitrile, tetratofdran (THF), acetone, 1,4-dioxane,
sodium sulphate, hydrochloric acid, sulfuric acaetic acid, sodium acetate, ammonium
carbonate, zinc powder, ammonium heptamolybdatehgdrate, diethyl ether, ascorbic acid

and hydroxyapatite (HA) were purchased from MerBlar(mstadt, Germany). Deuterated
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chloroform was from Deutero GmbH (Kastellaun, Gamg)a Ibandronate as standard

substance was a generous gift from Boehringer (Mainm, Germany).

2.1. Synthesis of 3,5-Di(ethylamino-2,2-bisphosphojbenzoic Acid:
3,5-Di(ethylamino-2,2-bisphosphono)benzoic acidb&phosphonate carrying label
for the polymers was synthesized according to &quore described by Bansal et al. [40]
(Scheme 1). Briefly, dietylamine (0.580 g, 8 mmemd paraformaldeyde (1.212 g, 40 mmol)
were added to 25 ml of methanol and the mixture slightly warmed until a clear solution
was obtained. Tetramethyl methylenebisphosphdiiat@.326 g, 8 mmol) was added and the
mixture was refluxed for 24 h, and methanol wasaeed under vacuum and subsequent
addition and evaporation of toluene. This last steg repeated to ensure complete removal
of methanol from the solution of the product. Tigaction leads to the formation of tetraethyl
2-methoxyethylene-bisphosphond®, which was finally dissolved in 100 ml of toluene.
Catalytic amounts of p-toluenesulfonic acid monahyel (5 mg) were added and the solution
was refluxed for 14 h using a Soxhlet apparatusasoimg calcium hydride for the complete
removal of methanol and water. After the reactiolugéne was evaporated and the obtained
product was dissolved in chloroform (50 ml) and kexksthree times with 30 ml of water. The
organic layer was subsequently dried with anhydeedium sulphate and concentrated to
yield an oily residue. The crude product was pedfby fractional distillation to a produce a
clear liquid of the boiling point 115-118C, which is characteristic for the tetraethyl
ethenylidenebis(phosphonate) intermed{&g[41]. The intermediat¢3) (0.96 g, 3.2 mmol)
and 3,5-diaminobenzoic acid,(0.24 g, 1.6 mmol) were subsequently heated iMmB®f
tetrahydrofuran at 60 °C for 5 h to produce 3,%ediGethyl ethylamino-2,2-bisphosphonate)
benzoic acidg). Tetrahydrofuran was removed under vacuum angtbeuct(5) (0.9 g, 1.18
mmol) was dissolved in dry dichloromethane (10 amyl bromotrimethylsilane (4.02 g, 26.2
mmol) was added drop wise at 0 °C. The obtainedturexwas then stirred at room
temperature for two days. Finally, dichloromethavess evaporated and 3,5-di(ethylamino-
2,2-bisphosphono)benzoic aci6) was obtained and purified by anion exchange

chromatography using DEAE-sephadex A25.
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Scheme 1: Synthesis of targeting ligand for hydxpaite binding

2.2. Purification of bisphosphonate by DEAE-sephadeA25

A weak anion exchange material, DEAE-sephadex A&, used for the purification
of the hydrolyzed bisphosphonate. The sephadexswadlen in acetate buffer (pH=4) for
two days; the dissolved bisphosphonate was thatetban the same buffer onto the swollen
column material. Resin loaded with bisphosphonas washed two times with the loading
buffer using Buchner funnel to remove the impusitiBisphosphonate was eluted from the
resin by using 0.2 M ammonium carbonate. The amaomncarbonate solution was then
freeze dried giving dry product. The pure final guot was characterized B, °C, 3'P-

NMR, ion pair chromatography, and mass spectroscopy

2.3. Bisphosphonate characterization
2.3.1. NMR analysis

'H-NMR (nuclear magnetic resonance spectroscopyftspevere recorded on a
Bruker Avance 600 spectrometer (Bruker Biospin,iR$tetten, Germany).
2.3.2. lon-pair chromatography

Samples with hydrolyzed bisphosphonate group wevestigated by high pressure
liquid chromatography (HPLC) using a setup consgstf a DGU-14A degasser, LC-10-AT
pump, SIL-10 AD autosampler, RF-10A XL fluorescerastector, SPD-10A VP UV-Vis
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detector and SCL-10A VP controller (Shimadzu, Duigh Germany). The samples were
separated on {fgcolumn (25 cnmx 4.6 mm 1.D., 5 um) purchased from Supleco (Deiséath
Germany). The mobile phase used was a mixture ahlBn-amylamine aqueous solution
(adjusted to pH 7.0 with acetic acid) and acetdei{95%:5% (V/V)). The flow rate was kept
constant at 1 ml/min and the experiments were coieduat room temperature [42,43].
2.3.3. ESI-Mass

Mass spectra of the synthesized compounds werenettausing the TSQ7000
electrospray- mass spectrometer (ThermoQuest, & CA, USA) with the detection range
of 1-1000 Da.

2.4. Synthesis of poly(ethylene glycol)-undecyl meaptane derivatives:
2.4.1. Methoxy poly(ethylene glycol)-undecyl mercapgne (MPEGpodC11H22SH)

To synthesize thioalkylated poly(ethylene glycolpmomethyl ether, the synthetic
Scheme 2 was applied. 5 g (2.5 mmol) of methoxy(etthylene glycol)7) were melted in
an oil bath under argon atmosphere. 600 mg (25 naicdodium hydride were added to the
molten mPEG and stirred at 110-120D until the evolution of hydrogen abated (about 20
minutes). 11-bromo-1-undecef®) (2.33 ml, 10 mmol) was added to the reaction flast
the mixture was stirred at the same temperaturenmtg to form the ether product. At the
end of the reaction, the remaining hydride was ghed by the addition of 30 ml of
methanol. After evaporation of methanol, the residvas dissolved in toluene, filtered to
remove inorganic salts precipitated in toluene.alyn toluene was evaporated and the
obtained residue was dissolved in acetone andtateid in cold diethyl ether to yield the
product methoxy poly(ethylene glycol)-undecé@k For the addition of thioacetic acid to the
terminal double bond, 4.4 g (2 mmol) of the inteda&e9 and 0.480 g (3 mmol) af,a’-azo-
isobutyronitril (AIBN) were dissolved in 30 ml ofylmethanol (dried by using a molecular
sieve of 4A). 2 ml of thioacetic acid were added #me reaction mixture was stirred under
reflux for 72 h. Finally, remaining methanol wasaperated using the rotary evaporator, and
the obtained polymer residue was dissolved in aeet;md subsequently precipitated in cold
diethyl ether yielding compountd [17]. The following hydrolysis of the thioacetasterl0
to the free thiol group was carried out in methanbICl as described by Bain et al. [22] to
give the methoxy poly(ethylene glycol)-undecyl nagtane {1 a), which was purified by
repeated precipitation in cold diethyl ether. Tlyatsesized polymer was characterized by

'H-NMR and HPLC to determine the conversion andpiinéty of the synthesized compound.
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Scheme 2: Synthesis of the bifunctional PEG-unadeescaptane

2.4.2. Amino poly(ethylene glycol)-undecyl mercaptee (HoN-PEGz00dC11H22SH).

A similar reaction scheme (Scheme 2) was applied thee synthesis of the
corresponding amine derivative of the polymer wsthme slight modifications due to the
present amine group. Amine group protected t-butasyonyl amino (polyethylene glycol)
(BOC-NH-PEG) was used instead of methoxy poly(ethgl glycol) in order to prevent the
alkylation of the amine group during the Williamsether synthesis. The corresponding
poly(ethylene glycol)-monoamine was synthesizegblymerization of ethylene oxide with
potassium bis(trimethylsilyl) amide as anionic imtibr according to methods described in
literature [44,45]. The terminal amine group wasernttprotected by di-t-butyl dicarbonate
(BOC) by stirring it overnight in a mixture of diare and water in the presence of potassium
hydroxide [46]. The efficiency of obtained aminefgction was examined by measurement
with the amine reactive fluorescamine [47,48]. Afeanine group protection, the reaction
with 11-bromundecene was completed as describedealfor the methyl terminated

poly(ethylene glycol). In the final step, the use@thanolic HCI hydrolyzed not only the
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thioacetate ester to free thiol, but also deprett@OC protected amine to yield the free

amino poly(ethylene glycol)-undecyl mercaptdh# b).

2.4.3. Conjugation of amino poly(ethylene glycol)nudecyl mercaptane with 3,5-
di(tetraethyl ethylamino-2,2-bisphosphonate)benzoiacid.

The polymer was conjugated to the bisphosphonateyicg benzoic acid using
standard carbodiimide chemistry as depicted inttr@a&cheme 3. Briefly, 1.5 g (2 mmol) of
the still ethyl protected bisphosphonate compaobingere dissolved in 50 ml of dry dioxane
(dried by 4A molecular sieve). To this solutiond®.g of N-hydroxysuccinimide (4 mmol)
and 0.824 g (4 mmol) of N,N’-dicyclohexylcardodininivere added and the obtained solution
was stirred for two hours at room temperature oleoito activate the carboxyl group of the
bisphosphonate for the reaction. After that, 2.2lgnmol) of the amine terminated
poly(ethylene glycol)-undecyl mercaptariel i) were added and the flask was further stirred
for two days. Afterwards the precipitated dicyclgexea was filtered off, and the solvent
dioxane was evaporated under vacuum, the obtairetligt was again dissolved in acetone
and precipitated twice in cold diethyl ether, amally collected by suction filtration and
subsequently dried under vacuum. To obtain the fir@duct bearing the free bisphosphonate
group, the ethyl groups of the esters were remdwedubsequent mild hydrolysis using
bromotrimethylsilane as reagent. 3 g of the comdotB8 were dissolved in 10 ml of
dichloromethane and cooled to 0 °C. 5 ml of bromw#thylsilane were added drop-wise to
this solution and the mixture was further stirreadr@om temperature for two days. After
evaporation of dichloromethane, 20 ml of methanetevadded and the mixture was stirred
overnight and subsequently methanol was removetehy treatment. The dried final product
was dissolved again in buffer and subsequenthfipdrby DEAE-sephadex A25 similarly as
described for the bisphosphonate and finally dusohg freeze drying of the eluted buffer
solution. Only, a further purification step was addwhich is the dialysis of the freeze dried
product for two days against de-ionized water usiiadysis tubing of molecular weight cutoff
(MWCO) 1000 Da in order to remove non-evaporateffebusalts and eventually free

bisphosphonate also retained by the ion exchangenco
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Scheme 3: Synthesis of bisphosphonate conjugatgcher

2.5. Polymer characterization
2.5.1."H-NMR

For NMR spectra of the polymers, they were dissiblire CDCE with tetramethyl-
silane as internal standard, if applicable dueht® golubility of the bisphosphonate, and
subsequently measured using Bruker Avance 600rgpeeter (Bruker Biospin, Rheinstetten,
Germany).
2.5.2. MADI-ToF mass Spectrometry

Matrix assisted laser desorption/ionization magcgpmetry (MALDI-ToF MS) data
were acquired on a HP G2030A spectrometer usingsdiye ion mode. The polymers were
analyzed using the molecular weight range of 0-6008, data were recorded for about 150
laser shot per spectrum using indoleacrylic acgbalved in THF (0.15 mg/ml) as matrix
component. The samples were prepared on the MA&IQEt by depositing 1 pl of a mixture
of matrix solution and polymer solution (1 mg/mB:X), which were subsequently dried

under vacuum at room temperature.
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2.5.3. RP-HPLC

HPLC analysis of the synthesized polymers was padd on the same HPLC system
as used for analysis of the bisphosphonate. Aligesdient of 20% to 100% solvent B (90%
acetonitrile in water) in solvent A (10% acetomdrin water) over 30 min. was applied as
mobile phase at a flow rate of 1 ml/min. 50 pl slEwE5 mg/ml) were separated at 40 °C
using a combination of two macroporous reversedg@lmlumns, namely a PLRP-S guard
column and an analytical column (PLRP-S 300 A, 5 Rolymer Laboratories, Amherst/MA,
USA). The samples were detected by a low temperauaporative light scattering detector
(ELSD-LT Shimadzu GmbH, Duisburg, Germany).
2.5.4. Phosphate assay

The phosphate content of the polymers modified wiiphosphonate was determined
according to a reported test method [49]. For tiesphate detection organic bound
bisphosphonates are oxidized to orthophosphate niojaaium persulfate followed by a
reaction with molybdenum-ascorbate to yield thegphomolybdate chromophore, which is
detected at 820 nm using UV-Vis spectroscopy. Addad substance for bisphosphonate
(ibandronate) was used for the preparation of idredion curve. Briefly, 0.1 ml of a solution
containing 1-10 uM of ibandronate were mixed witth @l of 50 UM ammonium persulfate
and the samples were heated in a boiling water bath6 minutes. Then 1 ml of the
molybdate-ascorbate reagent [50] was then addedhendamples were heated for another
10 minutes in the boiling water bath. After coolidgwn to room temperature, the absorbance
was measured at 820 nm using a plate reader (Shinfa8-9301 PC, Shimadzu, Duisburg,
Germany). An amount of the final product equivalem2.5 puM phosphate was then taken
and treated similar to ibandronate for the quasdtfon of the incorporated bisphosphonate

molecules.

2.6. Testing the polymer’s binding functionalitiegbinding to hydroxyapatite or gold)

The dual functionalities of the polymer were expbbrby testing its affinity to
hydroxyapatite (HA) powder (due to the presencebsphosphonate groups) and gold
surfaces (due to the presence of the alkanethit). g&or HA binding, 2 ml of the polymer
modified with free bisphosphonate (1 mg/ml) werelextito an Eppendorf centrifuge tube
containing 10 mg of accurately weighed hydroxydpgtiowder. The tube was agitated in a
horizontal shaker adjusted to 200 rpm at room teatpee overnight. After that, the tube was
centrifuged at 3000 rpm and the liquid supernatzag subsequently analyzed by the above
described ion pair HPLC [51].
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Binding to gold surfaces was tested according ¢ofélowing procedure: 1 ml of free
bisphosphonate modified polymer solution (1mg/mBswadded to four glass cover slips
coated by a thin layer of gold (18*18 mm) at ro@mperature. After one day of shaking, the

solution was analyzed for the presence of the pehjoy HPLC [12].

3. Results and Discussion
3.1. Synthesis of 3,5-Di(ethylamino-2,2-bisphospho)benzoic Acid:

The two bisphosphonate compourigleind 6 were synthesized as targeting ligands,
since theyare suited to overcome problems associated withctimramercially available
bisphosphonates, like solubility in organic solgeat lack of possible conjugation schemes to
the PEG derivatives. The used bisphosphonates thavéllowing advantages: firstly, two
bisphosphonate groups are contained in one attanbéxtule, which then consequently has a
higher hydroxyapatite binding affinity compared tmmpounds containing only one
bisphosphonate group. Secondly, the ease of datedtie to the presence of an aromatic
benzene ring, which can be either detected usmdlubrescence or alternatively by UV
absorption, which is sufficient to distinguish itofn the unmodified PEG polymer.
Furthermore, the compounds both provide a free osgilt group for subsequent easy
conjugation with primary amines using DCC chemisfiyie synthesis of the ester 3,5-
di(tetraethyl ethylamino-2,2-bisphosphonate)benza@icid 5 and the free acid 3,5-
di(ethylamino-2,2-bisphosphono)benzoic aédare depicted in Scheme 1. The synthesis
started with bisphosphonate compouhd which underwent methoxy methylation with
methanol and paraformaldehyde in the presenceetiiydiamine to yield the intermedia®e
(first step). fH-NMR spectrum for2, 3y (CDCk): 4.19 (m, 8H, OChCHs), 3.63 (m, 2H,
CH3OCHy), 3.2 (s, 3H, CKD), 2,52 (tt, 1H, PCHP) and 1,18 (t, 12H, &HH3)).

The unstable Intermediate was then converted to the unsaturated comp@uhbg
elimination of methanol, catalyzed by refluxingwith trace amounts of p-toluenesulfonic
acid in toluene. Methanol is thereby removed frém@ teaction mixture by calcium hydride
using a Soxhlet apparatus (step 2H-NMR spectrum for3, 3y (CDCk): 6.98 (dd, 2H,
CH,=), 4.15 (m, 8H, OCBKCH,), and 1.3 (m, 12H, C¥H,)]. The chemical shifts of both
compound® and3 are in a good agreement with that described ititérature [40,41].

Compounds was obtained by anti-Markovnikov addition of thaiae groups of 3,5-
diaminobenzoic acid, compour to the double bond of intermedia¢gstep 3). H-NMR
spectrum fors, &y (CDChk): 6.91 (s, 2H, ortho protons of benzene ring)56(4 1H, para
proton of benzene ring), 4.15 (m, 16H, -GHCHj3), 3.78 (m, 4H, -NH-Ei,-CH), 2.75 (it,
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2H, P-(H-P) and 1,37 (t, 24H, -O-CGHCH3). ESI-Mass spectrum fdris presented in Figure
1; MS:m/z753.2 (M+H), 775.2 (M+N4) and 791.2 (M+K)].

Hydrolysis of the phosphonate esters of compdumes achieved by using the mild
dealkylating agent also used for peptide synthesiggmotrimethylsilane (step 4).
Bromotrimethylsilane here firstly forms a silyl esintermediate with replacing of the ethyl
groups. This silyl ester is unstable and can sub=@ty be easily hydrolyzed by water or
methanol vyielding the free acid form (compoul The H-NMR spectrum for6
demonstrated disappearance of the phosphonats dsieto the lack of any signals from the
ethyl groups. [MSn/z527.2 (M), 263.1 (M) and 174.8 (M)].
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Figure 1: ESI-Mass spectra of 3,5-di(tetraethyl yédimino-2,2-bisphosphonate)benzoic

acid( compound)

3.2. Synthesis of poly(ethylene glycol)-undecyl meaptanes:
3.2.1. Methoxy poly(ethylene glycol)-undecyl mercdagane (MPEGyoodC11H22SH).

Alkanethiol terminated poly(ethylene glycol) mondimg ether was obtained through
a three-step synthesis as described in reactioanset2. For the reaction the poly(ethylene
glycol) monomethyl ethe(7) was deprotonated by 10 equivalents of sodium dgdand
subsequently reacted with an excess of the 11-bibumodecend8) in order to obtain a
complete modification of the added PEG polymersniethoxy poly(ethylene glycol)-
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undecendq9). Subsequently the polymers were precipitated id ether, which is a good
solvent for eventually residual alkene. The termihauble bond of the alkene part is not
reactive under these conditions and therefore dicheed any protectiomH-NMR spectrum
for intermediat€9), oy (CDCk): 5.8 (m, 1H, -Gi=), 4.95 (t, 2H, El,=), 3.5-3.9 (m, ~180 H,
-OCH,CH,-), 3.45 (m, 2 H, -OE,-C-C-C), 3,3 (s, 3 H, C4D-), 2.0 (m, 2 H, -CKCH=) and
1.7-1.2 (m, 14 H, the remaining protons of the aékpart)].

Radical addition of thioacetic acid to the doubtsdb of compoun® was performed
by applying heat in the presence of AIBN as radiodiator. This reaction follows anti-
Markovnikov rule and yields acetate protected tluietivatives 10) with a high conversion
(above 95%). ThéH-NMR spectrum of compountiO is characterized by the disappearance
of the signals attributed to the double bond ofalkene located at 5.8, 4.95 and 2,0 ppm and
the appearance of new signaldat{CDCL): 2,85 ppm (t, 2 H, -C}8) and 2.3 ppm (s, 3H, -
SCOCH) for the thioacetic acid part. There were no obsi@hanges observed for other
proton signals, which are related to mPEG chainthedaliphatic part of the molecule. The
final deprotection of the of the thioacetate grafigompoundLO to free thiol was carried out
under acidic condition using anhydrous solution HHCMeOH [52,53]. {H-NMR spectrum
of the final product mPE£d,C1:H22SH (118), (Figure 2, above spectrum)y (CDCl) 3.5-

3.9 (m, 180 H, -OCkCH,), 3.45 (m, 2 H, -OCH), 3.3 (s, 3 H, ChkD-), 2.55 (it, 2 H, -
CH,SH) and 1.7-1.2 (m, 18 H, the remaining protonthefalkane part)].
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Figure 2: 'H-NMR spectrum of methoxy poly(ethylene glycol)eaytl mercaptane (above

spectrum) and amino poly(ethylene glycol)-unde®yicaptane (low spectrum)

3.2.2. Synthesis of amino poly(ethylene glycol)-uedyl mercaptane (NHPEG2por
C11H2,SH).

Poly(ethylene glycol) monoamine with a molecularighe¢ of 2.000 Da was
synthesized as reported earlier [45]. The actualecutar weight of the polymer was
confirmed by MALDI-ToF and'H-NMR. The results indicated that the obtained ager
molecular weight of NHPEG-OH was about 1960 Da. For the further readhenprimary
amine of NH-PEG-OH was protected with an excess of BOC-anbgdm presence of
potassium hydroxide solution. Under these alkakoaditions, BOC protection is only
achieved for the amine group, since the diesteméar with the hydroxyl group is again
cleaved under these reaction conditions. Based staradard fluorescamine assay, it was
found that the protected polymer contains less th#nfree amine indicating a sufficient
protection of the terminal amine with BOCHENMR spectrum of BOC-NH-PEG-OH is
characterized by the following signafs; (CDCLk): 3.5-3.9 ppm (m, 180 H, -OGBH,-) and
1.45 ppm (s, 9 H, -C(Ch)].

The BOC protected poly(ethylene glycol)-monoaminasvithen reacted with 11-

bromo-1-undecene in the presence of sodium hyésdgescribed for the methoxy derivative
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to yield the protected poly(ethylene glycol) monaa@rundecene as described in Scheme 2.
The use of the BOC-protected polymer preventedotissible alkylation of the amine group
to take place. The reaction was then completed thghthiol addition and the hydrolysis of
the protective groups as described for the syrdhesinethoxy poly(ethylene glycol)-undecyl
mercaptane *H-NMR spectrum of pure amino poly(ethylene glycafjdecyl mercaptand.{

b) is presented in Figure 1 (low spectrum). The spetis characterized by the following
signalsdy (CDCk) 3.5-3.9 (m, 180 H, OC¥CH,), 3.45 (m, 2 H, -OCH), 2.8 (t,t, 2 H, -
CH2NHy), 2.55 (it, 2 H, -CHSH) and 1.7-1.2 (m, 18 H, the remaining protonshefalkane
part)].

3.2.3. RP-HPLC:

HPLC chromatograms of the different synthesized @s®&tl polymers are presented in
Figure 3, the chromatogram of the methoxy poly(ethg glycol)-undecyl mercaptane
(mPEG-AIKSH) is characterized by two neighboringee The first peak eluted at about 20
minutes is related to the reduced (singly preseat)ion of the synthesized polymer and the
second peak eluted at about 22 minutes is relatetie oxidized, dimeric portion of the
polymer. Both alkylated polymer species are rethioager on the solvent material, which is
related to their increase hydrophobicity comparedcethoxy poly(ethylene glycol) (mPEG),
which is eluted at 16 minutes. The oxidized polysnare eluted at the later time point,
because the oxidized form has a high molecular hweggnd at the same time it is less
hydrophilic due to the presence of the disulfidado

The chromatogram of the corresponding poly(ethylghgeol) monoamine is also
characterized by a single peak eluted at aboutibbites, which is significantly broader than
the methoxy derivative since it is obtained by oossynthesis. In case of the modified amino
poly(ethylene glycol)-undecyl mercaptane (NPEG-AIKSH), also two peaks can be detected
in the chromatogram. One peak eluting at 19 mindtesto the reduced portion and the other
peak eluted at about 22 minutes, which is due ¢oatkidized portion of the polymer. The
broad peaks obtained for these polymers are dtletwider molecular weight distribution of

the poly(ethylene glycol) monoamine used for thatlsgsis of the thioalkylated polymer [54].
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Figure 3: HPLC chromatograms of methoxy poly(ethgleglycol)-undecyl mercaptane
(mPEG-AIkSH), methoxy poly(ethylene glycol) (MPE@dly(ethylene glycol) monoamine
(PEG-NH) andamino poly(ethylene glycol)-undecyl mercaptanefRE:-AIKkSH)

3.2.4. MALDI-ToF mass spectrometry

For further characterization and elucidation of dhéained polymer structures, matrix-
assisted laser desorption/ionization time-of-flighéss spectroscopy (MALDI-ToF-MS) was
used. The peak molecular weight JMf the synthesized poly(ethylene glycol) monoamin
was found to be 1947 Da, which approximates thesoubhr weight calculated BYH-NMR.
Adjacent peaks differing from each other by a ndiffsrence of 44 Da represent the typical
mass of one ethylene oxide unit, which is the rgpgaunit of the PEG chain. MALDI-ToF
mass spectra of methoxy poly(ethylene glycol)-ugbetercaptane and amino poly(ethylene
glycol)-undecyl mercaptane proved that the polynaeesobtained as mixtures of the reduced
and oxidized form as demonstrated by the obseneedld molecular weights. The peak

molecular weight of the reduced form of amino petiflene glycol)-undecyl mercaptane
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was 2148 Da, which agrees with the calculated valie peak molecular weight of the
oxidized form is about 4232 Da, which can be exy@diwith the formation of disulfide form
of two polymer chains. Similar values were measui@dthe molecular weights of the
methoxy poly(ethylene glycol)-undecyl mercaptarks®Da were observed for the monomer
and 4431 Da for the dimer.

3.2.5. Polymer modified with bisphosphonate:

For the final modification of the amino poly(ethy&e glycol)-undecyl mercaptane the
unhydrolyzed bisphosphonate was linked to the pelyma an amide bond between the
carboxylic group of the bisphosphonate and the gmynamine terminus of the polymer. The
reaction was carried out applying standard DCCMNH& chemistry in non aqueous media as
depicted in Scheme 3. The molar ratio between igghbsphonate and the polymer was kept
at 2:1, which is low compared to the ratios usetitémature, to avoid a modification of both
ends of the polymers with bisphosphonate (thiolutthde kept free for the binding to gold)
[55]. The measuretH-NMR spectrum of the product showed the charastierpeaks of both
parts of the polymer and of the bisphosphonatemBtamethylsilane supported hydrolysis of
the ester group of the bisphosphonate resultetiarfree bisphosphonate modified polymer
(compound 14).

Bisphosphonates and also the polymers conjugateithe®e molecules are highly
hydrophilic compounds and it is consequently veiffiadit to retain them sufficiently on a
reversed phase column. For this reason, ion-paitCHfas been used for separation of these
compounds. To form the ion pair, the polymers amlmned with a lipophilic positively
charged amyl amine contained in the mobile phasechwcan then be retained on the non
polar stationary phase and still allow detectiothwiLSD detector, which is necessary to
identify the non UV adsorbing polymers [56]. ThelldPchromatogram of the final product
is compared to that of the free bisphosphonate pommd 6) and also amino poly(ethylene
glycol)-undecyl mercaptane in Figure 4. The hydzely bisphosphonate (compous)d(BP),
which contains two free bisphosphonate groupsjute@ at about 16 minutes (detected by
fluorescence detector). The polymer alone {NHEG-AIKSH), which doesn’t contain any
acidic functionality to pair with the amyl aming, mot retained on the C18 RP column and is
consequently eluted very early with the injecti@alp at about 5 minutes (detected by ELSD).
The synthesized polymer, which is modified with thisphosphonate (BP-PEG-AIKSH) is
eluted at about 10 minutes in between the two otbempounds, and can be detected with

both the fluorescence detector and the ELSD, wihildo indicated the incorporation of
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polymer and bisphosphonate. The increase of thenmals retention time modified with
bisphosphonate in comparison to the polymer alomcates that it contains the free
bisphosphonate group and consequently it is redldamsde the column for a longer time. The
decrease in the retention time compared to thehbggghonate alone indicates that the
modified polymer is more hydrophilic than bisphospate, due to the presence of PEG chain
and the disappearance of the carboxylic group. sfhall peak eluted later at 12 minutes is
most likely again due to the oxidized form of thedymer.
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Volts
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Figure 4: lon-pair HPLC chromatograms of 3,5-Di(gthmino-2,2-bisphosphono)benzoic
acid using fluorescence detector, free bisphospteomadified amino poly(ethylene glycol)-
undecyl mercaptane using fluorescence detector Bh8D, and amino poly(ethylene
glycol)-undecyl mercaptane using ELSD

The estimated bisphosphonate content of the polyaserdetermined from the
phosphate assay is 972,32 % of the theoretical value, which was quéadifas inorganic
phosphorus (using ibandronate for the standardeguafter oxidation and complexation with
molybdate reagent. This also indicates a succebsgiding of the phosphate to the polymer
and a successful removal of the excess of bisploospé by the dialysis.

3.3.6. Binding to hydroxyapatite and gold surface
The final bisphosphonate modified polymer exhibigechigh affinity to gold and
hydroxyapatite, which was determined by incubatiath both substances. Figure 5 shows

respective ion-pair HPLC chromatograms (using #soence detection) of the final product
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before and after incubation with HA or gold. Frone tchromatograms, it can be concluded
that the added polymer is removed completely fromibcubation solution, since it is being
adsorbed to HA or gold surfaces. For both incubatetiitions no remaining peak is
detectable, which can be compared with the rum@folymer alone without incubation. The
high effectiveness of the removal of the polymerbyh gold and HA confirm the presence

of functional groups, the free bisphosphonate gsami the presence of thiol group.
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Figure 5: lon-pair HPLC chromatograms of polymer difeed with free bisphosphonate
without HA and gold, after incubation with HA ortivgold
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4. Conclusions:

Bifunctional thioalkylated poly(ethylene glycol) rieatives have been successfully
synthesized, which allow both the binding to goltt @o hydroxyapatite surfaces. These
polymers possess both a high affinity for gold aces due to the functionalization of the
hydrophilic PEG polymer by a terminal thiol contaig alkyl group. The polymer was further
conjugated to a bisphosphonate moiety, which iswkndor its specific affinity to
hydroxyapatite contained in bone tissue. Therefibre synthesized bisphosphonate-modified
polymer showed a high binding to the bone minerarbxyapatite. The presented data
demonstrate that the synthesized bisphosphonatéitetbdolymers represent a well defined
platform for the development of bone targeting drdelivery system based on gold
nanoparticles functionalized with the PEG derivegiwia the formation of self assembled
monolayers. However, further experiments are necgds optimize the functionalization of
the nanoparticles with the synthesized polymers #mdoptimize the development of
particulate-based bone drug delivery system intéiidiethe treatment of bone diseases.
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1. Introduction

For the successful coating of the gold nanopadigbolymers are needed, which have
defined functionalities on both sides of the molecwhich are the binding sites for the gold
nanoparticles and at the same time the intendedtiunalities at the end of the PEG
polymer.

The PEGylated thioalkyl polymers intended for tkerface modification were
previously already synthesized in our group [1], their functionalities were not always well
defined. The reactions were mainly done in soljplsut making the purification steps always
possible by rinsing the used gold for the surfacedification of quartz crystals (solid
support). The applied rinsing scheme was usedderdo remove excess of reagents or non
bound molecules of byproducts, e.g. not bearinghfiwated alkyl chain, which is necessary
for the binding of gold. In order to coat nanopdes this cleaning procedure is not
applicable, so an optimized synthesis had to beldped. In order to compare the possible
reaction procedure, a retrosynthetic analysis wadiexd, which can further highlight the

differences of the two applied synthesis schemes.

1.1. Retrosynthetic analysis of poly(ethylene glyfeundecyl mercaptane

The desired polymeric compounds are heterobifanatiPEG derivatives consisting
of an alkanethiol part and attached PEG chains, ladsiring certain functionalities. Based on
the published papers on these heterobifunction@ Bé&rivatives [1] and known facts such as
the solubility of the used compounds, a retrosyiittecheme can been created to depict the
different possible synthetic pathways for the prapan of the poly(ethylene glycol)-undecyl
mercaptane derivatives (Figure 1). Due to the tvainmew linkages (A and B), there are two
possible ways to prepare these PEG derivativesthirfirst one (Route 1), each part (the
aliphatic thiol part and the PEG chain) is synthediseparately and then finally linked to
obtain the target molecule. For the second routaui|1l), the aliphatic part is reacted first
with PEG chain and afterwards the thiol group fadted to the aliphatic part.

For the different routes a careful protection leé functional groups is necessary to
obtain defined products, which are necessary far ithtended coating of the gold
nanoparticles. Especially during the Williamsonegthynthesis the reaction with the thiol has
to be prevented in order to maintain the gold ligdunctionality.

Based on literature data, the second method seémnbd more common and also
more versatile, as the stepwise modification aldlowa exchanging the chemical

functionalities. The proposed retrosynthetic scheemere applied to different poly(ethylene
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glycol)oocundecyl mercaptane derivatives, which are expectathemically form stable and

also protein resistant coatings for gold nanopagi@and also bear the ability being further

functionalized with targeting moieties. The struetiof the desired compounds are illustrated

in Figures 1 and 2 (compound | and Il) togethethwdt short description of the necessary

synthetic steps using the two different synthediaes.

Route |

1) Addition of the thioacetate to 11-bromo-1-undec@nekage A)
= Removal of acetic acid
= Protection of the thiol group in order to avoidesigaction
2) Williamson ether synthesis with monomethoxy polygtne glycol)
(Linkage B)

= Removal of thiol protection group

/\/\/\/\/\/\/\,\ {/\/O "
S O o OCH

\ /

Route I

1) Williamson Ether synthesis with monomethoxy pollggéene glycol) and 11
bromo-1-undecene (Linkage B)

2) Addition of the thioacetate to the unsaturated dmbbnd (Linkage A)
= Removal of acetic acid

Figure 1: Retrosynthesis of methoxy poly(ethyldgpeod)-undecyl mercaptane
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1) Addition of the thioacetate to 11-bromo-1-undec@nekage A)
= Removal of acetic acid
= Protection of the thiol group in order to avoidesigaction

2) Williamson ether synthesis with protected aminoyfethylene glycol) (Linkage B)
= Removal of thiol and amino protection group

A B
X ’
SWO{/\/OMNH
4
\‘ J/ n o, 2

1) Williamson Ether synthesis with protected aminoypethylene glycol) and 11-bromo-1-
undecene (Linkage B)

2) Addition of the thioacetate to the unsaturated dwbbnd (Linkage A)
= Removal of acetic acid and amino protection group

Figure 2: Retrosynthesis of amino poly(ethyleneglyundecyl mercaptane

For both synthetic routes several critical reactsbeps had to be considered, which
will be explained briefly in the following paragiag
Step 1: Deprotection of thiol and amine group functionalities

Because of the thiol group’s sensitivity againstidation to the corresponding
disulfide, its deprotection is usually performed the final step during synthesis. Many
different parameters should be considered for tHecton of the appropriate deprotection
strategy, which generally can be carried out iralatie as well as in acidic medium. Strong
alkaline conditions must be avoided because th@esth glycol chains are unstable in strong
alkaline media and consequently can be cleavediggglshorter polymer chains [2]. Due to
this possible side reaction, the chosen methodepfalection was either mild acidic or mild
basic conditions. Both of the two methods can h#ieq to S-acetyl or S-benzyl derivatives.
However, the acidic conditions are more prefergdce basic conditions may even more

promote the formation of disulfides. Additionally, case of the amino poly(ethylene glycol)-
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undecyl mercaptane the mild acidic conditions wodé&protect the thiol and the amine
groups in one reaction step.
Step 2: Introduction of thiol group.

Aliphatic thiol groups can be introduced using ratected form of sulfur either by
radically initiated addition of thioacetic acid loenzyl mercaptane to terminal n-alkenes [3] or
alternatively by nucleophilic substitution of sulfaucleophiles with corresponding primary
alkyl halides [4]. Although the synthetic routearting from of alkenes or alkyl halides are
nearly similar, the preparation of thiols from aiks usually gives better yields and higher
purities. On the other hand, terminal-alkene salbestrare difficult to be obtained chemically
or from the supplier and are more expensive tharesponding alkyl halides [5]. Addition of
thioacetic acid [6], thiobenzoic acid [7] and 3-cagtopropionic acid [8] to terminal alkenes
in the presence of benzoyl peroxide or AIBN folloargti-Markonikov rule and therefore the
desired protected terminal thiols are obtained igh hyields (above 80-90%). The mild
conditions for the introduction and subsequent otegtion are the main advantages of this
method [5].

Step 3: Williamson ether synthesis

For both PEG derivatives, the newly formed alkylee (Bond B) can be obtained by
addition of methoxy terminated poly(ethylene glycolr protected amino poly(ethylene
glycol) to either a dihaloalkane (X-(G}4-X) or to a terminal haloalkene. In case of usimg t
dihaloalkane, the reaction of both halogen atomg ocaur and subsequently both ends of the
aliphatic chain might be PEGylated, giving riseaanixture of mono-PEGylated and di-
PEGylated alkane which can be further used onlgr adktensive purification. In case of the
haloalkene, there is only the possibility for omagation to take place, which is through
nucleophilic substitution of the terminal halogeara by the PEG anion. The double bond on
the other side of the haloalkene is inert towarasi@eophilic substitution and consequently
doesn’t need protection. Furthermore the doubledhsra very convenient precursor for the
thiol group as already explained before. For thereformation a strong base is required in
order to activate the hydroxyl terminus of the P&fin by converting it into the conjugated
base (PEG anion or PEG alkoxide). This conjugatesktran then react with the haloalkene
through nucleophilic substitution of the halogeonat Different bases such as sodium hydride
and sodium hydroxide have been applied in ordebtain the active conjugated base. Excess
of haloalkene (3-4 folds) should be applied, toagbtas much as possible conversion of the

PEG chains, which would be the most difficult compds to separate from each other [9-11].
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Step 4: Protection of the amino group of poly(ethylene glycol)-monoamine

Di-(t-butyl) dicarbonate (di-BOC) is usually used amine protecting group because
during cleavage of the protecting groups it alsadpces stable tertiary carbocation and can
be removed under mild acidic conditions. The BOGtgxtion of the amines usually takes
place in alkaline medium in order to selectivelptpct amines and leave hydroxyl groups

free, which are needed for the following ether bgsts (Figure 3) [12].

H
(@] N OH
@]
n
o) V

HZNVTLO Ajﬁf)“ XOTOTO ><

1l v

Figure 3: Retrosynthesis scheme of BOC-Protectad@poly(ethylene glycol)

1.2. Retrosynthesis of bisphosphonate-modified anonpoly(ethylene glycol)-undecyl
mercaptane

From the retrosynthetic point of view, conjugatmfrthe bisphosphonate compound to
amino poly(ethylene glycol)-undecyl mercaptane bandone by two synthetic pathways,
either using the organic soluble ester form or thater soluble free form of the
bisphosphonate. Since the free form of the bispimasate is highly hydrophilic and insoluble
in organic medium, EDC/NHS chemistry needs to h@ieg for the conjugation. The optimal
conditions for the reaction with the water soluBBC is a slightly acidic buffer solution in
order to obtain stable NHS-esters of bisphosphdiatd 6]. However, under these conditions
the amine will be protonated and loose much ofcitemical reactivity. Alternatively, the
reaction can be carried out in non aqueous medpptyiag the DCC/NHS principle. In this

case the unhydrolyzed bisphosphonate will read¢t @ELC and NHS to form the active esters,
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which subsequently react very rapidly with the @ignamine group of amino poly(ethylene
glycol)-undecyl mercaptane, yielding the unhydrelyzbisphosphonate-conjugated polymer
[17,18]. Hydrolysis of the ester form of the bisppbonate-conjugated PEG can be done
using acidic hydrolysis with concentrated HCI| oB®Br in acetic acid. However, these
strong conditions, usually result at the same timethe cleavage of the amide bond
connecting the PEG chain and bisphosphonate melecutventually also the breakdown of
the PEG chain [19-21]. Alternatively, this hydrak/san be done using reagents from peptide
synthesis, which can perform the quantitative ddatlon of the bisphosphonate ester under
mild conditions, e.g. an excess of bromotrimetlgig followed by methanolsis of the
resulting trimethylsily ester [22-25]. The retroflyetic analysis toward the synthesis of the
desired compounds is depicted in Figure 4.

14

1) Conjugation of the protected ester of phosphonid aith the poly(ethylene
glycol) using DCC and NHS chemistry in organic nosali

Route
I

2) Cleavage of the phosphonic acid ester groups

PO(@H),

HS(CH,),;~ %\/ {l\/\%@/ \)\PO( H)2

%\mimym
Il

Conjugation of the phosphonic acid compound withghbly(ethylene glycol)

using EDC chemistry in aqueous medium

Route
I

Figure 4: Retrosynthesis of bisphosphonate modgmg(ethylene glycol)-undecylmercaptane
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2. Materials

11-bromo-1-undecene, dibenzoyl peroxide, thioacatid (TAA), acetyl chloride,
sodium sulphate, 2-chlorotrityl chloride, sodiumdhge (NaH), sodium hydroxide (NaOH),
sodium borate decahydrate, methoxy poly(ethylegeadl 2000 (MPEG), ethylene oxide gas
(EO), potassium bis(trimethylsilyl) amideq,a” azoisobutyronitril (AIBN), di(tert-
butyl)dicarbonate (di-BOC), tetramethylsilane (TM§)otassium hydroxide (KOH), 4-
phenylspiro[furan-2(3),1’-phthalan]-3,3 -dione @lescamine), N-hydroxyl succinimide
(NHS), N,N-dicyclohexyl cardodiimide (DCC), bromotrimethyksile. DEAE-sephadex A25,
dialysis tubing molecular weight cutoff (MWCQO) 10aDa. Toluene, methanol, hexane,
chloroform, 1,4-dioxane, acetone, methanol, acwit®i diethyl ether, tetrahydrofuran
(THF), methylene chloride, sodium sulphate, hydimeb acid, sulfuric acid, acetic acid,
sodium acetate, ammonium carbonate, zinc powdenamnum heptamolybdate tetrahydrate,
diethyl ether, ascorbic acid and hydroxyapatite Y M&re purchased from Merck (Darmstadt,
Germany). Deuterated chloroform was from Deuterob8n{Kastellaun, Germany). 3,5-
di(tetraethyl ethylamino-2,2-bisphosphonate)benzoacid and 3,5-di(ethylamino-2,2-
bisphosphono) benzoic acid were synthesized acuprtd the reported method [26].

Ibandronate was supplied from Boehringer (Mannh&ermany).

3. Methods

3.1. Synthesis of methoxy poly(ethylene glycol)-uedyl mercaptane
3.1.1. Route | (previously reported method)

In this method the two main parts of the polyntke, thioalkylated part and the PEG
chain, were separately synthesized and then likgekher.
a. Synthesis of 11-bromo-undecylmercaptane

The alkanethiol residue consisting of 11 carbamatand a terminal thiol group was
synthesized from 11-bromo-1-undecene, 5 ml of ttetia acid and 75 mg of dibenzoyl
peroxide were dissolved in 100 ml of dry toluend haeated at 86C for three hours in order
to start the radical formation for the addition tbe thioacetate to produce bromoundecyl
thioacetate ester. Methanolic HCI prepared by dlddition of 20 ml of acetyl chloride to 200
ml of cooled degassed methanol was then used &veclthe acetate from the intermediate
after evaporation of toluene. The obtained prodasctommonly extracted using hexane,

which is then washed with water and finally driesing sodium sulphate, before evaporation
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of the solvent, yielding the liquid product, whiclan easily be characterized using NMR
[27,28].
b. Protection of the thiol group of 11-bromo-1-undeanethiol

The subsequently necessary protection of thetfrieé is performed by reacting 11-
bomo-undecyl mercaptane with 2-chlorotrityl chl@idvhich is an effective protecting group
for mercaptane. 4 g of the 11-bromoundecyl merceptnd 4.7 g of 2-chorotrityl chloride
were dissolved in chloroform and stirred overnightoom temperature. The chloroform was
finally evaporated and the protected thiol was abti@rized by NMR [29,30].
c. Williamson ether synthesis of methoxy poly(ethghe glycol)-undecyl mercaptane

For the final conjugation with the polymer, 4 gr(Enol) of methoxy poly(ethylene
glycol) were dissolved in 100 ml of dry dioxane &#D mg (10 mmol) of sodium hydride
were added and stirred for one hour for a complegerotonation of the terminal alcohol.
Then, 5.7 g (10 mmol) of the protected 11-bromoaaytl mercaptane were added and thee
reaction mixture was stirred for 24 hours at roemperature. The solution was filtered after
addition of 5 ml methanol (to quench excess sodhydride) and then the solvent was
evaporated under vacuum. The obtained product wasigol by repeated precipitation in
200 ml cold diethyl ether and finally dried. Foretldeprotection, 3 g of the PEG with the
protected thiol group were dissolved in 20 ml oftma@ol containing 200 mg iodine and the
solution was stirred at room temperature for ong édter evaporation of the methanol, the
residue was dissolved in water and excess of iodaseremoved using an ion exchange resin
[31]. After evaporation of water, the produced po&r was purified by repeated precipitation
in cooled diethyl ether and finally characterizgdHPLC and NMR.

3.1.2. Route Il for the synthesis of methoxy poly{bylene glycol)-undecyl mercaptane
a. Synthesis of methoxy poly(ethylene glycol)-1-uedene
» Using 50% aqueous sodium hydroxide

The synthesis was carried out according to a piwweedescribed by Prime et al. [32]
(Scheme 1), 4 g (2 mmol) of methoxy poly(ethyleheagl) (1) were melted then 0.5 ml of a
50% aqueous solution of sodium hydroxide were adaetithe obtained mixture was heated
to 110 °C in an oil bath for 30 minutes. Subsedye0 ml of 11-bromo-1-undeceng)(
were added and the reaction mixture was kept atéhaperature under stirring overnight. At
the end of reaction, the mixture was dissolvedoiuene (50 ml) and filtered to remove
formed inorganic salts (NaOH and NaBr). After evapion of toluene, the obtained polymer
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residue was dissolved in acetone and precipitated¢ooled ether, collected, dried and
characterized by HPLC and NMR [33].

CH,0 OH B aorb
%/\O};\/ + SN e e N
1

) 110°C,18 h

CH3O%/\O}/\/O N
n

3

a: Aqueous NaOH (50%), b: NaH

Scheme 1: Synthesis of methoxy poly(ethylene ylj/aotdecene

« Using sodium hydride powder

Alternatively, 4 g (2 mmol) of methoxy poly(ethylene glycol)) (were melted, then
different amounts of sodium hydride were added thedmixture was allowed to react at 110
°C in an oil bath for 30 minutes. After the evolyiof hydrogen stopped, 2.0 ml of the 11-
bromoundecne were added and the reaction was oedtifor 24 hours at this temperature.
After quenching excess sodium hydride with methatited added excess of methanol was
evaporated, the residue was dissolved again ieneland filtered to remove inorganic salts.
After evaporation of toluene, the residue was dv&bin the least amount of acetone and
precipitated again in ice cooled diethyl ether. po&/mer product was collected by filtration,
dried under vacuum and finally analyzed by NMR &iRl_C [34].
b. Addition of thioacetic acid to methoxy poly(ethyene glycol)-1-undecene

For the addition of the thiol functionality, 4.2a§ methoxy poly(ethylene glycol)-1-
undecene 3) were dissolved in dry methanol, thioacetic acnd a,a” azoisobutyronitrile
(AIBN) were added and the mixture was refluxed wratgon atmosphere to give methoxy
poly(ethylene glycol)-undecane thioestdj according to Scheme 2. The concentrations of
thioacetic acid and AIBN as well as the reactionetihave been varied to give the highest

possible conversion of the thiol group [35].
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O

CH,O (@] )K
3 \%/\O}/\/ X t Hs
n
3
AIBN, MeOH CHgo%/\ E|/\/O
(@]
60 °C, argon atm. n

Scheme 2: Synthesis methoxy poly(ethylene glycol)-undecane thioester

-

4

c. Hydrolysis of methoxy poly(ethylene glycol)-undecamthioester

Subsequently, the obtained thioester was hydrdlymethe free thiol as described
before. HCI in MeOH was added to the thioestehefpgolymer and the reaction mixture was
refluxed overnight (Scheme 3). After evaporationttté solvent, the thioalkylated polymer

was purified by repeated precipitation in coolegtlayl ether.

(@) —_—
n reflux, 18 h

4

S

CH,O 0
0
n

Scheme 3: Acidic hydrolysts methoxy poly(ethylene glycol)-undecane thioetstanethoxy

5

poly(ethylene glycol)-undecyl mercaptane

3.2. Synthesis of amino poly(ethylene glycol)-undganercaptane
3.2.1. Synthesis of poly(ethylene glycol) monoamitBEG-NH,).

Poly(ethylene glycol) monoamin&)(was synthesized according to the Scheme 4.
About 25 g of ethylene oxide gas (EO) were conddnsel50 ml of dried THF (dried by
molecular sieve) cooled to -P& using dry ice in methanol, then 25 ml of 0.5%agsstum
bis(trimethylsilyl) amide solution in toluene wesalded. After stirring the solution for
36 hours at room temperature, the solution was erdnated under vacuum until a viscous

polymer was obtained. To obtain the pure polymedpct, the viscous liquid was dissolved

83



Chapter 3 Optimization of theliAner Synthesis

in methylene chloride, centrifuged to remove anydissolved impurities and finally
precipitated in ice cooled diethyl ether for seVermes. The precipitated product was
collected by filtration and vacuum dried for twoydd36].

\' O \S/i\ %\/OM 7K+
/S\._NK o A THF, 36 h / ,|\, > o

i~ RT

/
HZNMO JEVOH _| )

Scheme 4: Synthesis of poly(ethylene glycol) momaam

3.2.2. Protection of the terminal primary amine grap

Before application to the Williamson ether syntheshe amino group has to be
protected as described before to avoid the allofatif the amine. Therefore, 5 g (2.5 mmol)
of the synthesized PEG-NIdnd 600 mg of potassium hydroxide were dissolvetiSinm| of
water and the solution was cooled down to O °Cninca bath. 0.6 or 2.750 g of the di(tert-
butyl)dicarbonate (2.75 or 12.5 mmol, 1.1 and 5 anatquivalents respectively) were
dissolved separately in 15 ml of dioxane and adttegwise to the aqueous cooled solutions
of PEG-NH. The obtained reaction mixtures were stirred & Gor four hours, and finally
allowed to warm to room temperature while stirriogernight (Scheme 5). After the
evaporation of the solvent, the residues were blisdoagain in acetone, filtered to remove
insoluble salt (KOH) and the solid protected polypn@EG-NH-BOC) were obtained by
precipitation in ice cold diethyl ether. The obtinprotected PEG-NH7) was dried under

vacuum and analyzed [12,37,38].

84



Chapter 3 Optimization of theliAner Synthesis

HZN\%/\O/:L/G\/OH . ><O\@/OT0><

KOH,
dioxane/water
°C

><OTH\/\EO/\%/”OH

Scheme 5: Synthesis of BOC-protected amino polyéetd glycol)

3.2.3. Determination of free amine groups using thiBuorescamine assay

In order to quantify the success of the protectithe free amine groups of the
polymers were quantified using fluorescamine. Andtad curve for HO-PEG-NHwas
obtained according to the following procedure, §0®f a fluorescamine solution (10 mg in
100 ml acetone) were added to 1400 ul of borateeb(50 mM, pH 8.5) containing different
concentrations of the synthesized PEG,K8 10, 15, 20, 25 and 50 uM). The solutions were
then allowed to react at room temperature for Suteis, after which the fluorescence intensity
was measured at 390 nm excitation and 475nm emisgavelengths. Subsequently, the
amount of free amine in the protected polymer weterthined by adding the same amount of
fluorescamine to borate buffer containing 25 pMtleé protected amino PEG, which was
measured as described before.

3.2.4. Synthesis of BOC-protected amino poly(ethyie glycol)-1-undecene

BOC-protected poly(ethylene glycol) monoamine (poomd7) was reacted with an
excess of 1l1-bormo-1l-undecen®) (using sodium hydride as described before for the
synthesis of methoxy poly(ethylene glycol)-1-undecsimilar to Scheme 1.

3.2.5 Addition of thioacetic acid to the terminal double bond of the BOC-protected
amino poly(ethylene glycol)-1-undecene.

The reaction between thioacetic acid and BOC-pteteamino poly(ethylene glycol)-
1-undecene8) was conducted similar to that described beforeMd®EG-Undecene. BOC-
protected amino poly(ethylene glycol)-1-undecanedtetate ester9f was obtained as in
Scheme 6. The subsequent hydrolysis of the thioegis performed as described for the
methoxy derivative. However, during this step alke BOC protecting group is cleaved
yielding the final polymer product10), which commonly dimerizes forming the
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corresponding disulfide. For an extended purifmatand removal of byproducts, the amino
poly(ethylene glycol)-undecyl mercaptane was digsblin 50 ml dichloromethane and
washed several times with 25 ml water containin@ A@ sodium bicarbonate in separating
funnel. Afterwards, the organic layer was dried dpdium sulfate and the polymer was
obtained again by precipitation in cold diethyletland investigated by4-NMR, HPLC and
MALDI-ToF.

A ~ . A,

AIBN‘ MeOH

3 days
H
P e G
\H/ o
n
O
9

HCI/MeOH
reflux, 18 h

H,N o)
0
n
10

Scheme 6: Synthesis of BOC-protected amino poéeth glycol)-1-undecane thioacetate
ester and amino poly(ethylene glycol)-undecyl meatiaae

3.3. Synthesis of bisphosphonate-modified amino pdéethylene glycol)-

undecyl mercaptane

The bisphosphonate-modified polymer was synthdsizeing the above described
synthesis schemes in aqueous and organic mediagvieowonly the organic route yielded a
successful product. For this reaction, 3,5-di(&ttrgl ethylamino-2,2-bisphosphonate)benzoic
was dissolved in dry dioxane and different amowft®l-hydroxyl succinimide (NHS) and
N,N*-dicyclohexyl carbodiimide (DCC) were added ameéacted for 2 hours at room
temperature. Subsequently, amino poly(ethyleneafjiymdecyl mercaptane was added and
allowed to bind for different times to yield the lpmer modified with the unhydrolyzed
bisphosphonatel®) (Scheme 7). At the end of the reaction, the me&twas centrifuged to
remove the formed byproduct (dicyclohexylurea), ahé solvent dioxane was finally

evaporated. The obtained viscous residue was tiesolded in a minimum amount of
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acetone, precipitated in ice cooled diethyl etloaijected, dried and analyzed. The free
bisphosphonate containing compound was obtainedhyolyolysis of compound.2 using
bromotrimethylsilane followed by methanolsis to egithe free bisphosphonate-modified
polymer (3) [26].

0y _OH PO(OCH ,CHy),
DCC NHS
PO(OCHZCH3)2
Dioxane, 2 h RT
(CHzCHZO)ZOPw/\H NH
PO(OCH,CHy), PO(OCH,CHS),
PO(OCH,CH,), (CH,CH, O)ZOP PO(OCH,CH,),
+
11
S(CH,) o
{ 2 11\0/\/{ \/\}n\NHJ
10
RT
PO(CH), PO(OCH ,CHy),
H
HS(CH,) N\)\ HS(CH).
TN {/v }\A PO(OH), of M PO(OCH ,CHy),
SiBr(CH,),
-
MeOH
(HO)ZOP PO(OH), (CH,CH O)ZOP PO(OCH,CH,),

Scheme 7: Synthesis of bisphosphonate-modifie¢etioyyene glycol)-undecyl mercaptane

The free bisphosphonate-modified polymer was &irtburified using an anion
exchange column DEAE-sephadex A25. Therefore, 2 th® sepharose were swollen in
0.2 M acetate buffer of pH=4 for two days. Then tidained polymer was dissolved in
acetate buffer and added to the sepharose whikengtithe mixture at room temperature.
Unbound impurities were then removed by filtrataond subsequently the polymer was eluted
by exchanging the buffer to basic 0.2 M ammoniumba@aate buffer (pH 8.5). This washing
step was repeated 2-3 times to completely eluteptiigmer. The buffer salt ammonium
carbonate was subsequently removed by freeze dayidglialysis of the initially freeze dried
polymer for 48 hours against deionized water ughagysis tubes of 1 kDa cutoff.
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3.4 Analysis of the Synthesized Polymers
3.4.1.*H-NMR analysis

'H-NMR (nuclear magnetic resonance spectroscopyktspevere recorded on a
Bruker Avance 600 spectrometer (Bruker Biospin, iR$tetten, Germany). For the
measurement, the polymer samples were dissolveltuterated chloroform and TMS was
used as internal standard.

3.4.2. HPLC analysis

High pressure liquid chromatography (HPLC) analysias done using a setup
consisting of a DGU-14A degasser, LC-10-AT pump,-80 AD autosampler, RF-10A XL
fluorescence detector, SPD-10A VP UV-Vis detectat a SCL-10A VP system controller all
from Shimadzu, Duisburg, Germany).

HPLC of the synthesized polymers was performeceutige following conditions. A
linear gradient of 20% to 100% solvent B (90% acittibe in water) in solvent A (10%
acetonitrile in water) over 30 minutes was appésdnobile phase at a flow rate of 1 ml/min.
50 ul samples (5 mg/ml) were separated at 40 °@guaicombination of a PL-RPS guard
column and an analytical column (PL-RPS 300 A, 5.(ithe samples were detected by a low
temperature evaporative light scattering (ELSDedetr (Method I) [39].

lon-pair chromatography of the free bisphosphonatataining samples was
performed on a standardiCcolumn (25 cmx 4,6 mm [.D., 5 um, Supleco, Deisenhofen,
Germany). Here, the mobile phase used was a mixurE8 mM n-amylamine aqueous
solution (adjusted to pH 7.0 with acetic acid) awetonitrile (95:5, v/v). The flow rate was
1 ml/min and the experiments done at room tempexgMethod 1) [40,41].

3.4.3. Mass Spectrometry of the Polymers (MALDI-ToRMS)

Matrix assisted laser desorption/ionization masscspmetry (MALDI-ToF) was
performed on a HP G2030A spectrometer in positioelen The polymers were analyzed in
the range of 0-6000 m/z, data were averaged frooutab50 laser shot per spectrum using
indoleacrylic acid dissolved in THF (0.15 mg/ml) msitrix. The samples were prepared on
the target by depositing 1 pl of a mixture of masolution and polymer solution (1 mg/ml)
(3:1).

3.4.4. Determination of bisphosphonate content ohé modified-polymer

Quantitative determination of the bisphosphonatmoriporated in the polymer was

performed after oxidation of the bisphosphonateotthophosphate and the subsequent

reaction with molybdenum-ascorbate reagent to ygelphosphomolybdate complex, which
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can be detected at 820 nm. Pure ibandronate wasassstandard for the construction of the
calibration curve [42-44].
3.4.5. Determination of PEG concentration in the sythesized polymer

Additionally, a spectrophotometric method for tpgantitative determination of PEG
concentrations was used based on the absorbanceumaeent of fluorescein dye after
partitioning into an aqueous two-phase system aanth PEG in the upper phase and
ammonium sulfate in the lower phase. The decre$larescein absorbance in the lower
phase here is directly proportional to the PEG eatration. To 300 pl of ammonium sulfate
(31% w/v in 0.5 M acetate buffer pH 5 containing /™M fluorescein), 40 ul of the respective
PEG samples are added. The samples are allowegttle im dark for 30 minutes at room
temperature before measuring the absorbance ah@7Gsing a 96-well plate reader. PEG

solutions of known concentration are used for thestruction of standard curve [45].

4. Results and Discussion

4.1. Synthesis of methoxy poly(ethylene glycol)-uedyl mercaptane
4.1.1. Route |

Using the already described method for the PEGhggis as described by Knerr et al.
[1], methoxy poly(ethylene glycol)-undecyl mercapaand amino poly(ethylene glycol)-
undecyl mercaptane were synthesized by first thigjahe alkene and later forming the ether
link.

a. Synthesis of 11-bromo-undecylmercaptane

11-bromo-1-undecene was reacted with thioaceiid i@mcthe presence of dibenzoyl
peroxide using a radical mediated addition to tbebie bond, which followed the anti-
Marconikov rule and gave acetate protected thislvdave (11-bromoundecyl thioacetate
ester). ThéH-NMR spectrum of this intermediate is charactatibg the following signals;
o4: 3.4 (t, 2H, BrCH-), 2.85 (t, 2H, -CHS-), 2.3 (s. 3H, CkCOS-), 1.2-1.9 (m, 18H, the
remaining protons of the aliphatic part), whicltoaled to quantify the amount of conversion
to the thioacetate of almost 90%.

To obtain the free 11-bromoundecyl mercaptane irite¥mediate was refluxed with
degassed methanolic HCI overnigfii-NMR spectrum of the mercaptane is presented in
Figure 5 and it is characterized by the represemetaignals for the alkyl protons neighboring
the brome and the mercaptyl groép; 3.4 (t, 2 H), 2.55 (m, 2 H), and 1.9-1,2 (m, 18 H
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Figure 5:'H-NMR spectrum of 11-bromoundecyl mercaptane

b. Protection of the thiol group of 11-bromo-1-undecaathiol

Because of the high reactivity and to avoid bypis, the thiol group needs to be
protected before the further reaction with PEG rh&therwise, the thiol group would
participate in the reaction and a modification leé¢ &lkanethiol part would occur from both
ends with PEG chains, which also would prevent dttachment of the polymer to gold
surfaces. The protection was performed by readtiegl1-bromoundecyl mercaptane with 2-
chlorotrityl in chloroform. This reaction producéd-bromoundecyl-(2-chloro trityl) sulfide
[29], which is characterized by the followilg-NMP signals:3y: 6.7-8.1 (m, 14 H), 3.41 (t,
2H), 1.98 (t, 2 H), and 1.9-1,2 (m, 18 H).
c. Williamson ether synthesis of methoxy poly(ethghe glycol)-undecyl mercaptane

For the subsequent Williamson ether synthesis, jdroxyl group of methoxy
poly(ethylene glycol) was reacted with the protdciel-bromoundecyl mercaptane in the
presence of sodium hydride to form the new etherdbloetween the aliphatic part and the
PEG chain. Sodium hydride firstly reacts with theltoxyl group of the PEG forming the
respective alkoxide. This alkoxide acts then as gyl nucleophilic reagent with the alkyl
halide and results in the ether formation [46].

The'H-NMR of the thioalkylated methoxy poly(ethylene/gpl) after cleavage of the
thiol protection group with iodine is presenteddvelin Figure 6, the obtained spectrum is
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characterized by the following signafj: 3.8-3.8 (m, 180 H), 3.3 (s, 3 H), 2.00 (t, 1 Hda
1.85-1.2 (m, 6 H).

,MJU)JL —— A

44 4.0 3.6 3.2 2.8 2.4 2.0 16 1.2 038
(ppm)

Figure 6: *H-NMR spectrum of methoxy poly(ethylene glycol)eagtl mercaptane

synthesized by route |

The expected integrals for the complete conversibthe PEG to alkylated PEG,
however, should be 182, 3, 0, and 16 protons, otispéy. While there was no obvious
correlation between the expected and measuredratsedhe signal of the methylene group
adjacent to the SH groupu(co. = 2.55 ppm) was completely missing as shown inifed.

In order to characterize the obtained product, EIRinalysis of the polymer was
performed on the reversed phase polymer columnhddet) as presented in Figure 7. Here
the observed retention time of the main peak fersynthesized polymer did not differ much
from the educt methoxy poly(ethylene glycol), whidklicates that only little conversion of
the PEG was obtained, which is visible at the latecurring peak at 20 min in the
chromatogram B. In order to improve the conversibe, reaction conditions were changed
several times, but no significant improvement walsieved, which was attributed to the fact
that no big excess of mMPEG could be used. Whernsexoe®EG are used to PEGylate all the
used thioalkylated part, a mixture of thioalkylalHG and mPEG will be obtained, which is
very difficult to be separated from each other mvrise to a purification problem. As the
polymers for the modification of colloids can’t perified using the adsorption step, which
was done in the earlier publication, an improvedhoé had to be developed to solve the

problem.
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Figure 7: HPLC chromatograms of mPEG (A) and mPB&SA synthesized by route |
(B)

4.1.2. Route Il for synthesis of methoxy poly(ethghe glycol)-undecyl mercaptane
The improved synthesis route was based on theWolp steps:
(1) Reaction of 11-bromo-1l-undecene with methoxy pohyfene glycol) using highly
concentrated base to produces polymer-alkene produc
(2) Addition of thioacetic acid to the terminal doubleond of the polymer-alkene
intermediate using,a”-azoisobutyronitril (AIBN) to produce the thioaats
(3) Hydrolysis of the thioester by methanolic H€ldbtain the desired thioalkylated polymer.

a-Synthesis of methoxy poly(ethylene glycol)-1-undene
| - Using Sodium Hydroxide as base

Methoxy poly(ethylene glycol) was reacted firstttwill-bromo-1-undecene using
aqueous 50% sodium hydroxide solution as base.eldrer the sodium hydroxide solution
was added to the melted PEG and allowed to reacBGominutes at 110 °C. The formed
mMPEG alkoxide reacted with the alkyl bromide byleaphilic displacement of the bromine
leaving group forming the methoxy poly(ethyleneagly-1-undecene as described in Scheme
1 [47]. The double bond of 11-bromo-1-undecene,casvenient precursor of the later
introduced thiol, does not need any protection,abse it is inert towards nucleophilic
substitution [5]. The'H-NMR spectrum of the obtained intermedia® (Scheme 1) is
characterized by the following signafsi: 5.9-5.7 (m, 1 H) CH of the double bond, 5.05-4.9
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(t, 2 H) CH of the double bond, 3.85-3.53 (m, 180 H) protohthe PEG part, 3.49-340 (m,
2 H) CH,O of the alkene part, 3.38 (s, 3 H) methoxy grotmBEG, 2.10-2.0 (m, 2 H) CH
adjacent to the double bond, 1.65-1.25 (m, 14 K)dwal protons of the alkene part. The
obtained integrals agreed with the expected valnes;ating that every mPEG molecule is
attached to one molecule of alkene part (i.e 1008ersion).

The HPLC chromatogram of the obtained productosmared to that of mPEG in
Figure 8. The chromatogram of mPEG is charactetged single peak eluting at 15 minutes
(chromatogram A). Modification of mPEG with 11-broomdecne using both investigated
bases produced compounds eluting significantlyr lateabout 20 minutes, which can be

attributed to the attachment of the lipophilic dlglgain (chromatogram B and C).

Volts

o, P

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes

Figure 8: HPLC chromatograms of mPEG (A), mPEG-waihe prepared by sodium
hydroxide (B) and mPEG-undecene prepared by sotidride (C)

Il - Using sodium hydride powder as base

The synthesis of the mPEG-undeceBewas additionally investigated using sodium
hydride powder instead of the aqueous sodium hydeoxThe exchange was performed in
order to ensure the stability of poly(ethylene glycwhich can eventually be hydrolyzed in
strong alkaline media to shorter PEG chains [24] famthermore the reaction scheme known
from literature had to be adapted in order to cgaia the alkene to the BOC protected amino
PEG, which would be sensitive to water due to d@stained urethane group. Consequently,

the reaction was carried in absence of added water.
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The'H-NMR spectrum of the obtained product is preseimegigure 9 and exhibited
no differences to the spectrum obtained with sodhydroxide catalysis, also the obtained
integrals are in good agreement with the expedtedretical values. A similar agreement was
obtained also for the HPLC analysis, which wasaalyedescribed above.
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Figure 9:'H-NMR spectrum of methoxy poly(ethylene glycolpdecene
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b. Addition of thioacetic acid to the terminal doulde bond to form the thioester

Thioacetic acid was used as the most common amsatile reagent for the free radical
addition of thiol precursor to terminal alkenesislinexpensive and can be easily deprotected
to the free thiol. The conversion of the terminalble bond of MPEG-undecene into mPEG-
undecane thioester was carried out by radical madibf thioacetic acid under reflux in

methanol in the presence of azoisobutyronitrileB) as radical initiator.
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Figure 10:'H-NMR spectrum of methoxy poly(ethylene glycolpdegene (A) and methoxy
poly(ethylene glycol)-1-undecane thioacetate e®&egr

The addition of thioacetic acid was followed viel-NMR by monitoring the
disappearance of the signals of the double bos®Bgppm (m, 1H, CHCH,) and 5.0 ppm (t,
2H, CH=CH) as well as the signal of the adjacent methylgreap at 2.0 ppm (m, 2H,
CH,CH=) (Figure 10, spectrum A). The ongoing reaction wWaghermore, characterized by
the appearance of new signals at approximately p@% for the methylene triplet in
neighborhood of the thioester and at 2.3 ppm detimgrresponding to the acetate end group
(Figure 10, spectrum B) [48]. The conversion wasstigated at different concentrations of
thioacetic acid and AIBN as well as after differesdction times as shown in Table 1. 100%
addition of thioacetic acid to the double bond wedsained by a 1.5 molar equivalent of
AIBN, 12 molar equivalent of thioacetic acid andeaction time of 72 hours under reflux in
20 ml dry methanol. Similar results were obtaingdiveira et al. [49], who found that the
addition of thioacetic acid to the double bond waseased by increasing the concentration
of the radical initiator AIBN.
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Table 1: Effects of different concentrations ofo#uetic acid and AIBN as well as the

reaction time on amount of thioacetate ester predua methanol

AIBN TAA Conversion %
(molar equivalent) (molar equivalent)
0.1 2 25
0.5 4 35
1.0 8 80
1.5 12 100

L reaction time = 48 hours

2 reaction time = 72 hours

c. Hydrolysis of methoxy poly(ethylene glycol)-1-utlecane thioester

Because the thiol group is rather sensitive argllyeaxidized to the disulfide, its
deprotection is usually the final step of the sgsih. Hydrolysis of the thioester can be done
in acidic or basic conditions. In case of alkalgwndition, a significant level of disulfide is
obtained. In order to avoid too much disulfide fatian, hydrolysis was performed under
acidic conditions and with inert gas to reduce dh@unt of oxygen [5]. The stability of the
ether linkages allowed the hydrolysis of mPEG-uadecthioester to be carried out with
methanolic hydrochloric acid (HCI/MeOH) to produdke deprotected mPEG-undecyl
mercaptane polymer. Th&H-NMR spectrum of methoxy poly(ethylene glycol)-ewsl
mercaptane (Figure 11) is characterized by thevofig signalspy: 3.8-3.5 (m, 180 H), 3.45
(t, 2H), 3.35 (s, 3H), 2.7-2.45 (it, 2H) and 1.2-{m, 18H) corresponding to the PEG chain,
methylene group of the aliphatic part adjacentewly formed ether bond, methoxy group of
the PEG chain, methylene group adjacent to thiolgrand the remaining protons of the
aliphatic part, respectively.
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Figure 11:'H-NMR spectrum of methoxy poly(ethylene glycol)eaytimercaptane

Besides’H-NMR, HPLC analysis of the methoxy poly(ethylengcgl)-undecyl
mercaptane was performed to compare it with thecteduethoxy poly(ethylene glycol)
(Figure 12). The chromatogram of the polymer medifiwith the thioalkyl chain
(chromatogram B) is characterized by two peaksQaarid 22 minutes, which correspond to
the reduced form of the polymer (MPEG-AIkSH monamEdmin) and the respective
oxidized form ((MPEG-AIkS)dimer, 22min). The chosen column was here separdhtie
two synthesized compounds and the PEG accordindigbghilicity (C18-material) and
additionally according their size (size exclusiomhe attachment of aliphatic part to the
MPEG chain results in an increased hydrophobiaity the still occurring dimerization by
oxygen increases the molecular weight of the prpdgelding the typical double peak for
these compounds, which were already observed byrkateal. [50] and which can be
removed using reducing agents just before the catognaphy.
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Figure 12: HPLC chromatograms of methoxy poly(ethgl glycol) (A) and methoxy
poly(ethylene glycol)-undecyl mercaptane (B)

4.2. Synthesis of amino poly(ethylene glycol)-undganercaptane
4.2.1. Synthesis of poly(ethylene glycol) monoamine

Bifunctional polymer,poly(ethylene glycol)monamine with a molecular weight of
about 2000 Da, was synthesized by ring opening npetization of ethylene oxide using
potassium bis(trimethylsilyl) amide. Due to the efie of the internal standard of the
methoxy group in mPEG, the number average molecwight was determined after
modification with trifluoroacetic acid anhydride RRA). The *H-NMR spectra of the
synthesized polymers are depicted in Figure 13."FRMR confirmed the structure of HO-
PEG-NH, which is characterized by two signals, one sigaaldy: 2.95-2.80 ppm
corresponding to the two protons adjacent to thmamroup (NHCH,-), and a second large
peak atdy: 3.9-3.4 ppm corresponding to protons of the PEB@&irc The number average
molecular weight was calculated using the NMR irdéggaccording to a method described by
Tessmar et al. [51] for the molecular weight detaation of HO-PEG-NH and NH-PEG-
PLA. The number average molecular weight was catedl after acylation of the amine and
hydroxyl groups with TFAA. The protons of the etlye unit neighboring the hydroxyl group
were shifted fromdy: 3.6 ppm tody: 4.4 ppm, and as well the protons adjacent to amin
group (2.95-2.8 ppm) shifted up field to the sarasiton of the main PEG protons at 3.9-3.4
ppm due to formation of the amide link. The intégi@f the polymer signals before and after
reacting with trifluoroacetic acid anhydride arstéid in Table 2. Based on these values, the

average molecular weight of the polymer was catedl#o be about 1990 Da.
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Figure 13:*H-NMR spectra of amino poly(ethylene glycol) (PEB,)\ amino poly(ethylene
glycol) + trifluoroacetic acid (PEG-NE+TFAA) and amino poly(ethylene glycol) protected
with BOC (PEG-NH-BOC)

Table 2: Chemical shifts and integrals of the abNéR spectra

Chemical Signals integration

shift (oppm) [ HO-PEG-NH | HO-PEG-NH + TFAA | HO-PEG-NH-BOC
1.3-1.4 0.00 0.00 8.61
2.8-2.95 2.00 0.00 0.00
3.4-3.9 179.99 181.0 179.5
4.1-4.2 0.00 0.00 2.05
4.4-4.5 0.00 2.00 0.00

In order to confirm the molecular weight calcuwati MALDI-ToF was performed,
which also showed the size distribution of the oi#d polymer (Figure 14). The mass
spectrum of the HO-PEG-NHshowed the molecular weight distribution with ttypical
repeat units of 44 Da and a Gaussian distribufldre peak maximum was observed at the
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molecular weight of 2038 Da. The number of monomgrks for this polymer can be
calculated to be about 46 repeat units (2038/446), which agrees well with the data
obtained by'H-NMR, since 46 ethylene units would carry 46*484Jprotons [52,53].
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Figure 14: MALDI-ToF mass spectrum of synthesizatha poly(ethylene glycol)

After characterization of the obtained polymer terminal amino group had to be
protected to avoid alkylation of both ends. Themany amine group was protected by
reacting amino PEG with di(tert-butyl)dicarbonatk-BOC). The reaction was carried out
under alkaline conditions and low temperature oicxane/water mixture to allow selective
protection of the amino group since the ester farme the hydroxyl group would be
immediately cleaved [12,54]. Th#i-NMR spectrum of the protected polymer (HO-PEG-
NH-BOC), using 1.1 molar equivalent of BOC, is diéged in Figure 13 with the integrals in
Table 2. The characteristic signals of the spectappear ady: 3.9-3.4 ppm for the PEG
chain and 1.4-1.3 ppm for the BOC group. Simila$yfor the TFAA modification the PEG
protons adjacent to the amine are shifted up field.2-4.1 ppm due to formation of the
urethane with BOC.

A quantification of the successful protection wasried out by fluorescamine assay of
the primary amine. Fluorescamine reacts rapidly ianttigh sensitivity with primary amines
to form a fluorophor with an excitation wavelength390 nm and an emission wavelength of
475 nm. The obtained fluorescence intensity is @rignal to the primary amine

concentration, stable over several hours, and exeagjent is hydrolyzed within minutes [55-
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58]. Since the fluorescence of the conjugate iddent on the amine, a standard curve was
recorded for the HO-PEG-NHith fluorescamine in borate buffer.

Based on the standard curve, the amounts of fremeain HO-PEG-NH after
protection using different concentrations of BOCL(&nd 5 molar equivalents) were found to
be less than 1% (Figure 15) indicating the succégsbtection of the primary amine of PEG

by using this method with both BOC concentrations.

O PEG amine & 5 molar equi. of BOC m 1,1 molar equi. of BOC
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Figure 15: Fluorescence intensity after reactionddferent concentrations of HO-PEG-NH

and BOC protected HO-PEG-NHising 1.1 and 5 molar equivalents with fluorescami

4.2.2. Synthesis of BOC-protected amino poly(ethyie glycol)-1-undecene

BOC protected amino PEG was subsequently reaciéd 1i-bromo-1-undecene
using sodium hydride as already described to atlmdpresence of water, the reaction was
carried out as described for the synthesis of mgtipmly(ethylene glycol)-1-undecene. The
'H-NMR spectrum of the obtained BOC-NH-PEG-undecisnpresented in Figure 16. The
spectrum again shows the characteristic signalsoti the aliphatic part and the protected
amino PEG chain, located &i: 5.9-5.8 (m, 1 H), 5.05-4.9 (t, 2 H), 4.2 (m, 2 8)9-3.3 (m,
180 H), 2.0 (m, 2H) and 1.8-1.2 ppm (m, 23 H). Timegrals of these signals agreed well
with the theoretical values and indicated thatrdation took place only on the hydroxyl end

of the polymer.
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Figure 16: H-NMR spectrum of BOC protected aminly@hylene glycol)-1-undecene

The HPLC chromatogram of BOC-NH-PEG-1-undecenepaoed to HO-PEG-NH
is presented in Figure 17 (chromatogram A and Bg peak of amino poly(ethylene glycol)
is detected at a retention time of 14 minutes (ciatogram A), while BOC protected amino
poly(ethylene glycol)-1-undecene eluted later aital?0 minutes (chromatogram B) due to

the attachment of two hydrophobic moieties, BOQugrand the alkene chain.
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Figure 17: HPLC of amino poly(ethylene glycol) (BQC protected amino poly(ethylene
glycol)-1-undecene (B), and amino poly(ethylenea)yundecyl mercaptane (C)

4.2.3. Addition of thioacetic acid to the terminaldouble bond

The addition of thioacetic acid to the terminauldi® bond yielded the thioacetate
ester of the BOC protected amino PEG-undecanerd&it® shows th&H-NMR spectrum of
the produced thioacetate ester with no signs of étiects double bond and the newly
introduced appeared acetate’s signals 4.2-4.1 ppm (t, 2H, protons adjacent to the w@e¢h
bond), 3.9-3.4 ppm (m, 182 H), 2.8 ppm (t, 2 HR gpm (s, 3 H) and 1.8-1.2 ppm (m, 27
H)).
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Figure 18: H-NMR spectrum of BOC protected amindy(@hylene glycol)-1-undecene

thioacetate ester

4.2.4. Hydrolysis of BOC-protected amino poly(ethyne glycol)-undecane thioester

The last step, the hydrolysis of thioacetate emter deprotection of the amino group,
was done in methanolic HCI, which hydrolyzes bdth éster and the BOC protecting group,
yielding amino poly(ethylene glycol)-undecyl mertape [5,38,59]. The added washing step
was performed to deprotonate the amine for furthedification. The'H-NMR spectrum
showed the signals of the alkanethiol part and BR&n with the characteristic signaf(
3.9-3.4 ppm (m, 182 H, protons of PEG chain), 2®gbm (t, 2 H, protons adjacent to amino
group), 2.55 ppm (t, 2 H, protons adjacent to tgm@up) and 1.8-1.2 ppm (m, 16 H)). HPLC
analysis of the finished polymer is presented imguFé 17 (chromatogram C). The
chromatogram is characterized again by two pealisrabe mPEG derivative; the first peak
related to the reduced form (free thiol) eluteadldut 18 minutes and the second peak related

to the oxidized form (disulfide form) eluted at @ilnutes.
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4.3. Synthesis of bisphosphonate-modified amino pdgethylene glycol)-
undecyl mercaptane

The conjugation of the poly(ethylene glycol) amimas investigated in aqueous and
organic medium. However, in water the conjugatiaswot successful due to side reactions
with the phosphonic acid and the low reactivityttod amine. In organic solvent the carboxyl
group of unhydrolyzed bisphosphonate (compout)dwas first activated by DCC and NHS
to form the active ester, which then reacted wlid amine group of the polymer forming a
stable amide bond (Scheme 7) [60]. Figure 19 shthesHPLC chromatograms of the
polymer before (chromatogram A) and after (chrometm C) conjugation to bisphosphonate
compared to bisphosphonate alone (chromatogranitg).chromatogram of the unmodified
polymer shows the characteristic peak of the ordiform of the polymer at 20 minutes,
while the relative hydrophilic and smaller bisphlogpate is characterized by a peak at
approximately 8 minutes. After attachment to thé/per a new peak is resulting, which is

eluted at about 15 minutes.
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Figure 19: HPLC chromatograms of amino poly(ethgleglycol)-undecyl mercaptane (A),
3,5-di(tetraethyl ethylamino-2,2-bisphosphonatefwén (B) and the product (C)

Due to the slow reaction of the bisphosphonater e@gth the polymer, the effect of the
reaction time on the conversion was investigatedrelasing the reaction time from 24 hours
to 48 hours resulted in further decrease of the uehof the unreacted polymer, while
increased reaction time did not reduce this amaunath more, most likely due to the
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deactivation of the activated bisphosphonate. Edhér investigations a reaction time of 48
hours was, therefore, considered to be optimal.

Similar experiments were carried out to investgtte effect of the molar ratio of
bisphosphonate to polymer on the percent converdiba highest conversion was obtained
for the 2 molar equivalents of bisphosphonate tananpoly(ethylene glycol)-undecyl
mercaptane. The final dealkylation of the tetrakésyer of bisphosphonate-modified polymer
was done using bromotrimethylsilane under mild domas and produced the free
bisphosphonate modified-polymer [61,62].

4.3.1. Determination of bisphosphonate concentratioin the modified-polymer

In order to quantify the amount of bisphosphonad@jugated to the polymer, a
sensitive spectrophotometric method for its deteation was established according to
Daley-Yates [42], which depends on oxidation ofphissphonate to orthophosphate with
ammonium persulfate and the subsequent formati@namored complex with molybdenum-
ascorbate reagent (=820 nm). The chosen method had a wide linearihgeaup to 500
pg/ml phosphate with 10 ng/ml a determination lirf48,44]. A standard curve of a
commercial bisphosphonate (ibandronate) was useddtbration. Quantification of the
amount of incorporated phosphate in the polymer wadormed according the similar
procedure as for the standard and showed that &%at8.6 % of the theoretical amount of
phosphorus were incorporated in the polymer, whindicates the successful modification
with the bisphosphonate group.

4.3.2. Determination of PEG concentration in the sythesized polymers

The chosen method to quantify PEG was based oméasurement of the decrease of
fluorescein absorbance in an aqueous two phasensysith PEG acting as a phase transfer
catalyst. This indirect method of quantificationkisow from literature and allows to detect
PEG concentrations as low as 0.1 uM [45]. Serialtidns of methoxy poly(ethylene glycol)
(mPEG) and the synthesized amino poly(ethylene ojlyPEG-NH) were added to the
fluorescein solution and the alteration of absodeawas measured. A direct relation between
the PEG concentration and the absorbance differehfteorescein was observed (increasing
PEG concentrations led to increase in the absoeddifierences) as indicated in Figure 20.
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Figure 20: Determination of methoxy poly(ethylemgcgl) 2000 (MPEG), R = 0.998, and
amino poly(ethylene glycol) 2000 (PEG-NHR = 0.988, by fluorescein

In case of the synthesized thioalkylated polymensthoxy poly(ethylene glycol)-
undecyl mercaptane (MPEG-AIkSH) and amino poly(etiny glycol)-undecyl mercaptane
(NH>-PEG-AIkSH), the determination could not be perfednas indicated in Figure 21,
which was attributed to the interference of thedliylated parts of the polymers with the
phase transfer of fluorescein. Consequently anratewetermination of the PEG content
could not be performed and the polymer had to béhdu investigated according to its

functionality as already described in chapter 2.

107



Chapter 3 Optimization of theliAner Synthesis

A) R =-0.205

0.4 ~

0.3 T

Abs difference

0.2

0.1 ~

O T T T T T T T 1
0] 5 10 15 20 25 30 35 40

mPEG-AIKSH conc. (ug)

B) R =0.798
0.5
0.45 -

0.4 -

0.35

0.25

0.2

Abs difference

0.15 +

0.05 +

O T T T T T T T 1
0 5 10 15 20 25 30 35 40

NH,PEG-AIKSH (ug)

Figure 21: Quantitative determination of methoxy &d amino (B) poly(ethylene glycol)-

undecyl mercaptane with no observed fluorescenargds
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5. Conclusions

The synthesis of polymers used for the later mcatibn of gold nanoparticles was
thoroughly optimized in order to have defined sabses for the coating of the surfaces. The
already described synthesis was lacking the negepsaty in order to be sure of the surface
composition of the later obtained nanoparticlese Bignthesis schemes were optimized to
achieve high conversions, which were done by usingexcess of the easier to remove
reagents, and also the following purification wasf@med making use either of the unique
solubility of PEG or the high negative charges It bisphosphonate group. By applying
these optimization steps, high conversions wereéeaetd and the polymers were obtained
with very high purities. Since they are mainly uded the surface modification of small
nanoparticles, the amounts synthesized were serfficbut for a commercial application of
the polymer an improvement of the yields withoutrgeing the amounts of conversion

would be further necessary.
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1. Introduction

Colloidal gold consists of sub-micrometer-sizedtipkes of gold usually dispersed in
water. The synthesis of gold nanopatrticles (GNRs) leceived considerable attention and a
lot of different synthetic procedures have beencdlesd to obtain gold nanoparticles in
different sizes, shapes, and dispersion mediagfethueous or non aqueous). Controlling the
size, shape and structure of gold nanoparticlaeasnologically important because of the
strong relation between these parameters and sdting properties, such as the interaction
with light, which is valuable for many applicatiookgold nanopatrticles [1-5].

Aqueous gold nanoparticles dispersions are thet ncosnmon especially for
biomedical and biological applications. The simplegthod of preparation is based on the
reduction of aqueous hydrogen tetrachloroauratgtisaol by trisodium citrate. In this method,
citrate anions have a dual function; in the begigrthey act as the reducing agent to reduce
Au*® to Al’. Later they also act as a stabilizing agent fa& mianoparticle dispersion by
forming a charged layer of citrate anions on thdase of the formed particles [6]. The
mechanism of citrate reduction of gold chloridetsab form gold nanoparticles occurs
through a multi-step process [7]. The initial steghe oxidation of citrate ions to produce

dicarboxy acetone:

_O
O// /O O 0]
W+ cOs +H 4+ 2
oOH O- O O O
O \o

The second step is the reduction of auric (goldskilt to aurous (gold ) salt:

AuCl + 2cI

AuCl, + 2e

The third step is the disproportionation of thefediént aurous species to gold atoms where
three gold I chloride combine together to produleenental gold and one molecule of auric

chloride. The gold atoms serve as nucleation &itethe growth of gold nanoparticles [8].

0
3AUCI — > 2Au + AuCl,

0
nal’ ——— (Au),
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The further growth of the nanoparticles is depandm the ratios of the reactants,
temperature and also the stirring rate, and carefibie be used to control the sizes of the
obtained particles [9]. The finally obtained pddgthen posses a surface consisting of excess
of citrate, which renders the particles negativaigrged and consequently well disperses in
the reaction medium.

Subsequently, the surface of the citrate-stalllg@d nanoparticles demands a further
protection in order to increase the aggregatiomilgta For this task, self assembled
monolayers (SAMs) on gold provide a versatile togbrotect and stabilize gold nanoparticles
by separating the metal core from the surroundimgrenment, in order to prevent occurring
particle growth and reversible agglomeration [1@dly(ethylene glycol) (PEG) derivatives
here have been widely used to coat and stabilizd ganoparticles, because they are
hydrophilic, water soluble, biocompatible and atesistant to unspecific protein adsorption
due to the steric stabilization of the PEG chairis14].

Many different research papers describe the usefuplication of similarly
functionalized gold nanoparticles. Yoshimoto ef{&b], for example, reported the preparation
of PEGylated GNPs, which were intended to be usedigh-performance photothermal
agents in photothermal therapy (PTT). Gold nanagest can also be applied as X-ray
contrast agent with absorption properties that @vy@e some limitations of traditional agents
due to their particulate character [16]. They apgeabe non-toxic and enable higher and
longer imaging times than currently possible ustandard iodine-based agents [17]. A very
recent study showed the successful use of antibodjigated PEGylated gold nanoparticles
to label human cancer tissue that has been susgreslected from patients. The study takes
the advantages of strong optical scattering of gadshoparticles to image the actual
distribution of the tumor and its stomal tissuehadt simple darkfield microscope. Since the
used gold nanoparticle-antibody conjugates are®ffdy stabilized by heterofunctional PEG
molecules, they are highly stable under the bia@gtonditions and unbound particles can be
rinsed away quantitatively when the incubated gssoesn’t contain the targeted antigen [18].

The objectives of this chapter are to describe pheparation of stable gold
nanoparticles with sizes suitable for the intrawenadministration and the optimization of
their synthesis. Furthermore, the effect of subsetjsurface modifications by PEGylation
using methoxy and amino terminated poly(ethylenea)-undecyl mercaptane on particle
properties, such as size, zeta potential and dispestability, were analyzed in the presence
of electrolytes and proteins, which normally leadstgnificant aggregation of only citrate

stabilized particles.
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2. Experimental
2.1. Materials and Methods

Hydrogen tetrachloroaurate tri-hydrate (HAWGBH,O), methoxy poly(ethylene
glycol) 2000, ultrafilteration tubes (50,000Da MWL Gnd bovine serum albumin were
purchased from Sigma-Aldrich Chemical Company (Bteim, Germany). Trisodium citrate,
sodium chloride, nitric acid, hydrochloric acid wepurchased from Merck (Darmstadt,
Germany). Methoxy poly(ethylene glycol)-undecyl oeptane (MPEG-AIKSH), amino
poly(ethylene glycol)-undecyl mercaptane (MEG-AIkSH) were synthesized as described
in chapter 2. All glassware was thoroughly washétth fweshly prepared aqua regia (HCI:
HNO3= 3:1), extensively rinsed with Millipore water sgal times and oven-dried at 15D
for 2-3 h before use. All solutions were filterdddugh 0.22 um membrane filter (Corning

Incorporated, Corning NY 14832, Germany) before use

2.2. Preparation of gold nanopatrticles

Gold nanoparticles (GNPs) were synthesized in sie® aqueous preparation, in
which hydrogen tetrachloroaurate was brought tdirgpiand reduced by rapid addition of
sodium citrate. 100 ml water containing differeahcentrations of HAuUGI3H,O was heated
until boiling under reflux, and then 1 ml agueowsuson of tri-sodium citrate trihydrate
solution was added rapidly. Boiling and stirringreveontinued for 20 minutes. After that, the
heating mantle was removed and the solution wadtuntil it was cooled down to room
temperature. Stock solutions of the gold salt (E¥)l trisodium citrate (170 mg/ml) were
prepared using Millipore water and were filteretbtigh 0.22 um membrane filter. Different
volumes of the above mentioned solutions were aggph order to investigate the effect of
citrate/gold ratio on the size of the obtained mamticles. The produced nanoparticles were
characterized by UV-Vis spectroscopy, size and pet&ntial measurements using photon
correlation spectroscopy [19].

2.3. Characterization of the prepared gold nanopaitles
2.3.1. UV-visible spectroscopy of the prepared naparticles

Ultraviolet-visible light absorption spectra okthitrate-stabilized and the PEG-coated
GNPs were taken at room temperature using a spécttometer (Uvikon-941, Kontron

Instrument, Germany).
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2.3.2. Size and zeta potential measurements by pbatcorrelation spectroscopy (PCS)

The size distributions and the zeta potentialghef synthesized gold nanoparticles
before and after polymer coating were analyzed lgtgn correlation spectroscopy (PCS)
using a Zetasizer 3000 HAS (Malvern, Instruments b@8m Germany). For a typical
measurement 300 ul of GNPs were added to 3 ml difplglie water immediately before
measuring their size and zeta potential. The ref@mendex and the viscosity of water were
used for the calculation of the results.

2.3.3. Determination of nanopatrticle concentration®y ICP-OES

The actual concentration and consequently alsomtineber of gold nanoparticles per
volume after synthesis were determined by usingatidely coupled plasma-optical emission
spectroscopy (ICP-OES). Defined volumes of the partecle dispersion were dissolved in
agua regia, more precisely diluted with Milliporeater and the obtained samples were
directly analyzed by ICP-OES (Horiba Jobin YvonP7®&+S, Munich, Germany). The gold
content of the dissolved particles was determimethfa calibration curve constructed from
different concentration, from 10 to 100 ppm, of logkn tetrachloroaurate tri-hydrate [20].
2.3.4.Stabilization and surface-functionalization of goldnanoparticles

Citrate stabilized GNPs were used without modiftcaand after coating with either
methoxy poly(ethylene glycol)-undecyl mercaptand’f&@-AlkSH) or amino poly(ethylene
glycol)-undecyl mercaptane (NAEG-AIKSH). Different amounts of the two polymers,
1-5 ug per ml of the nanoparticles dispersion, watded to the nanoparticles to study the
effect of coating on their size and also to detaemthe necessary concentration for a
complete surface coating. The mixture was incubatede permanently stirring at room
temperature for one day to allow sufficient exclengcitrate anions on the particle surface.
The excess of unbound polymers was removed by aetiares ultracentrifugation using
ultrafiltration tubes having molecular weight cudt-0MWCO) of 50.000 Da. The effect of
surface coating of the particles was observedHeir tUV-Vis absorption, particle size and
Zeta potential.

a. Testing the dispersion stability of the surfacéunctionalized nanopatrticles

In order to test the dispersion stability at higllectrolyte concentration, the gold
nanoparticles were incubated with 300 pl of 5 M N&C 2 ml of particle dispersion. The
measured changes in UV-Vis absorbance, size amadpoéential of nanoparticles were used
as indicators for their stability [21-23].
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b. Interaction of surface-functionalized nanopartides with proteins (BSA and bovine
serum)

The interaction of citrate stabilized, methoxy ammnino PEG coated gold
nanoparticles with BSA (200 pg per ml of colloidalution) and serum (10% v/v) was
studied to investigate the effect of the differentface properties of the nanoparticles on
protein adsorption. The particle samples were iatedb with proteins over night at room
temperature while permanently shaking the flaskee ihteraction of the gold nanoparticles
and proteins was monitored by UV-Vis spectroscqize determination and zeta potential

measurement [23].

3. Results and Discussion
3.1. Preparation and characterization of gold nanoarticles
3.1.1. Effect of citrate concentrations on the sizaf the produced nanoparticles

The size of the nanoparticles prepared by theatemuof gold salt normally depends
on a number of parameters, such as the type otireglagent and the initial concentration of
the metal precursor. The type of reducing agenerdehes the rate of nucleation and
subsequently the particle growth: a slow reductmoduces large particles, while fast
reduction usually produces smaller particles [2dle chosen synthesis of gold nanoparticles
by citrate reduction represents a good model sy$teitine production of GNPs in context of
this thesis, because of its simplicity and reprddility. After addition of trisodium citrate to
the boiling solution of the gold salt, a bluisha@oappeared, indicating the formation of gold
nuclei. A few minutes later, the solution turnedliant deep red due to the formation of the
nanoparticles. The deep red color of gold nanogesgtiin water is due to the strong light
absorption in the visible region due to the ostidia of surface electrons after exposure to
light, a phenomenon characteristic for metallic oparticles called surface plasmon
resonance (SPR). This general phenomenon of nogpaltticles depends mainly on their size,
shape, composition and dielectric environment [@b,2he obtained size and size distribution
of the gold nanoparticles are very important patanse which determine their physical and
chemical properties. In order to prepare gold narapges suitable for intravenous
administration, different concentrations of triaodi citrate were used. By increasing the
citrate to gold ratio from 3 to 34 the sizes of gaticles were reduced from 14517 nm to
38+ 1.5 nm. Table 1 shows the effect of the amounth®fused citrate on the size and UV-
Vis absorption spectra of gold nanoparticles. Usingeight ratio of citrate to gold of 3, the

average size of the obtained nanoparticles wasnid5as determined by photon correlation
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spectroscopy, and the corresponding surface plaggsmmance (SPR) band in the UV-Vis
spectrum was 533 nm. In case of a citrate to gatio of 17 the obtained particle sizes were
91 nm and\nax Of SPR was 530 nm. Increasing the ratio of cittatgold to 34, the size of
the obtained GNPs was 38 nm withAg.x of the SPR of 524 nm. Consequently, lower
concentrations of sodium citrate resulted in a #malumber of nuclei and so more gold
atoms aggregate per particles, which results inrntteease of the average particles diameter
[6]. The obtained results are in good agreemertt wiany results reported in literature [27-
30].

Furthermore, different batches of gold nanopasiavere prepared using the highest
concentration of sodium citrate (citrate/gold =,30m these experiments gold nanoparticles
with similar sizes and acceptable polydispersityidgas (Table 2) were obtained each time
indicating high reproducibility of the citrate redion for the preparation of gold
nanoparticles. Figure 1 shows the measured sizebdigons of different batches of as-
prepared gold nanoparticles. The obtained nanapestshow a quite narrow monomodal size
distribution with only one peak observed in theediistribution curve (Figure 1). The average
diameter of different batches of as-prepared gadoparticles is about 36 % 1.7 nm
[31,32].

Table 1: Effect of the amounts of sodium citratetbe size and the Surface Plasmon
Resonance (SPR) of the synthesized gold nanopsarticl

HAuCl;.3H,O | Trisodium citrate | Citrate/Gold| Size SPR maximum
(mg) dihydrate (mg) ratio (nm) (nm)
20 60 3 145+17 533
10 170 17 91+14 530
5 170 34 38+ 15 524

! Size is determined by PCS
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Table 2: Size and polydispersity index of diffeteaitches of gold nanopatrticles

Batch Mean size (nm) S.D | Polydispersity indek
Bl 38.8 2.132 0.336
B2 34.9 0.589 0.486
B3 35.8 1.617% 0.252
B4 37.2 0.954 0.495
Mean+ SD 36.7+ 1.7 - 0.392+ 0.118

T e

% In class

AN .

5 10 50 100 500 1000 5000
Diameter (nm)

Figure 1: Size distribution of different batchessghthesized gold nanoparticles

3.1.2. Determination of the nanoparticles concenttans

The gold content of the nanoparticles from différbatches was analyzed by ICP-
OES. The resultmdicated that almost all the added gold was cdedetio gold nanopatrticles,
which shows that the reduction of HAU@H,O by sodium citrate is about 100% completed
under the above mentioned conditions. For furtlacutations of the actual number of gold
nanoparticles per ml, the determined concentraimh the size of the obtained nanopatrticles
were used.
3.2. Stabilization and surface-functionalization ofgold nanopatrticles

Citrate-stabilized gold nanoparticles are typiogdirophobic colloids carrying a large

excess of negative surface charges and consequkattyare only stable in very low ionic
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strength solutions, where the adsorbed chargesstdreable to prevent the close contact
between individual particles. Due to this propestigold nanoparticles are thermodynamically
very unstable and consequently require specialligtation [33]. It is therefore especially
important to modify their surfaces in order to me&se the colloidal stability also in
physiological fluids. To this end, thiol chemistmas been widely applied due to the high
affinity of sulfur to gold surfaces with chemicgbexies ranging from small molecules to
larger biomacromolecules and also polymers [13].

A S(CHz)u\o/ﬁ\/oﬁ\/\o/
o

S(CHZ)H\O/%\/ Mo/

B S(CHZ)H\O%\/O%\/\NH

n 2

S(CH o
( 2)11\0/%\/ %?/\NHZ

Figure 2: Surface stabilization and functionalizatiof gold nanoparticles with mPEG-
AlkSH (A) and with NEPEG-AIKSH (B)

The surface of the produced gold nanoparticlessuasequently stabilized and further
functionalized by methoxy poly(ethylene glycol)-@agl mercaptane (mMPEG-AIkSH) and
amino poly(ethylene glycol)-undecyl mercaptane {REHG-AIKSH) as depicted in Figure 2.
Different concentrations of the respective polymesging from 1-5 pug per 1 ml of the
colloidal solution from one batch have been useéglureé 3 shows the observed effects of the
concentration of mMPEG-AIKSH and NPEG-AIkSH on the size of the coated nanoparticles
compared to the effect of non thioalkylated mPE@difion of 1 pg of mPEG-AIKSH to 1 ml
of nanoparticle solution (containing 7*f0particles) resulted in an increase of the average
particles size from 38.8 to 43.6 nm as measureld phibton correlation spectroscopy. Further
increasing the concentration to the double conagatr (2ug/ml) increased the size slightly
to 44.2 nm. Further increase did not affect the sizGNPs anymore, which indicates that a
sufficient amount of polymer was provided to comglle coat the available nanoparticle
surfaces. In case of ;NPEG-AIkSH, applying 1 pg/ml increased the measwied to 45.54

nm. While further increasing the concentration mtbn 1 pg/ml did not result in any further
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increase of the size. Addition of different concatibns of pure mPEG to GNPs solution did
not result in any increase of the particle sizecsimPEG can’t bind to gold surfaces due to
the lack of thiol functionalities. The increaseparticle size after addition of mPEG-AIKSH
and NHPEG-AIKSH on the other hand can be attributed tsingle layer coating of the
particle surfaces with the added polymers, whicthlmmntain thiolated alkyl chains with a
strong affinity to gold surfaces suitable to forelf asssembled monolayers on gold via the
sulfur-gold bond [34].

O mPEG-AIKSH

60 NH2PEG-AIKSH
m mMPEG
50
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&
£
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n
20
10 -
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Polymer conc. (ug/ml)

Figure 3: Effect of different concentrations of MBPENPEG-AIkSH and NIREG-AIKSH on
the size of gold nanoparticles

Figure 4 shows the measured size distributionabd ganoparticles before and after
coating with polymers as determined by photon d¢ati@ spectroscopy. The size of the
MPEG-AIkSH coated gold nanoparticles is generabygdr than those of uncoated
nanoparticles, with an obvious shift of the paetisize distribution peak to larger sizes, but
nevertheless the nanoparticles still have the saaeow size distribution and low

polydispersity index and no signs of the formatdarger sized aggregates.
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Figure 4: Size distribution of citrate-stabilizedld nanopatrticles (a) and mPEG-AIKSH-

coated gold nanoparticles (b)

The surface charge plays an important role foisthbility of nanoparticles. Therefore,
the zeta potential of gold nanoparticles was megshefore and after coating with polymers
(Figure 5). The zeta potential of citrate stabdizeanoparticles was determined to be -47.3
5.5 mV, while the zeta potential of MPEG-AIkSH @xhhanoparticles increased to be about -
20 mV. This observation is attributed to the shiedeffect (screening of some of the
negative charges on the particle surfaces) of éwdral PEG chains attached to nanopatrticle
surface and also to the occurring replacement aftrabthe adsorbed citrate anions on the
particle surfaces. The measured zeta potentiallfPIRG-AlkSH-coated gold nanoparticles
is almost neutral most likely due to the presenicamoine groups, which can be protonated
and become positively charged, leading to the ftioneof only slightly negative or neutral
nanoparticles [23,35,36].
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Figure 5: Effect of different concentrations of nBRBIkSH and NEPEG-AIKSH on the
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3.3. Purification of gold nanoparticles from excespolymer

Removal of the excess of unbound polymers fronttsed nanoparticle dispersion is
one essential step before further application ofoparticles due to possible interactions of
the free PEG with the conducted measurements.dardo investigate the purification, an
excess of MPEG-AIkSH (5 pg/ml) was added to theoparticle dispersion to ensure
complete coating of the particles. The remainireg ffraction (unbound to the surface) was
removed by ultrafiltration at 750 g for 20 minutesng ultrafiltration tubes (molecular weight
cut-off (MWCO), 50 kDa), which retain only the nanasticles and allow the free polymer to
pass with the filtrate. After four cycles of ultitaktion, no further free polymers were
detected via iodine-assay in the filtrate, indiegtia complete removal of the unbound
polymers. The zeta potential (surface charge), simd size distribution of the gold
nanoparticles were measured before and after iltlasibn to investigate the impact of the
purification process on the resulting propertiehahoparticles. Figure 6 shows the sizes of
GNPs coated with mPEG-AIkSH before and after ultrafion compared to the size of
merely citrate-stabilized GNPs. Ultrafiltration had detectable effect on the size of GNPs as
shown in Figure 6. In contrast, the zeta potemtidhe coated particles was increased from -
31.5+ 6.1 to -18.2t 7.0 mV after four cycles of ultrafiltration (Figair7), which could be
attributed to the removal of still present citrateons adsorbed on the particles surface during

the purification process.
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Figure 6: Effect of ultrafiltration on the size glbhanoparticles coated with mPEG-AIKSH
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Figure 7: Effect of ultrafiltration on the zeta muottial of gold nanoparticles coated wit
mPEG-AIKSH
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3.4. Dispersion stability of surface-functionalizedyold nanoparticle

Dispersion stability of unfunctionalized nanopelds is mediated via the electrostatic
repulsion of their charged surfaces, lacks of thiicsent surface charge or the absence of
other stabilizing agents will always lead to paetiaggregation and subsequent precipitation
once a certain size of the aggregates is reachedréduction of gold salts by sodium citrate
produces nanoparticles with an excess of citratenanadsorbed to the particle surfaces
creating sufficient surfaces charge that stabtiieeparticle dispersion [37]. The aggregation
of the nanoparticles is characterized by partiolerease observed with photon correlation
spectroscopy and a shift of the maximum absorbaeed to longer wave lengths. This red
shift of aggregated gold nanoparticles therebyearisom the formation of absorption bands
of the extinction spectrum at long wave length. Séhadditional absorption bands are caused
by electric dipole-dipole interactions and couplibgtween plasmons of neighbouring
particles inside the aggregates, under the presgguhat the interparticle distances inside the
aggregates are smaller than the respective padialaeters [38]. Upon addition of sodium
chloride to the merely citrate-stabilized GNPs, tlodor of gold colloids gradually changed
from red to blue followed by appearance of a nevy \eoad absorption band in the UV-Vis
spectrum above 700 nm (Figure 8c) indicating theuoence of aggregation [39,40]. The
very rapid aggregation of citrate-stabilized nambpl@s by sodium chloride is due to the
shielding of the negative charge and the subseqeelniction of the electrostatic repulsion
between the individual particles, which allows tparticles to clump together [25,41].
However, when NaCl was added to the PEG-coated GMNiesplasmon bands were not
affected (Figure 8a and 8b), because the surfaGyREd GNPs are not mainly stabilized by
electrostatic repulsion, but they are stabilized thg steric repulsion of the uncharged
hydrophilic polymers attached to their surfaces43

In order to characterize the aggregation, parsce measurements are often used, to
facilitate the understanding of the aggregatiorcesses. In addition, the apparent size mainly
affects the biological application of nanoparticl®s destroying their biocompatibility [44].
Figure 9 for example shows the effect of NaCl (5adidition on the size, determined by
photon correlation spectroscopy, of PEG-coated andoated (citrate-stabilized) gold
nanoparticles. Sodium chloride induced a large Bizeease of the citrate-stabilized GNPs
most likely due to agglomeration of the non-suéfidly shielded nanoparticles [45]. On the
other hand, the size of MPEG-AIKSH and JREG-AIKSH coated GNPs did not show any

size increase after sodium chloride addition duerthtabilization by the polymer coating.
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These results are additionally confirmed by the \4¥-spectroscopy (Figure 8), similar

results were also reported by Nagasaki et al. g13,4
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Figure 8: Effect of sodium chloride on the UV-\fiestra of mMPEG-AlkSH-coated GNPs (a),
NH,PEG-AIkSH-coated GNPs (b) and citrate-stabilizedRSNc)
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Figure 9: Effect of sodium chloride, BSA and 10%hdvine serum on the size of mMPEG-
AlkSH-coated GNPs, NREG-AIkSH-coated GNPs and citrate-stabilized GNPs)

The effect of sodium chloride on the zeta poténtiathe gold nanoparticles is
depicted in Figure 10. A pronounced increase ofzéta potential is observed for the citrate-
stabilized gold nanoparticles after addition of isod chloride, which demonstrated the
shielding and the occurring neutralization of soofethe surface charges. The slightly
positive zeta potential observed after additiorsadium chloride to PEG-coated GNPs may
be attributed to the adsorption of some sodiunpnatio the PEG chains and for the amino

PEG derivative also a certain amount of chargedchamgroups may be present.
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Figure 10: Effect of sodium chloride, BSA and 1086 serum on the zeta potential of
MPEG-AlkSH-coated GNPs, NPEG-AlkSH-coated GNPs and citrate-stabilized GNPs)

3.5. Interaction of the surface functionalized golchanoparticles with proteins (BSA and
bovine serum)

For a further evaluation of the suitability of thearticles for intravenous
administration, the stability of the particles wasgestigated in presence of different proteins,
which are present in body fluids. The interactidnttee prepared gold nanoparticles either
coated or only citrate-stabilized with bovine seralimumin (BSA), the most abundant protein
in the plasma, and bovine serum was studied. Eistbilized GNPs used for this
investigation rapidly aggregated after additionbokine serum albumin (BSA) and serum,
which is indicated by the disappearance of theatttaristic surface plasmon resonance peak
in the UV spectrum, in case of BSA, (Figure 11pgrappearance of a new wide absorption
band at wave lengths above 650 nm as in case wihs@figure 12). The large size increase
of the citrate-stabilized GNPs induced by the addiof BSA and serum, as shown by photon
correlation spectroscopy measurements (Figure fdtmore confirms the instability. The
observations could be attributed to the interactbrtysteine groups of the added proteins
with the GNPs, or the shielding of the negativefeme charges by extensive protein
adsorption on the particle surface, which then afsmy induce the further formation of
aggregates in the dispersion. In contrast to the particles, the spectra of polymer-protected
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GNPs are either not affected (in case of mMPEG-Alk®Eted GNPs) or show only a slight
increase in the size (in case of NPEG-AlkSH-coated GNPs) by addition of BSA and
serum. The slight size increase of MEG-AIkSH-coated GNPs can be attributed to the
occurring interaction of the exposed protonated namgroups with negatively charged
carboxylate groups on the added proteins, which ieag to a partial protein coating of the
particles [47]. The protein resistance (i.e. ttadbgity) of PEG-coated GNPs is a consequence
of the present interfacial water layer, which pregea direct contact between the lipophilic

particle surface and the added proteins [48].
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Figure 11: Effect of BSA on the UV-Vis spectranoPEG-AIkSH-coated GNPs (a),
NH.PEG-AlIkSH-coated GNPs (b) and citrate-stabilizedRSNc)
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Figure 12: Effect of bovine serum on the UV-Viectra of mMPEG-AIkSH-coated GNPs (a),
NH.PEG-AlIkSH-coated GNPs (b) and citrate-stabilizedRSNc)
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4. Conclusion

Uniform gold nanoparticles were prepared in aggesolutions by sodium citrate
reduction of HAuCJ.3H,O. The obtained sizes and size distribution as aglihe measured
surface plasmon resonance of the prepared namdpartivas strongly influenced by the
gold/citrate ratio and could be optimized to praalueproducibly sufficiently small particles.
The surface functionalization and further stabil@a of the gold nanoparticles was achieved
using the heterobifunctional thioalkylated polyfgéme glycol) derivatives, which were
already described in this thesis and which are watwn to form well ordered and packed
self assembled monolayers on gold surface. The dizhe accordingly modified particles
slightly increased, while there was also a pronednacrease of the zeta potential observed
after the PEGylation of the particles. The finatligtained PEG-coated gold nanoparticles
showed a significantly enhanced stability in thesence of electrolyte and proteins.
In conclusion the here presented nanoparticles iggova valuable tool for further
modifications on the incorporated terminal amineugr, which allows further binding or
attachment of biomolecules or other moieties topheicles. The obtained particles then can

be used for in vitro or in vivo studies due to theeicellent stability in biological fluids.

134



Chapter 4 Preparation ando8ization of GNPs

5. References

1. Benjamin Wiley, Yugang Sun, Jingyi Chen, Hu §a#hi Yuan Li, Xingde Li, and
Younan Xia, "Shape-controlled synthesis of silverd agold nanostructures,” MRS
Bulletin 30, 356-361 (2005).

2. Gen Tsutsui, Shujuan Huang, Hiroyuki SakauepsShShingubara, and Takayuki
Takahagi, "Well-size-controlled colloidal gold ngaoticles dispersed in organic
solvents,"” Japanese Journal of Applied Physics, PaRegular Papers, Short Notes &
Review Paperd0, 346-349 (2001).

3. Xianmao Lu, Hsing Yu Tuan, Brian A. Korgel, aidunan Xia, "Facile synthesis of gold
nanoparticles with narrow size distribution by @siAuCl or AuBr as the precursor,”
Chemistry--A European Journbd, 1584-1591 (2008).

4. Saikat Mandal, P. R. Selvakannan, Sumant Ptegad®enu Pasricha, and Murali Sastry,
"Synthesis of a stable gold hydrosol by the redunctf chloroaurate ions by the amino
acid, aspartic acid," Proceedings - Indian Academ$ciences, Chemical SciencEH,
513-520 (2002).

5. Chen Hsun Weng, Chih Chia Huang, Chen Sheng Mean Yao Lei, and Gwo Bin Lee,
"Synthesis of hexagonal gold nanoparticles usingaofluidic reaction system," Journal
of Micromechanics and Microengineerih§, 035019-1-035019/8 (2008).

6. Xiaohui Ji, Xiangning Song, Jun Li, Yubai B&yensheng Yang, and Xiaogang Peng,
"Size Control of Gold Nanocrystals in Citrate Retitvt. The Third Role of Citrate,”
Journal of the American Chemical Sociég0,13939-13948 (2007).

7. Sanjeev Kumar, K. S. Gandhi, and R. Kumar, "Bliod) of formation of gold
nanoparticles by citrate method," Industrial & Bregring Chemistry Researdb, 3128-
3136 (2007).

8. Susie Eustis, Hsan Yin Hsu, and Mostafa A. &efl, "Gold Nanoparticle Formation
from Photochemical Reduction of Au3+ by Continu&ixgitation in Colloidal Solutions.
A Proposed Molecular Mechanism,” Journal of Phys@hemistry B109, 4811-4815
(2005).

9. Chen Li Chiang, Meng Bor Hsu, and Long Biao, L'@iontrol of nucleation and growth of
gold nanopatrticles in AOT/Span80/isooctane mixeenge micelles,” Journal of Solid
State Chemistr{77,3891-3895 (2004).

10. La ongnuan Srisombat, Joon Seo Park, Shisi@ang/ and T. Randall Lee,
"Preparation, Characterization, and Chemical Stalnf Gold Nanoparticles Coated with
Mono-, Bis-, and Tris-Chelating Alkanethiols," Langir 24, 7750-7754 (2008).

11. Fajun Zhang, Maximilian W. A. Skoda, Robert MJacobs, Stefan Zorn, Richard A.
Martin, Christopher M. Martin, Graham F. Clark, Gtexr Goerigk, and Frank Schreiber,
"Gold nanoparticles decorated with oligo(ethylemycgl) thiols: protein resistance and
colloidal stability," Journal of Physical Chemisiyl111,12229-12237 (2007).

12. Kazuhiro Matsuura, Kohji Ohno, Shigehiro Kagayand Hiromi Kitano,
"Carboxybetaine polymer-protected gold nanopasicleigh dispersion stability and

135



Chapter 4 Preparation ando8ization of GNPs

resistance against non-specific adsorption of prsefe Macromolecular Chemistry and
Physics208,862-873 (2007).

13. Daisuke Miyamoto, Motoi Oishi, Keiji Kojima, dftaro Yoshimoto, and Yukio
Nagasaki, "Completely Dispersible PEGylated Golchdfzrticles under Physiological
Conditions: Modification of Gold Nanoparticles witRrecisely Controlled PEG-b-
polyamine,” LangmuiR4,5010-5017 (2008).

14. Hidenori Otsuka, Yukio Nagasaki, and Kazurkataoka, "PEGylated nanoparticles
for biological and pharmaceutical applications,"vAdced Drug Delivery Reviews5,
403-419 (2003).

15. Keitaro Yoshimoto, Yuki Hoshino, Takehiko lishand Yukio Nagasaki, "Binding
enhancement of antigen-functionalized PEGylatedd gowhnoparticles onto antibody-
immobilized surface by increasing the functionadizntigen using a-sulfanyl-w-amino-
PEG," Chemical Communications (Cambridge, Unitedggiom) 5369-5371 (2008).

16. Chenjie Xu, Glenn A. Tung, and Shouheng S&ize' and Concentration Effect of
Gold Nanoparticles on X-ray Attenuation As Measumd Computed Tomography,"
Chemistry of Materials ACS (2008).

17. J. F. Hainfeld, D. N. Slatkin, T. M. Focelémd H. M. Smilowitz, "Gold nanoparticles:
a new X-ray contrast agent,” British Journal of Ry 79, 248-253 (2006).

18. Wolfgang Eck, Gary Craig, Aruna Sigdel, GeriteR, Lloyd J. Old, Laura Tang,
Murray F. Brennan, Peter J. Allen, and Michael D.addn, "PEGylated Gold
Nanoparticles Conjugated to Monoclonal F19 Antilesdas Targeted Labeling Agents for
Human Pancreatic Carcinoma Tissue," ACS N2ai2263-2272 (2008).

19. Alexander Tkachenko, Huan Xie, Stefan Franaad,Daniel L. Feldheim, "Assembly
and characterization of biomolecule-gold nanoplaticonjugates and their use in
intracellular imaging,” Methods in Molecular BiopdTotowa, NJ, United State§)03,
85-99 (2005).

20. Andy Scheffer, Carsten Engelhard, Michael Bpgerand Wolfgang Buscher, "ICP-
MS as a new tool for the determination of gold rmarticles in bioanalytical
applications," Analytical and Bioanalytical ChemysB90, 249-252 (2008).

21.  Jamie M. Bergen, Horst A. von Recum, Thoma&dodman, Archna P. Massey, and
Suzie H. Pun, "Gold nanopatrticles as a versatdéfgrim for optimizing physicochemical
parameters for targeted drug delivery,” MacromdiacBiosciences, 506-516 (2006).

22. Changsheng Shan, Fenghua Li, Fuyu Yuan, Geafiag, Li Niu, and Qiang Zhang,
"Size-controlled synthesis of monodispersed goldnoparticles stabilized by
polyelectrolyte-functionalized ionic liquid,” Naresthnology 19, 285601-1-285601/6
(2008).

23. Chang Hai Wang, Chi Jen Liu, Cheng Liang Wdaizg, En Hua, Judy M. Obliosca, K.
H. Lee, Y. Hwu, Chung Shi Yang, Ru Shi Liu, HongndiLin, Jung Ho Je, and G.
Margaritondo, "Optimizing the size and surface rtips of polyethylene glycol (PEG)-
gold nanoparticles by intense X-ray irradiationguchal of Physics D: Applied Physics
41,195301-1-195301/8 (2008).

136



Chapter 4 Preparation ando8ization of GNPs

24.  Tony Azzam and Adi Eisenberg, "Monolayer-pcted gold nanoparticles by the self-
assembly of micellar poly(ethylene oxide)-b-polg@arolactone) block copolymer,”
Langmuir23,2126-2132 (2007).

25. Gang Wang and Wenfang Sun, "Optical LimitifigGmld Nanoparticle Aggregates
Induced by Electrolytes," Journal of Physical ChetngiB 110,20901-20905 (2006).

26. Marie Christine Daniel and Didier Astruc, "@olNanoparticles: Assembly,
Supramolecular Chemistry, Quantum-Size-Related étigs, and Applications toward
Biology, Catalysis, and Nanotechnology,” Chemicaviews (Washington, DC, United
States)104,293-346 (2004).

27.  Yali Liu, Keith B. Male, Pierre Bouvrette, addhn H. T. Luong, "Control of the Size
and Distribution of Gold Nanoparticles by Unmodifi€yclodextrins,” Chemistry of
Materials15,4172-4180 (2003).

28. Andrew N. Shipway, Eugenii Katz, and Itamarllér, "Nanoparticle arrays on
surfaces for electronic, optical, and sensor appbas,” ChemPhysChert, 18-52
(2000).

29.  You Qiu He, Shao Pu Liu, Ling Kong, and Zhdtang Liu, "A study on the sizes and
concentrations of gold nanoparticles by spectraab$orption, resonance Rayleigh
scattering and resonance non-linear scatteringgttgpchimica Acta, Part A: Molecular
and Biomolecular SpectroscopgA, 2861-2866 (2005).

30. Smritimoy Pramanik, Paltu Banerjee, Arindamrk8g and Subhash Chandra
Bhattacharya, "Size-dependent interaction of galdoparticles with transport protein: A
spectroscopic study,” Journal of Luminesceh28,1969-1974 (2008).

31. Susumu Inasawa, Masakazu Sugiyama, and Yulamadguchi, "Bimodal Size
Distribution of Gold Nanoparticles under Picosecdader Pulses,” Journal of Physical
Chemistry B109,9404-9410 (2005).

32. Nimai C. Nayak and Kwanwoo Shin, "Human sealbumin mediated self-assembly
of gold nanoparticles into hollow spheres,” Nanbtetogy 19, 265603-1-265603/4
(2008).

33. L. A. Dykman and V. A. Bogatyrev, "Gold nandpdes: preparation,
functionalisation and applications in biochemistaypd immunochemistry,” Russian
Chemical Review36,181-194 (2007).

34. Ralph A. Sperling, Pilar Rivera Gil, Feng ZpamMarco Zanella, and Wolfgang J.
Parak, "Biological applications of gold nanopadg&l' Chemical Society Reviews?,
1896-1908 (2008).

35. Raymond M. Schiffelers and Gert Storm, "IC3:28 system for targeted intravenous
delivery of siRNA," Expert Opinion on Drug DeliveBy 445-454 (2006).

36. Devika R. Bhumkar, Hrushikesh M. Joshi, Mudistry, and Varsha B. Pokharkar,
"Chitosan Reduced Gold Nanoparticles as Novel @arrior Transmucosal Delivery of
Insulin,” Pharmaceutical Reseai@h, 1415-1426 (2007).

137



Chapter 4 Preparation ando8ization of GNPs

37. Thaddeus J. Norman, Jr., Christian D. Graonry Magana, Jin Z. Zhang, Jun Liu,
Daliang Cao, Frank Bridges, and Anthony Van BuutBiear Infrared Optical Absorption
of Gold Nanoparticle Aggregates,” Journal of PhgiksiChemistry B106, 7005-7012
(2002).

38. Soonwoo Chah, Matthew R. Hammond, and RicNaidare, "Gold nanoparticles as a
colorimetric sensor for protein conformational cges,” Chemistry & Biologyl 2, 323-
328 (2005).

39. C. Burns, W. U. Spendel, S. Puckett, and QRd€ey, "Solution ionic strength effect
on gold nanoparticle solution color transition,'larga69, 873-876 (2006).

40. Layal L. Rouhana, Jad A. Jaber, and JosepBcBlenoff, "Aggregation-Resistant
Water-Soluble Gold Nanopatrticles," LangmB8, 12799-12801 (2007).

41. Santosh Aryal, K. C. R. Bahadur, Narayan Binaif Chul Ki Kim, and Hak Yong
Kim, "Study of electrolyte induced aggregation alldynanoparticles capped by amino
acids," Journal of Colloid and Interface Scie@88,191-197 (2006).

42. Claire Mangeney, Fabien Ferrage, Isabelle ilyjsalerie Marchi-Artzner, Ludovic
Jullien, Olivier Ouari, El Djouhar Rekaie, Andredchewsky, Inger Vikholm, and Janusz
W. Sadowski, "Synthesis and Properties of Watetidel Gold Colloids Covalently
Derivatized with Neutral Polymer Monolayers," Jaairrof the American Chemical
Society124,5811-5821 (2002).

43. Muriel K. Corbierre, Neil S. Cameron, and Ru@& Lennox, "Polymer-stabilized gold
nanoparticles with high grafting densities,” Langn0, 2867-2873 (2004).

44, Mahesh D. Chavanpatil, Ayman Khdair, YogestilPBitesh Handa, Guangzhao
Mao, and Jayanth Panyam, "Polymer-surfactant naticigs for sustained release of
water-soluble drugs,” Journal of Pharmaceuticati@m 96, 3379-3389 (2007).

45, Ruxandra Gref, Gregory Miralles, and Edith |&eHerie, "Polyoxyethylene-coated
nanospheres: effect of coating on zeta potentidlgragocytosis,” Polymer International
48,251-256 (1999).

46.  Yukio Nagasaki, "Polyethylene glycol-b-polyami stabilized bionanoparticles for
nanodiagnostics and nanotherapy,” Chemistry Le&&r564-569 (2008).

47. Soo Hyeon Lee, Ki Hyun Bae, Sun Hwa Kim, KyulRe, and Tae Gwan Park,
"Amine-functionalized gold nanoparticles as nometgkic and efficient intracellular
siRNA delivery carriers,” International JournalRtiarmaceutic864,94-101 (2008).

48. R. L. C. Wang, H. J. Kreuzer, and M. Grunidolecular Conformation and Solvation
of Oligo(ethylene glycol)-Terminated Self-Assemblidnolayers,” Journal of Physical
Chemistry B101,9767-9773 (1997).

138



Chapter 5 Binding of Functionalized GNPs tgdroxyapatite

Chapter 5

Polymer Coated Gold Nanopatrticles
for Bone Targeting

via Hydroxyapatite Binding

Gamal Zayet] Achim Gopferich, J6rg TeRmar

!Department of Pharmaceutical Technology, UnivemsitiRegensburg,

93040 Regensburg, Germany

to be submitted

Keywords: bifunctional polymers, poly(ethylene glycol), g@drface modification, drug

targeting, bisphosphonate, hydroxyapatite



Chapter 5 Binding of Functionalized GNPs tgdroxyapatite

Abstract

Gold nanoparticles (GNPs) possess a great pdtastimodel systems for particulate drug
delivery due to their ease of production, low tayi@and also the high stability of the noble metal
in biological fluids. Due to their unique surfadeemistry they can be used as building platform
for stable self assembled monolayers of thioallegaiolyethylene glycols with different surface
functionalities. In order to functionalize partislebisphosphonate and methoxy modified
poly(ethylene glycol)-undecyl mercaptane (BP-PE®SHM and mPEG-AIkSH) were mixed in
different ratios and used to coat gold nanopasiclée investigations showed that the polymer
coated nanoparticles slightly increased in sizdeasrmined by PCS, but no significant changes
were observed with TEM due to the low contrasthaf polymer layer. The surface charge and
UV-Vis absorption spectra of the particles wereoatsly slightly changed, indicating well
separated particles and a successful replacemetiteo€itrate coating by the polymers. The
polymer-coated nanoparticles were stable in diffeneedia (5M NaCl, 200 pg/ml BSA and 10%
v/v serum), indicating a strong binding of polymeBisphosphonate coated particles were
furthermore incubated with porous hydroxyapatiteangcs (Endobof, Biomet) and it was
observed that their adsorption to the apatite wegmeddent on the content of bisphosphonate in
the particle surfaces and the adsorption was riettefd by calcium ions or proteins added to the
media.

In conclusion, the bisphosphonate modified GNPsvsldoa very good stability, reduced
protein adsorption, and a high affinity to hydroggtite, which makes them extremely useful for

the investigation of the in-vivo bone targetinggold particles.
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1. Introduction

In recent years, a lot of effort was devoted talgdahe preparation of targeted drug delivery
system based on nanoparticles. Many delivery vedichave been designed based on
nanomaterials, such as dendrimers [1,2], nanorBljspplymeric nanoparticles [4], liposomes
[5], nanotubes [6] and metallic nanopatrticles [7,8]

Among metallic nanopatrticles, gold nanoparticleNRS) represent a perfect nanoscale
agent, since it has been used for a wide rangeaidulical and pharmaceutical applications [9].
These comprise drug delivery [10-12], tumor therH8¢16], DNA detection [17-20], sensing of
protein and carbohydrates [21,22], tissue enginggi3,24], as well as imaging and diagnosis
[25,26]. Wang et al. [27] demonstrated that the lom@tion of anticancer drugs with gold
nanoparticles could be used as a novel, conveaigant to sensitively target and label drug-
resistant cancer cells. The above mentioned apipiica of gold nanoparticles take the
advantages of the unique properties of GNPs, winiclude simplicity of preparation, low costs
of starting materials, low toxicity, high stabilignd ease of detection due to the high extinction
coefficient in UV-Vis spectrum [28,29].

Surface functionalization of nanoparticles is kieg step to target them to specific areas of
the body or to allow them to selectively interadthwa certain cell or tissue. Nanoparticles have
been successfully functionalized with different semlles and have been targeted also to different
cells [30,31]. For these approaches, GNPs offarique surface chemistry that could be used as
platform, on which self assembled monolayers ofanig molecules can be formed. Various
polymers have been reported to form self asseminledolayer (SAMs) on gold nanoparticle
surfaces via either chemisorption or physisorptibniolated polyethylene glycols are strongly
attached to gold surfaces, due to the high affioityulphur to gold, and subsequently protect
them from aggregation by steric stabilization af thulk polymer [32]. The protective shell not
only serves for the stabilization of nanoparticlag, can also be used for further functionalization
with specific components such as drugs or targetiogeties [33].

Until now, the targeting of nanoparticles to bdmas not been achieved to a satisfactory
extent and the advantages of such systems wouldnbemous, since a specific delivery of
therapeutic agents can be used to treat diseasgmgafrom osteoporosis to bone cancer.
Therefore, the main goal of this research is theparation and characterization of gold
nanoparticles as model nanoparticles for the imyasbn of in vitro bone targeting of a

nanoparticulate system. In order to prepare a tadigparticulate system, citrate-stabilized gold
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nanoparticles are functionalized with the previgusinthesized thioalkylated poly(ethylene
glycol)s. The ability of polymer coating to stabdithe GNPs under different conditions (such as
the presence of high concentration of electrolgiegroteins) is studied. To obtain an idea about
the bone targeting ability of the bisphosphonatesfiwnalized GNPs, the hydroxyapatite binding
affinity of the prepared GNPs is one of the maifeotives of the in vitro experiments. These
binding experiments will be used to determine tifeiences of different conditions on the bone

mineral binding affinity of functionalized GNPs.

2. Materials
Hydrogen tetrachloroaurate tri-hydrate (HAwGH,O), ultrafiltration tubes (MWCO

50,000 Da), and bovine serum albumin (BSA) wereclpased from Sigma-Aldrich Chemical
Company (Steinheim, Germany). Tri-sodium citraténytirate, hydrochloric acid, nitric acid,
sodium chloride and calcium chloride were purchafed Merck (Darmstadt, Germany).
Methoxy poly(ethylene glycol)-undecyl mercaptaneP@®G-AlkSH), bisphosphonate-modified
amino poly(ethylene glycol)-undecyl mercaptane @EEs-AlkSH), endobone granules
(Endobone®, Merck, Darmstadt). All glassware wasrdahighly washed with freshly prepared
aqua regia (HCIl: HN@= 3:1), extensively rinsed with Millipore waterveeal times and oven-
dried at 150 °C for 2-3 h before use. All used sohs filtered through 0.22 um filter before use.

3. Methods

3.1. Preparation of colloidal gold nanopatrticles

Gold nanoparticles (GNPs) were synthesized byteitraduction of tetrachloroaurate tri-
hydrate according to the reports in the literatunath slight modifications [34,35]; citrate
stabilized nanoparticles of approximately 40 nndiameter were obtained using the following
conditions, 0.5 ml of 1% HAuGBH,O was added to 100 ml of Millipore water in a 250 m
round flask. The solution was heated to reflux undgorous stirring. 1 ml of water containing
170 mg of tri-sodium citrate was then added raptdlyhe boiling solution. The addition of the
citrate salt resulted in gradual change of thetgwicolor from pale yellow to pink and finally to
deep red. Boiling and stirring was continued foother 20 minutes. After that, the heating jacket

was removed and the particle dispersion was grhdcabled under stirring to room temperature.
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The obtained colloidal dispersion was then cerggtliat low speed (2500 rpm) for 15 minutes to

remove coarse particles.

3.2. Modification of nanopatrticle surface with different polymers

Methoxy poly(ethylene glycol)-undecyl mercaptanead ghe bisphosphonate modified
PEG polymer were used to coat the originally ctrstabilized GNPs. Excess amounts of each
polymer (5ug/ml) were added to the nanoparticl@ealision to ensure a complete coating of the
particle surfaces with polymer. For the preparattdnGNPs coated with mixed polymers, a
parallel adsorption method of both polymer types wpplied. The desired polymers (methoxy
poly(ethylene glycol)-undecyl mercaptane and tisphosphonate modified polymer) were added
to the nanoparticle dispersion (total concentratdrboth polymers; 5ug per one ml of the
colloidal solution). For example, 50 ul of the fifgolymer (1ug/ul) and 50 pl of the second
polymer (1pg/ul) were mixed together and added Gon2 of nanoparticle solution to obtain
GNPs coated with 50% of each polymer. The resultmgture was shaked over night in a
horizontal shaker set to 200 rpm at room tempegatuallow a complete exchange of the citrate
anions with the thiolated polymers on the partisieface. Excess of unbound polymer was

subsequently removed by four times of ultrafilvatat 750 g [36].

3.3. Characterization of the prepared nanoparticle
3.3.1. UV-Vis spectroscopy

UV-Vis absorption spectra of the aqueous dispessiohcitrate stabilized and coated
nanoparticles were recorded using spectrophotoméilikon-941, Kontron Instrument,
Germany).
3.3.2. Particle size analysis and zeta potential mEurements

The medium size, size distribution and the zetaemal of the prepared gold
nanoparticles were analyzed by photon correlatigectsoscopy using a Zetasizer 3000 HAS
(Malvern, Instruments GmbH, Germany). 300 ul of itigal GNP dispersions were added to 3
ml of Millipore water immediately before measuritigeir size and zeta potential at room
temperature. The refractive index and the viscosftyvater were used for calculation of the
results. The photon correlation spectroscopy measeints were used to calculate the average
particle size and their polydispersity index (Ri¥, dimensionless measure for the broadness of
the size distribution [37].
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3.3.3. TEM imaging of the nanoparticles

10 pl of the nanoparticle samples were droppedopper grids (Plano Formvar/Carbon
films on 400 mesh grids, 3.05 mm diamgt@nd dried at room temperature overnight before
taking transmission electron microscopy (TEM) ima@éeiss EM 10 C/CR, Germany).
3.3.4. Determination of nanopatrticles concentratiotby ICP

1 ml of the nanoparticle dispersions was treatetth ¥ie equal volume of aqua regia to
dissolve the nanoparticles in order to determine ¢bncentration of elemental gold using
inductively coupled plasma optical emission spetopy (ICP-OES) (Horiba Jobin Yvon, 70P,
S+S, Munich, Germany). The gold concentration wafcutated using a standard curve
constructed from different concentration of hydnogetrachloroaurate tri-hydrate [38].
3.3.5. Dispersion stability of GNPs

High ionic strength salt solution (5 M NacCl), bogiserum albumin (BSA, 200pg/ml) and
bovine serum (10% v/v) were added to the partittesest the dispersion stability of coated
GNPs in comparison with citrate-stabilized nanadpkes$. The stability of the colloidal
dispersions was monitored by size determinatiotg petential measurement and by changes in
the UV-Vis spectra of nanoparticle dispersions489,
3.3.6. Adsorption of bisphosphonate functionalizedold nanoparticles to endobone

Different concentrations of gold nanoparticlesdtimnalized with different amounts of
bisphosphonate contained in the coating were usstutly the adsorption behavior of GNP-BP
to hydroxyapatite granules (Endob8he&ompared to nanoparticles coated with only meghox
poly(ethylene glycol)-undecyl mercaptane. 3 mlted tolloidal dispersions were added to 0.5 g
of Endobone granules (size; 2.85-5.6 mm) and inewb#or different time intervals at room
temperature on a horizontal shaker set to 200 figma. percentage of nanoparticles adsorbed to

the hydroxyapatite was calculated from the follagveguation (Equation 1):

Ab - Ab
%efore Sclfter D. OO %

%Adsorbed= .
Ab%efore (Equation 1)

ABS petore @absorbance of nanoparticles\atx before incubation

ABS 4 @absorbance of nanoparticles\atx after incubation
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The amount of gold nanoparticles (umol) adsorberdng on endobone granules (Q) was

determined applying equation 2 [41].

_(Ci B Ceq) s (Equation 2)
W LE
Q: amount adsorbed per of gold nanoparticles gemnendobone granules.
Ci: initial concentration of nanoparticles (umol/L).

Ceq  equilibrium concentration of nanoparticles (prajpl/
V: volume of the solution (3 ml).
W:  weight of endobone granules

S: specific surface area of endobone granulesn®d) [42].

Furthermore, the binding was studied in the preseri calcium chloride (2,5 mM), BSA

(200 pg/ml) and serum (10 % v/v).

4. Results and Discussion

4.1. Preparation and characterization of gold nanoarticles

Na-Citrate

HAuCl, ‘o
O R-PEG-AIKSH

R = OCHj, or Bisphosphonate

Figure 1: Diagram representing the synthesis ofigmhnoparticle
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Monodisperse GNPs were prepared by the reductidthafCl,[3H,O solution using tri-
sodium citrate as reducing agent as presentedyuré-iL. The prepared GNPs were obtained with
ruby red color. The formation of the nanoparticless followed using the UV-Vis spectrum,
which shows the characteristic surface plasmonnagsme (SPR) at about 524 nm (Figure 2).
From the narrow peak of the citrate stabilized GNMP$24 nm it can be concluded that these
particles are well dispersed and the size of theikéd particles (bare GNPs) is about 40 nm
[43]. After coating of the particles with synthesilzpolymers, the SPR at 524 exhibited a red
shift of approximately 8 nm relative to the uncab@NPs [44]. The observed red shift may be
attributed to a change of the refractive indexhef ¢nvironment surrounding the nanoparticles as
result of attached polymer layer around the pasichich is also an indication of the successful
coating of nanopatrticles with the polymers [45,46].

The gold content of the GNPs after synthesis waasured by ICP-OES. The determined
concentrations of gold showed that nearly all ttiéeal gold in the flasks (2.5 mg) was converted
to nanoparticles. The number of nanoparticles pérwas calculated based on the ICP
measurement and the TEM images and it was foube tbout 7*18 particles/ml [47,48].
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Figure 2: UV-Vis absorption spectra of citrate steted and coated gold nanoparticles; mPEG-
AIkSH, BP-PEG-AIKSH and citrate coated GNPs (fromtb bottom)
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Several methods are applied to characterize pestiespecially in terms of size, but none of
them is generally fully satisfactory. Thereforec@nbination of at least two methods, one of
which should be a microscopic is highly recommen@d&]. The sizes of different preparations
of GNPs were determined by photon correlation spscbpy are listed in Table 1. The sizes of
different citrate stabilized gold nanoparticle meggions (1-4 preparations) range from 38.6
0.153 to 46.1+ 1.12 nm with acceptable polydispersity indicessglehan 0.6) [12,37].
Modification of the nanoparticles with thiol contaig polymers increased the hydrodynamic
sizes as expected due to formation of a PEG moepkaypund the nanopatrticles. The measured
size increases of the GNPs range from 7 to 12 nmensé€quently, the thickness of the polymer
layer on the gold nanoparticle was between 3.5 tum6 which agrees well with the results

reported in the literatures [40,50].

Table 1: Sizes, polydispersity indices (Pl) andazettentials of different batches of citrate

stabilized and polymers coated GNPs determinechbyom correlation spectroscopy

Gold nanopatrticle preparations Sil:gdg;dpycngngri]cm POI)(/I'DII;] dex Zetezrgi)/t)ential
Citrate coated GNPs 1 46.1+1.12 0.47% 0.0.68 -48.&#5.1
Citrate coated GNPs 2 44.2+ 0.436 0.543 0.055 -46.G: 4.5
Citrate coated GNPs 3 38.6+ 0.153 0.41@ 0.08 -47. A 3.2
Citrate coated GNPs 4 41.8+1.03 0.395- 0.018 -51.9: 8.9
1 coated with mPEG-AIKSH 57.3+3.11 0.426: 0.061 -19.4+ 6.1
2 coated with NbEPEG-AIKkSH 55.5+ 1.39 0.578t 0.005 -2+ 5.3
3 coated with BP-PEG-AIkSH | 45.2+1.1 0.465+ 0.014 -44.6: 7.1

To further characterize the morphology and to fyetthe size of the prepared
nanoparticles, imaging by transition electron mscapy (TEM) was applied. The obtained
citrate stabilized GNPs are spherical, all smahan about 100 nm and well-separated from each
other when dried on the coated copper grid (Fi@#r Upon examination of the nanoparticles

with higher magnifications it was found that mostle synthesized nanoparticles are spherical
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with only few of them exhibiting a slight polygonshape (Figure 3B). The TEM images
revealed no difference in the morphology and theeapance between bare and polymer coated
nanoparticles, most likely due to the weak contcdighe polymer shell, which consequently is
not visible in the micrographs (Figures 3B, 3C &i2). The measured size differences range
from 7 to 14 nm (between the coated and uncoate®@SENvhich is a reasonable size of the
polymeric coat of the nanoparticles. Furthermoteesé observations also indicate that the
integrity of GNPs is not affected by modifying tharticles with the used polymers [46].
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Figure 3: TEM images of the prepared GNPs; citratabilized GNPs (A and B), mPEG-
AlkSH coated (C) and BP-PEG-AIKSH coated (D)

The surface charges of different gold nanoparficéparations are listed in Table 1. The
zeta potential measurements show that the surfaasge of bare (citrate stabilized) GNPs is
negative with approximately -48455.5 mV, which is attributed to the adsorptionlof hegative
citrate anions to the particle surface during tisgimthesis. For dispersed particles the measured
surface charge plays an important role for theabidity. It is known from the literature that
aggregation is very unlikely for charged partiolggh optimum zeta potential€ & 30 mV) due

to electrostatic repulsion forces between similacharged particles [51]. Consequently the
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charged particles are kept dispersed, becauseotiidedlayer repulsion caused by the charges is
counteracting the attractive van der Waal forcawéen two identical gold spheres [52].

Coating of citrate stabilized GNPs with mPEG-Alk&sulted in an increase of the zeta
potential from about -48.% 5.1 to about -19.4 6.1 due to the substitution of some the citrate
anions adsorbed on the particle surface by thd grmups of the polymer [53]. However, the
PEG-coated gold nanoparticles were still well dispd and stabilized, but instead of the
electrostatic repulsion due to the steric repulsibthe polymer chains attached to the particle
surfaces [54]. For the bisphosphonate-modified GbliPthe other side a high negatively charged
particle surface was observed with zeta potensiatslar to that of citrate stabilized GNPs (Table
1), which is explained by the presence of additica@onic bisphosphonate groups on the

particle surface [55,56].

4.2. Dispersion stability of GNPs

For the biological applications of GNPs, the digbof different GNP preparations was
investigated in the presence of high ionic streng#dia and in the presence of proteins (BSA
and bovine serum). The addition of 5 M NaCl to b@anPs resulted in a rapid aggregation of the
nanoparticle monitored by drastic change of thelorcfrom ruby red to violet and finally to a
colorless solution due to the resulting precipmtatof the nanopatrticles. The characteristic surface
plasmon resonance disappeared and a new broadapeakch higher wave lengths (above 600
nm) was observed due to the formation of larged gajgregates (Figure 4). The instability of
citrate coated GNPs in the presence of high coratgms of NaCl could also be monitored by a
large increase of the hydrodynamic size as measwyrguhoton correlation spectroscopy (Figure
5). The GNP aggregation induced by addition of NigQlue to the reduction of the electrostatic
repulsion between surface-charged nanoparticlesedably the added sodium and chloride ions
and consequently the decreasing distance betweepatticles favoring the interaction via van
der Waals forces [57,58]. Polymer-coated GNPs enother hand are not affected by NacCl, as
shown in Figure 4 and 5, because they are notligediby the surface charge but by the steric

repulsion effect of the polymer chains [39].
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Figure 4: Effect of NaCl on the UV-Vis absorptigrestra of mPEG-AIKSH (a), BP-
PEG-AIKSH (b) and citrate (c) coated gold nanopzeis
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Figure 5: Size of GNPs before and after coatinghwibtlymers and the effect of
addition of NaCl, BSA and 10% bovine serum on th&e size of coated and citrate
stabilized GNPs

Similarly to the sodium chloride addition, citrateated GNPs rapidly aggregated after
addition of bovine serum albumin (BSA) and alsouserwhich can be demonstrated by the
disappearance of the characteristic surface plagepsmmance (Figure 6 and 7) and by their large
size increase as shown by photon correlation spemipy measurements (Figure 5). These
observations could be attributed to specific intgoms of cysteine residues of the added proteins
and GNPs or most likely to the adsorption of pretedn the nanoparticles, which both yields a
shielding of the negative charges of the GNPs dmad subsequent aggregation. In contrast,
polymer-protected GNPs are either not affectedldtnracase of mPEG-AIKSH coated GNPs) or
show only a slight size increase (in case of BPAH&H coated GNPs) by addition of BSA
and serum. The protein resistance (i.e. the stgbdf PEG-coated GNPs is a consequence of the
high stability of the interfacial water layer, whigrevents direct contact between the particle
surface and the proteins [59]. The slight incraagearticle size after addition of BSA and serum

to nanoparticles coated with BP-PEG-AIkSH (Figudec&n be attributed to the presence of
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negative charges of the bisphosphonate groupshvdaic interact with positively charged groups

of the proteins.
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Figure 6: Effect of BSA on the UV-Vis absorptioeap of mPEG-AIkSH coated GNPs, BP-
PEG-AIKSH coated GNPs and citrate coated gold nartapes (from top to down)
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Figure 7: Effect of bovine serum (10 % v/v) on théVis absorption spectra of mMPEG-AIKSH,
BP-PEG-AIKSH and citrate coated gold nanoparti¢kesm top to bottom)

4.3. Adsorption of gold nanoparticles to hydroxyaptte

The adsorption of bisphosphonate modified GNPs R&BP) to hydroxyapatite was
studied to evaluate the affinity of surface-modifigold nanoparticles to bone mineral. For this
study endobone was used as a porous hydroxyapatiéenic produced by sintering of bovine
bone and it consequently can be used as modeln&f, b@cause it is the major constituent of the
natural bone besides the protein [42]. The hydrpatite binding of GNPs modified with
different amounts of bisphosphonate in the polytager was compared with the binding of
GNPs coated with 100% of mPEG-AIKSH (0% bisphospi®n The results showed that
increasing the amount of binding ligand for the rdoyyapatite surface (bisphosphonate) led to

increasing amounts of GNPs adsorbed to hydroxytepasi depicted in Figure 8.
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Figure 8: Hydroxyapatite binding of GNPs modifiedhadifferent amounts of bisphosphonate
(e.g, 75% means that GNPs are coated with 75% BB-RIKSH and 25% mPEG-AIkSH)

GNPs modified with 0% Bp (100% mPEG-AIkSH) showemaffinity to hydroxyapatite,
while about 25% of the initially added GNPs modifiavith 25% BP (75% mPEG-AIkSH)
adsorbed to hydroxyapatite within 24 hours. Thiscalded amount increased to about 40% after
48 hours with no further increase in the adsorbmdumt by shaking for longer time (up to 4
days). The bound amounts of particles modified sl bisphosphonate were about 45% after
one day and reached 64% after two days. The adsarbeunts of GNPs modified with 75% and
100% bisphosphonate were 58% and 37% after oneathaly /6% and 81% after two days and
reached 86% and 100% after four days respectifélg.steady increase in the adsorbed amounts
with increasing concentration of bisphosphonatéha particle surface can be explained by the
higher hydroxyapatite affinity of GNPs containingora bisphosphonate in their surface. The
relatively long time (about two days) to establish equilibrium between the adsorbed and free

particles can be attributed to the necessary diffusf the particles within the large volume of
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the dispersion medium and the necessary penetiatmthe macro and micro pores of endobone
granules on the bottom of the flasks to reach ts®igption sites. Similar results are obtained by
many other authors who studied the binding of nartages to hydroxyapatite [55,60].

Since it is well known that bisphosphonate strgniinds to divalent ions, such as
calcium [61], the binding assay of bisphosphonatelifred GNPs was repeated in presence of
calcium chloride to explore effect of calcium ioms the affinity of the nanopatrticles. The used
calcium concentration was 2.5 mM, which is the pblggical concentration present in blood
serum. The binding affinity of 100% bisphosphonaiedified GNPs to hydroxyapatite in the
presence and absence of calcium chloride is depint&igure 9. It could be observed that there
is no difference in the binding of nanoparticlethei in presence or absence of calcium. This

indicates that the binding affinity of particlestgdroxyapatite is not affected by the presence of
calcium ions in the colloidal solution.

O GNP-BP m GNP-BP + CaCl2
120

100 -
80 ~

60 -

% Binding to HA

40 ~

20 ~

24 48

Time (hours)

Figure 9: Effect of calcium chloride on the hydrapgtite binding of bisphosphonate-
modified GNPs
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Furthermore, the in-vitro binding of bisphosph@aatodified GNPs was carried out in
presence of BSA (200 pg/ml) and serum (10% v/v)determine, if the interaction of
bisphosphonate with these proteins compromisesitiding to hydroxyapatite. The results of
these experiments are presented in Figure 10, whkiubws that the binding affinity of
nanoparticles to hydroxyapatite is not affectedthmy presence of BSA or serum. The obtained
data indicate that the bisphosphonate-modified Galesstable and the observed interaction of

particles and proteins, especially BSA (Figureddes not influence their bone mineral affinity.

120 - W 2 days O 4 days
100 ~
80 -

60

% Binding to HA

40 ~
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0 ! —

GNPs-BP GNPs-BP + BSA GNPs-BP + Serum

Figure 10: Effect of BSA (200 pg/ml) and bovineuser(10% v/v) on the binding of
bisphosphonate-modified GNPs to hydroxyapatite
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5. Conclusions

In conclusion, it could be shown that the synthesipolymers, methoxy poly(ethylene
glycol)-undecyl mercaptane and the bisphosphornatieative, are suitable to functionalize gold
nanoparticles prepared by citrate reduction. Theiobd particles were characterized with
respect to size, surface charges and dispersibilitytaThe polymer modified GNPs showed an
enhanced stability against aggregation in differgsititions such as high ionic strength NacCl
solutions, as well as solutions containing BSA sedim.

Furthermore, the modification of the particles whiisphosphonate modified polymers
allowed the preparation of particles with high mitff and strong binding to hydroxyapatite. The
binding affinity to bone mineral could be adjustag increasing the amount of bisphosphonate
(targeting ligand) on the particle surfaces. Furtiere, it was demonstrated that the binding is
not affected by present calcium ions as well gg@sence of proteins.

Based on the conducted in vitro studies, bisphasate-functionalized GNPs seem to be
a promising model for the investigation of the iivosr bone targeting of nanoparticles. An
adjustment of the binding affinity can be achieu®sdchanging the amounts of immobilized
bisphosphonate modified polymers. An exchange fberosuitable ligands allows using the
nanoparticle system also for other targets angtissible exploration for other applications than

bone.
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1. Introduction

Over the past years, a lot of research was deviotdtie development of targeted
nanoparticles for a localized drug delivery, beeanifsthe multitude of advantages and further
treatment options this kind of therapy would offafter in vivo administration of colloidal
carriers, the biodistribution and interaction ofrtmaulate carriers with different cells and
tissues largely depends on the particle size arfdciproperties such as surface charges and
surface hydrophilicity [1,2]. Due to this fact weneed at the production of a versatile model
system that allowed for the use of various targetliyands. It is based on a gold
nanoparticulate core and a stabilizing shell caimgjf a stabilizing PEG layer with attached
ligands suitable for targeting.

Nanoparticles, like all other colloidal carrieese taken up by the Kupffer cells of the
liver or the macrophages of the spleen and blooghist after intravenous administration.
Therefore, the liver represents a major obstacleirde for the efficient targeting of colloidal
carriers to specific sites other than reticuloehdbal system (RES). For a successful
targeting approach, the most promising stratedy msvoid the uptake of nanopatrticles by the
RES by steric stabilization of nanoparticles usenghydrophilic polymer layer such as
poly(ethylene glycol) (PEG). The presence of PEGhmparticle surface decreases opsonin
adsorption and thus also of nanoparticle phagosytnsthe liver, which leads consequently
to longer circulation half life of such particlesthe blood [3-5].

Metallic nanoparticles are not only used as maystems but also for therapeutic
applications. They are very attractive due to theie, physical, chemical and surface
properties, which include high chemical stabilitydaeasy detection. Flexible nanoparticle
surface coatings and functionalization can beadili to increase the blood residence time,
reduce nonspecific biodistribution and investigidue targeting to specific tissues or specific
cells by using surface immobilized targeting ligafi@]. Melancon and et al. [7], for example,
studied the in vitro and in vivo targeting of hallgold nanoshells for photothermal ablation
therapy, which makes use of the high absorptivitghe nanoparticles in order to irradiate
targeted tumor tissues. In vivo results showedah&ibody-conjugatedf-in-labelled particles
have the potential to be delivered to specificssdéter intravenous administration in mice,
which makes them useful as enhancer for the subséghotothermal treatment.

For this study we chose bone as target tissuee 9one selective delivery of drug-
loaded nanopatrticles can potentially lead to haglal drug concentrations of bone therapeutic
agents suitable to fight osteoporosis or bone caites kind of treatment would additionally
minimize the distribution of the cytostatic drugsthe whole body and thereby decrease the
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systemic toxicity. Several investigations were adte conducted to develop bone targeted
drug delivery system using bisphosphonates, srhalinical entities with very high affinity to
the main inorganic component of bone, the bone rairigydroxyapatite [8-10]. Based on this
knowledge Hengst et al. [11] studied the in vitané targeting ability of bisphosphonate-
conjugated liposomes as nanoparticulate drug dglisyestem. The obtained results indicated
that the bisphosphonate-conjugated liposomes aedfulugo target the bone mineral
hydroxyapatite in vitro. Further investigationstine literature, however, only describe the use
of bisphosphonate labeled proteins used for bongetiag, which apparently are much
smaller in size than the here investigated nanimpest[12].

To investigate the bone targeting ability of retedesigned gold nanoparticles with
high affinity to hydroxyapatite in vitro, bisphosphate-modified PEGylated gold
nanoparticles were intended to be applied intraustlyoto mice. The study examines the
effect of surface functionalization and PEGylatiom the pharmacokinetic profile and the
resulting distribution of the gold nanoparticlesvino. Furthermore, the study elucidates the
impact of the bisphosphonate density on the pagisurface on the in vivo bone targeting of

the functionalized gold nanoparticles.

2. Experimental
2.1. Materials

Amino poly(ethylene glycol)-undecyl mercaptane,tmoay poly(ethylene glycol)-
undecyl mercaptane and bisphosphonate-modified anpioly(ethylene glycol)-undecyl
mercaptane were synthesized as described in cHaptdrogen tetrachloroaurate trinydrate
(HAuUCl4.3H,0), tri-sodium citrate dihydrate, diethylenetriaejentaacetic (DTPA)
dianhydride, triethylamine (TEA), dialysis tubingl(WCO 1000 Da), dialysis tubing (MWCO
3500 Da), ultrafiltration tubes (50,000 Da MWCO)vime serum albumin (BSA) and
tetramethylsilane (TMS) were purchased from Signdriéh Chemical Company
(Steinheim, Germany). Bovine serum, chloroform,ciceth chloride, physiological buffer
solution, endobone granules, and acetate buffer 505§ were obtained from Merck
(Darmstadt, Germany). Deuterated chloroform wasnfr®@eutero GmbH (Kastellaun,
Germany). Radioactive indiunt*lin) was obtained from OctreoS&arKit (Mallinckrodt,

Inc.).
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2.2 Methods
2.2.1. Synthesis and characterization of DTPA-PEG4ASH

Amino poly(ethylene glycol)-undecyl mercaptane BTRDTPA-PEG-AIKSH)
derivative was prepared from amino poyl(ethylenggl)-undecyl mercaptane (NHPEG-
AlkSH) and diethylenetriaminepentaacetic (DTPA)f@kwing. To the stirred suspension of
DTPA dianhydride (1.43 g, 4 mmol) in 40 ml chlorofg TEA (0.81 g, 8 mmol) and amino
poly(ethylene glycol)-undecyl mercaptane (NPEG-AIKSH) (2.2 g, 1 mmol) were added
and further stirred at room temperature for 3 heAthe reaction, chloroform and TEA were
removed by heating to 65 °C under vacuum. The nbthDTPA-PEG-AIKSH was purified
by dialysis against deionized water using dialyaise (MWCO, 1000), immediately freeze
dried and later characterized #Y-NMR. The synthesis of DTPA-PEG-AIKSH is descritied

Scheme 1 [13-15].
o)

OH o
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Scheme 1: Synthesis of the amino poly(ethylenelifiyodecyl mercaptane DTPA derivative

2.2.2. Preparation of gold nanopatrticles functionated with bisphosphonate

Citrate stabilized gold nanoparticles with an ager particle size suitable for
intravenous administration were synthesized byréuariction of hydrogen tetrachloroaurate
tri-hydrate (HAuCJ.3H,O) using tri-sodium citrate as described in chapterFor the
subsequent maodification of the gold nanoparticldase, a parallel adsorption method was
applied using different combinations of the funntibzed polymers. Methoxy poly(ethylene

glycol)-undecyl mercaptane, bisphosphonate modifipdly(ethylene glycol)-undecyl
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mercaptane and DTPA modified poly(ethylene glyeoiflecyl mercaptane were added to the
nanoparticle dispersion with a total concentratcdnspg/ml. The amount of DTPA-PEG-
AlkSH was kept constantly at 10% of the polymer tonig, while the concentrations of
MmPEG-AIkKSH and BP-PEG-AIKSH were changed to obtdifferent functionalities of the
particles. Three types of gold nanoparticles sohdiwere prepared from citrate stabilized
gold nanoparticles stock solution with a conceiarabf 7*10" particles/ml and with size of
37 nm.Solution I(control) which is modified by 10% DTPA-PEG-AlIkSkhd 90% mPEG-
AlkSH, solution II,which is modified with 10% DTPA-PEG-AIKSH , 50% iB8-AlkSH and
40% BP-PEG-AIKSH, andolution Ill, which is modified by modified by 10% DTPA-PEG-
AIKSH, 10% mPEG-AIKSH and 80% BP-PEG-AIkSH. Excesdymers were removed by

ultrafiltration at 750 g using ultrafiltration tube

HAuCl, —Na:Citiate iy C
" @ R-PEG-AKSH

R = OCHg, DTPA or Bisphosphonate

Figure 1: Preparation strategy of surface functiimad gold nanoparticles.

2.3. Characterization of gold nanoparticles
2.3.1. UV-Visible spectroscopy

UV-Vis absorption spectra of aqueous dispersionsthef citrate stabilized and
polymer coated nanoparticles were recorded usindplddbeam spectrophotometer (Uvikon-
941, Kontron Instrument, Germany).
2.3.2. Size distribution and surface charge measureents

Particle size distributions of the gold nanopaesclwere determined using the
Zetasizer 3000HSA (Malvern Instruments, GmbH, GeyhaNanoparticle dispersions were
appropriately diluted with 0.22 pm-filtered Millipe water and size measurements were
carried out at a 90angle with respect to the incident beam. The nreasents of the particle

surface charges were performed in the standardlargpelectrophoresis cell of Zetasizer
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3000 HSA (Malvern Instruments, GmbH, Germany), maag the electrophoritic mobility at
25°C. Refractive index and viscosity of water weredue the calculation of the results.
2.3.3. TEM imaging of the particles

10 ul of the nanoparticle samples were droppedraphite coated copper grids and
dried at room temperature overnight before takihg itmages by transmission electron
microscopy (TEM) (Zeiss EM 10 C/CR, Germany).
2.3.4. Dispersion stability of nanopatrticles

High ionic strength solutions (5M NacCl), bovinewga albumin (BSA, 200pg/ml) and
bovine serum (10% v/v) were applied to the testdispersion stability of coated GNPs in
comparison with bare nanoparticles using photorretation spectroscopy and UV-Vis
adsorption spectroscopy.
2.3.5. Determination of nanopatrticles concentratiomy ICP

1 ml nanoparticle dispersion was treated with goaé volume of aqua regia to
dissolve the nanoparticles before determining thecentrations of the elemental gold using
inductively coupled plasma optical emission spexiopy (ICP-OES) (Horiba Jobin Yvon,
70P, S+S, Munich, Germany). The concentration wakkutated using standard curve

constructed by using different concentrations afcachloride.

2.4. In vitro binding of gold nanoparticles to hydioxyapatite

The bone mineral affinity ofolution I and1ll compared to that of the control was
investigated before carrying out the in vivo stedig ml of the nanoparticle dispersions were
added to 0.5 g of the bone mineral hydroxyapatiedpbone) and shaked on an orbital
shaker at 200 rpm at room temperature. The pergesitaf adsorbed nanoparticles with time

were calculated according to equation 1:

Ab%efore - Ab%fter
Ab%efore

ABS petore IS the absorbance of nanoparticleiat before shaking with HA

%Adsorbed= [100% (Equation 1)

ABS e IS the absorbance of nanoparticle g after shaking with HA

Binding studies in the presence of calcium chiri®SA and serum were also
performed in order to investigate the effect of phesence of electrolytes and proteins on the

affinity of the nanoparticles to hydroxyapatite.
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2.5. Radiolabelling of gold nanopatrticles.

For the accurate in vivo quantitative analysiddg@noparticles were labeled with the
"in, which has a half life of 67.3 h. This long h&ié enables the in vivo detection of the
nanoparticles up to 48 h after conjugation andciige of the particles in the animals [7]. 1
ml of gold nanoparticle dispersion (7*£(articles per ml) was added to 3.75 ml of acetate
buffer (pH = 5.5) containing 0.8-0.9 MBq &t!in. The mixture was then stirred at room
temperature for 15 minutes. Excess of unbound aatiie indium was removed by dialysis
for 2 h against physiological buffer using dialysiembrane with a cutoff of 3500 Da.

2.6. Animal biodistribution

The biodistribution experiments were carried osing SWISS male mice weighing
between 28 and 34 g (provided by the animal hous¢h® University of Angers) in
accordance with the French regulations for animaleaments (law 0189.4 of January 24,
1990). About 100 pl of the dispersions Bfin-labeled gold nanoparticles, with the later
determined actual amounts of each solution, wgeeted intravenously in the tail vein of a
mouse under gaseous isoflurane anesthesia. Thetedjerolumes in each mouse would
correspond to about 5.6*1@articles and 2.5*fcpm of radioactivity. The animals had free
access to food and water ad libitum prior to andnduthe course of the experiments. Four
injected mice were sacrificed at specific time p®iof 15 minutes, 1, 6, 24 and 48 h after the
administration of particles. Different organs ofclkeamouse including liver, heart, spleen,
lungs, muscles, bone (femur), stomach, small imestcolon (large intestine), kidneys,
urinary bladder, brain, carcass and an accurateighed sample of blood were taken and
placed in scintillation tubes for counting the ltivity. Additionally, two times three mice
were placed in special cages for the collectiorumhe and faeces samples for the high
bisphosphonate carrying particles. The weight ofheargan was determined and the
corresponding radioactivity in that organ was rdedr using a gamma counter (Packard
Auto-Gamma 5000 series, Packard Instruments). &issmcentrations of the nanopatrticles
were calculated and expressed as percent of ther&sent injected dose per gram of the
respective tissue (% ID/g). The radioactivity stémaining in the tail was also recorded and
taken into consideration for the calculation of tiseal present radioactivity dose in the
animals. Blood samples were taken and the condmmtisaof nanoparticles in correctly
weighed blood samples were recorded with time vestigate the pharmacokinetic profile of

the injected particles.
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2.7. Pharmacokinetic analysis in the blood.

To compare between the different injected nanaparsolutions, the pharmacokinetic
parameters for all types of injected gold nanopksi such as the area under the curve
(AUC), elimination half life (1), elimination rate constant (K and mean residence time

(MRT) were calculated according to the literatut6,[L7].

3. Results and discussion
3.1. Synthesis and characterization of DTPA-PEG-AIgH.

Diethylene triaminepentaacetic (DTPA) acid reacteith amino group of amino
poly(ethylene glycol)-undecyl mercaptane (MEG-AIkSH), which resulted in the formation
of the DTPA-PEG-AIKSH derivatives. Th#H-NMR spectrum in deuterated chloroform
(Figure 1) is characterized by the signal$.at3.9-3.4 ppm (m, 192 H), 3.2 (s, 8 H), 2.8-2.5
ppm (m, 2 H) and 1.8-1.2 ppm (m, 18 H). The integfasignal atdy 3.2 ppm is 7.2 protons,
which should be 8 protons. Based on this resutis, donversion to product DTPA-PEG-
AIKSH was calculated to be about 90%, which agreek with the results described in the
literature [15].
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Figure 2:'H-NMR spectrum of poly(ethylene glycol)-undecylcaptane DTPA derivatives
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3.2. Preparation and characterization of the bisphsphonate coated gold nanoparticles
3.2.1. Particles sizes and surface charges measuesits

Nanoparticles with average particle size in the lkmnometer range were synthesized
by reducing tetrachloroaurate trihydrate with sadicitrate, a method already described in
chapter 4. The formation of the gold nanopartidesccompanied by a change of the solution
color from pale yellow to ruby red. The size of theepared nanoparticles determined by
photon correlation spectroscopy was 3%.0.5 nm with a polydispersity index (P.I) of 0.495
+ 0.093. The zeta potential of the citrate-stabiigeld nanoparticles out of the synthesis was
measured to be about -55%5.3.4 mV (Table 1). This relatively high negativeface charge
of nanoparticles is the main cause for the stgbdit the citrate coated colloidal solution.
Coating of the nanoparticles with the mixed polysnersulted in an increase of the size by
12-14 nm due to the hydrophilic polymer coatingeThorphology and the surface structure
of different samples were investigated by TEM alnel obtained results confirmed the size
results determined by photon correlation spectqmgc®he coating of nanoparticles with the
hydrophilic polymers did not affect the polydispgréndex. Solution | which is modified by
10% DTPA-PEG-AIKSH and 90% mPEG-AIKSH showed arrgase in the zeta potential
from -55.5 mV to -26.3 mV due to replacement of ¢iteate anions adsorbed on the particles
surfaces. Whilesolution 1, which is modified by 10% DTPA-PEG-AIKSH, 40% BE®G-
AIkSH and 50% mPEG-AIkSH showed lower increasenazeta potential (from -55.5 mV to
-31.0 mV) due to the incorporation of 40% of tregatively charged bisphosphonate groups
within the coating.Solution 11, which is modified by 10% DTPA-PEG-AIKSH, 80% BP-
PEG-AIkSH and 10% mPEG-AIkSH showed the lowestaase in zeta potential (from -55.5
mV to -38.3 mV) due to the incorporation of theegt amount (80%) of bisphosphonate in
the coat as shown in Table 1.
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Table 1: Size, polydispersity index (P.l) and zeitential of the citrate-stabilized and

polymers- coated gold nanopatrticles

Size (nm) Polydispersity | Zeta potentia
index (P.1) (mV)

Citrate stabilized GNPs 37.0£ 1.51 | 0.495 0.093 -55.5: 134
solution | GNPqcoated with 10%
DTPA-PEG-AIkSH and 90% mPEG- 48.9+ 0.53 | 0.465+ 0.085 |-26.3+7.8
AlkSH)

solution Il GNPHcoated with 10%
DTPA-PEG-AIKSH, 40% BP-PEG- | 49.5+0.92 | 0.549+ 0.012 -31.0+ 6.8
AlkSH and 50% mPEG-AIkSH)
solution 11l GNPs(coated with 10%
DTPA-PEG-AIKSH, 80% BP-PEG- |50.4+1.73 | 0.561+ 0.005 -38.3+ 9.1
AlkSH and 10% mPEG-AIkSH)

3.2.2. UV-Vis absorption spectra

Figure 3 shows the UV-Vis spectra of the bare g@doparticles compared with the
modified particles ofsolution I, 1l and lll. The characteristic surface plasmon resonance
(SPR) band of citrate stabilized gold nanopartisles observed at 522 nm confirming the
presence of the spherical nanoparticles. Because S#AR is sensitive to the surface
modification of the gold nanoparticles, a slighdl ihift in theA,ax was observed (from 522
nm to 526 nm). The red shift &f,.xindicates the disturbance of the electrical doudyer
present around the nanoparticles by addition ofpiblymer and confirms their successful
attachmentdolutionl, 1l andlll) [18].
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Figure 3: UV-Vis absorption spectra of bare golchogaarticles, solution I, Il and Il

3.2.3. Dispersion stability of nanopatrticles

As preliminary investigation for the stability ahe particles before the in vivo
experiments, the stability cfolutionl, Il andlll in comparison to citrate-stabilized gold
nanoparticles was tested in the presence of sodilanide, BSA and bovine serum. Citrate-
stabilized gold nanoparticles were significantlyrengensitive and are rapidly aggregated to
larger patrticles in the presence of electrolyteaGl, BSA and serum. While polymer-coated
nanoparticlesqolution I, Ilandlll) are resistant and are not affected by the acddfcsalt or
proteins, due to the presence of a protective laygrolymers around the particle surfaces.

These results agreed well with results reportezhapter 4.

3.3. In vitro binding of gold nanoparticles to hydioxapatite

The hydroxyapatite adsorption assay was perforimedder to confirm the affinity of
surface modified nanopatrticles to bone. The boneeral affinities of the different solutions
are presented in Figure 4. About 40% binding soflution Il, which contains 40%
bisphosphonate, was obtained after 2 days of spakith endobone granules at room
temperature compared to only very small amounteugless than 5% ) adsorbed from

solution 1, which contains no bisphosphonate. The bound amoohsolution IlI, which
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contains 80% bisphosphonate, were 50% and 80% &ftemd 4 days, respectively.
Consequently, the affinity to endobone was incréalsg increasing the bisphosphonate
content on the particles surfaces due to the pceseh more binding sites, these results

confirms the results reported in the literature] [19
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Figure 4: In vitro hydroxyapatite binding affiniseof the investigated gold nanoparticle

solutions

The effects of BSA, serum and also calcium ionshenbinding of gold nanopatrticles
to hydroxyapatite were also investigated, sinceitheivo bone binding is expected to take
place in the presence of serum proteins and otitens, such as calcium, which are capable
to compete with the bone mineral binding. The ofgdiresults showed that the binding of
bisphosphonate-modified gold nanoparticles is nbécted by the presence of calcium

chloride, BSA and serum as already presented ipteha.

3.5. Biodistribution of bisphosphonate-modified gal nanoparticles.

The results of nanoparticles biodistribution dfedent time points are expressed as
percentage of the still present injected dose pamgof the respective tissue (% ID/g) to
facilitate the analysis of nanoparticles distribatiinside the body. Different tissues were

excised at specified time points from the sacrdfie@mimals and the contained radioactivity
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was measured. Figure 5 shows the biodistributiaih@icontrol gold nanoparticlesajution I,
without bisphosphonate) in the various tissues. 28,01, 6 and 24 hours after injection. The
highest concentration of nanopatrticles in the blaag observed at 1 h after injection and the
complete distribution in the blood, which were ab@0% of ID/g. This concentration
decreased to about 10% after 6 h and to about 82 h. Remarkably, only about 5% ID/g
of the injected nanoparticles accumulated in theerliand spleen after 24 h, which
consequently means that the injected particles ttarability to avoid the uptake in liver and
spleen, which is the usual route for non-shieldadoparticulate formulations. These results
agree well with results observed for other surlRE&ylated nanoparticles [5,20-24].
Accumulation of the even not targeted nanopasiaiethe bone reached 10% after 24
h. This can however also be attributed to the smaight of the femur. The biodistribution
patterns to heart, stomach, small intestine, cdlamg, muscle and brain in addition to liver

and spleen did not show substantial accumulatidghase organs.
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Figure 5: Biodistribution of solution | of gold naparticles coated with 0 % bisphosphonate

In contrast, a progressing increase of the ratiwgcwas observed in the kidneys

especially at later time points. The accumulatioh tiee radioactivity in kidneys is
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accompanied by a rapid decrease of radioactivityyaod, which indicates the elimination of
the **in-labelled nanoparticles from the systemic cirtiola and deposition also in the
kidneys (Figure 6). This might be explained by atragpment of the nanopatrticles inside the
kidneys, because of their relative large size (#Y) and the hydrophilic coating (due to
grafting of PEG to the particles surfaces). Theuaudation of radioactivity in the kidneys
increases with time, which can be explained byateumulation of intact nanoparticles and
not only the labeled polymers removed from theiglad surfaces, because they would be
small enough to be excreted via the urine. Thesatsealso reflect the high in vivo stability
of the thioalkylated PEG-coated gold nanopartiellesd support the results from literature [25-
27]. The relatively low concentration of nanopdescin carcass expressed as %ID/g (which
refers to the entire body of the animal without ¢tlhgans and tissues indicated in Figure 5) is
mainly attributed to the relative large weight af@ass compared to other tissues and organs.
However, if just the injected dose is consideredualb0% accumulate in the carcass, which

also demonstrates the ability of the particlesdtioaeasate in many tissues.
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Figure 6: Biodistribution of solution | of gold napatrticles (control) on the blood and kidney

No large differences were observed for the biothigtion of gold nanoparticles
functionalized with 40% bisphosphonaglution Il GNPs, (Figure 7)Solution 11 gold

nanoparticles showed only a slight increase inbibree accumulation relative to the control,
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which eventually could be attributed to the pregeoicthe targeting moiety (bisphosphonate).
The insignificant difference of the bone accumolatibetween the bisphosphonate
functionalized and the control GNPs may be due smyndifferent reasons, such as the
trapping of many gold nanopatrticles in the kidndeg, difficult extravasation of the highly
hydrophilic coated gold nanoparticles in the bothe relative large size of the injected
nanoparticles [8,28] or merely the relatively smadirtion of bone that was used for the

investigation in comparison to the remaining basgue in the animal (carcass).
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Figure 7: Biodistribution of solution 1l gold nanapicles coated with 40% bisphosphonate

The biodistribution of gold nanoparticles functidined with 80% bisphosphonate
(Figure 8) again is quite similar to the biodistition of solution 11l GNPs (containing 40% of
BP, Figure 7) and the control GNPs solution (FigblreFor an easier comparison, the aimed
bone accumulation of the injected colloidal solnsiosolutions I, Iland IIl) is shown in
Figure 9. Gold nanoparticles functionalized witle thighest BP concentration nevertheless
show the highest relative bone accumulation in fewtoen compared to the other solutions.
The bone concentrations sblution Ill after 6 and 24 h, expressed as %ID/g bone, afb17.

+ 1.79 and 16.4% 3.75 respectively compared to 1044£2.29 and 11.12 1.49 forsolution
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II, and 8.16+ 1.26 and 10.43% 9.64 forsolution | These data show that the targeted gold
nanoparticles (containing BP) have a tendencyrgetaand accumulate in bone compared to
the non-targeted gold nanoparticles. However, threelconcentration agolution 11, which
contains 80% BP on the surface, reached a maxinmuénhaafter injection, 17.1% 1.79
%ID/g and then decreased again to 1&48l75 %ID/g after 24 h and to 12.512.6 %ID/g at
48 h, which is not in accordance with the abovetroaed properties of bisphosphonates and

certainly demands for further investigations.
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Figure 8: Biodistribution of solution 11l coated thi80% bisphosphonate.
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Figure 9: Accumulation of different gold nanopal¢i (solutions I, Il and 1) in bone

3.6. Pharmacokinetic analysis of the tested gold naparticles in blood

A non compartmental model was used in order times¢ the pharmacokinetic
parameters of the nanoparticle formulations aftéravenous injection. Blood concentration-
time profiles for the injected nanoparticles aresgnted in Figure 10 with the calculated
parameters summarized in Table 2. For a succeapfulication of the particles as targeted
drug delivery system a low elimination rate constnd a long half life in blood is necessary.
The determined half life in blood for the three pdas are in the following ordesplution IlI
> solution Il > solution | between 8.96 to 7.25 hours, which are certaimly statistically
significant. The relatively long half lives of thevestigated gold nanoparticles are due to the
surface PEGylation of the nanoparticles, which ifigcantly increases the half lives of
nanoparticles as well known form literature [4,538). Furthermore, the long circulation half
life of nanoparticles helps the particles in vivw reach their intended target, because the
particles need to circulate in blood for a suffitlg long time to have the chance to interact
with their specific target cells or tissues [31,38]contrast to the here observed behavior, the
half life of the non-PEGylated nanoparticles is aoomly very short and they rapidly excreted
form the blood. Simon et al. [33] studied the diation half time and body distribution of
amine modified polystyrene nanoparticles. They olek that the half lives of the studied
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particles are very short and after 30 minutes 6% the 100 nm particles are already

accumulated in the liver, which prohibits furtheaching of the target organ.
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Figure 10: Blood profiles of the gold nanoparticiesblood after intravenous administration

Table 2: Pharmacokinetic parameter of the injeggettl nanopatrticles

Ker () tuz(h)| AUC (ng/g*h)|  MRT (h)
Solution 1 (control) | 0.0955 7.25 1973.19 8.25
Solution 2 (40% BP) 0.0869 7.97 2040.3 9.45
Solution 3 (80% BP) 0.0773 8.96 3356.56 11.2
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5. Conclusions

The presented study revealed that the preparetingoloparticles can be successfully
stabilized and modified to perform their intendeaskis for in vivo experiments. The
nanoparticles were synthesized with an appropyiasehall size and their surfaces were
modified with mixtures of polymers, which on theeohand made them inert to high ionic
strength or protein solutions, but on the otherdhalso introduced a high specific affinity to
the main bone mineral hydroxyapatite. The condudtedvivo investigations strongly
indicated that the functionalized gold nanopartickhowed a minimum uptake by the
reticuloendothelial system (liver and spleen) anmerdfore circulated for very long time in
blood. On the other hand the particle also showestrang tendency to extravasate or
distribute to other organs after injection into ejibut the largest accumulation was observed
in the kidneys. Also in bone a steady accumulatbrihe bisphosphonate functionalized
nanoparticles was observed in comparison to théraonanoparticles, but further studies
have to be conducted here in order to investigspeaally the long term fate of the particles

in bone.
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1. Summary

In general, the application of custom designedoparticles offers many new
opportunities to improve existing diagnostic apptes. Some of these systems, furthermore,
allow the therapy of hard to treat diseases by lhapproaches for a localized delivery with
the minimization of undesirable side effects. Copsatly, targeted nanoparticles have been
applied as label for in vivo imaging, as probes dellular imaging and also as carriers for
therapeutic drug delivery [1]. For the purpose flitent drug delivery, nanoparticles should
be sufficiently stable in vitro and in vivo, highbiocompatible and, most importantly, non-
toxic to humans. For the successful application nanoparticles a suitable surface
modification is of utmost importance to acquiretjgdes with the desired properties.

Based on existing knowledge [2], the first aimtlis thesis was to synthesize and
improve polymers, which can on their one end stiypbmd to gold nanoparticle surfaces and
at the same time can be modified on the other eitld targeting moieties for specific

interactions with tissues or cells.

anchor — stabilizing chain | inert surface coating

/

o R e ta_rgeting
o \ ligand

Figure 1: Schematic diagram representing the esakeabmponents of the polymer platform

inert
_OtHs; | coating

HS

\DTPA radio
label

used for the modification of the gold particles

The strategy of the polymer development was basea poly(ethylene glycol) (PEG)
backbone, a hydrophilic polymer, which is knownetthance the stability of nanoparticles
[3,4], to minimize unspecific proteins adsorptid], [and finally also to increase circulation
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half lives of nanoparticles in blood after in viadministration [6]. For the modification of
gold thioalkylated PEG derivatives were synthesifEdyure 1), which anchor to gold
surfaces through a stable S-Au bond. In additiothéoanchor group, an aliphatic chain was
introduced, which is essential to produce a furgtabilizing self assembled monolayer on the
gold surface due to the hydrophobic attractionsvben the aliphatic chains [7]. Finally, the
PEG chain was terminally derivatized in order tiilfmultiple functions, like an inert surface
coating, binding site for radio labels and last bat least the binding site for the targeting
ligand.

Synthesis schemes for thioalkylated PEG derivativere developed and further
optimized Chapter 2 and 3 to obtain polymers with a high degree of convardp ease the
later production of the coated particles. Two darixes were obtained, methoxy
poly(ethylene glycol)-undecyl mercaptane (Figure 2ad amino poly(ethylene glycol)-
undecyl mercaptane (Figure 2b). The amine termihdexivative was later further reacted
with a custom synthesized bisphosphonate as bogetiteg ligand producing a functionalized
polymer with a high affinity to the bone mineraldngxyapatite and also to gold surfaces,
which indicated the successful linkage of the tlga chain with PEG and the
bisphosphonate [8].

The used bisphosphonate was chosen becauseextcéptional high affinity to bone
due to two bisphosphonate groups contained in tbkeaule, and additionally due to the
presence of an aromatic ring, which enabled a gensitive detection of the synthesized
polymers. The bisphosphonate was synthesized angota published procedures [9], but it
was used at different stages of the reaction,deroio provide compounds, soluble in aqueous
and organic medium (Figure 2c, A and B). The fyaised polymer was obtained from the
reaction of the bisphosphonate ester with the an@neinated polymer and activated using

mild hydrolysis of the esters with bromotrimethidsie (Figure 2d).

CHSO/{/Oﬂ?O/\/VWV\

Figure 2a: Methoxy poly(ethylene glycol)-undecytcaptane

SH
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i NN TN A,

Figure 2b: Amino poly(ethylene glycol)-undecyl nagtane

A Oy -OH B Oy__OH

(H,CH,,CO).,,0P (HO),,OP
3~MY)s ﬁ/\N NH 2 ﬁ/\N NH
H

H
PO(OCH,CH3), H/ PO(OCH ,CHg), PO(OH), H/ PO(OH),

PO(OCH ,CH,), PO(OH),

Figure 2c: Bisphosphonates applied for the modifaaof the polymer:

A) organic soluble derivative and B) water solub&ivative

PO(OH),

0
ht | H
HS(HyC)11 {/\/OM N
0 . N PO(OH),
H

A

(HO),OP PO(OH),

Figure 2d: Bisphosphonate-modified amino poly(ethgl glycol)-undecyl mercaptane

Suitably sized gold nanoparticles dispersed ineags medium were prepared by
citrate reduction of auric chloride solutions [1Different trials were done to obtain
nanoparticles, which can be administered intravelyolChapter 4). The prepared
nanoparticles were subsequently coated with amiray(gthylene glycol)-undecyl
mercaptane and methoxy poly(ethylene glycol)-undeegrcaptane and the impact of the
polymer coating on important properties of gold oparticles, like size and stability in the
presence of electrolyte and proteins, was investijal here was an indirect relation between
the amount of added reducing agent (sodium citrate) the size of the obtained gold
nanoparticles, which allowed the adjustment of piaeticle size. The performed polymer
surface modification increased the particle sizeligw nanometers and additionally resulted
in the formation of nanoparticles, which did notgexpate either by high electrolyte

concentrations or proteins in the aqueous mediaraohtrast it was demonstrated that citrate-
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stabilized GNPs were generally greatly influencgdhe addition of sodium chloride, BSA or
serum.

The synthesized thioalkylated and targeted polgmé@rsisphosphonate-modified
thioalkylated PEG) were, furthermore, applied tegare bisphosphonate-functionalized gold
nanoparticles@hapter 5). For this preparation citrate stabilized nanaplas$ (about 40 nm
in diameter) were incubated with different ratidstargeted and inert polymers to allow an
exchange of the citrate anions (Figure 3). Theatb&@NPs showed a slight size increase and
greatly enhanced stability in different solutiofifie zeta potential of the particles increased
by addition of uncharged polymers, but it was samilor the bisphosphonate-coated and
citrate-stabilized gold nanoparticles due to thedeald excess of anionic groups. The
hydroxyapatite binding affinity of the particles svestudied as a function of surface
bisphosphonate amount and could be varied in a vwadge with a steady increase with
increasing amount of bisphosphonate. Additiondlipding experiments were performed in
presence of calcium chloride, BSA and bovine senamelucidate the effect on the

hydroxyapatite affinity, which was not affected dgding any of the added compounds.

S(H,C) o]M CH % O
ht
S(H,C) o) _BP
2 11\0{/\/ ]?/\N X %
H

Figure 3: Structure of gold nanoparticles used fiimtalized with a mixture of mMPEG-AIkSH
and BP-PEG-AIkSH

To investigate the fate of the nanoparticles imoyithey were firstly labeled with
radioactive indium in order to allow their trackimg vivo. To elucidate the effect of the
targeting ligand concentration, nanoparticles doiig a low and a high amount (40% or
80%) of bisphosphonate in comparison to controbparticles (0% BP) were intravenously
administered in mice. The biodistribution to thdfetent organs of the mice and the
pharmacokinetic profiles of the injected nanop&ticwere determined and compared
between the different formulations of the prepgpadicles Chapter 6). The biodistribution
of nanoparticles demonstrated a promising behafidhe targeted and untargeted particles.
The nanoparticles exhibited a very long blood datan time with only minimal uptake by

spleen and liver. An enhanced accumulation of theiges was observed in the kidneys,
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which probably are suited to trap a fraction of ihgected particles in the glomerulus
membrane, which certainly necessitates further stigations. On the other hand bone
accumulation of the bisphosphonate-functionalizedoparticles was not largely different
from the control nanoparticles, which could beilattied to the very small portion of bone
(femur), which was chosen for the distribution studr to a limited extend of extravasation
within the bone. However, the long circulation hhlifes of the particles makes them a
suitable platform for further investigations aldoother targeting approaches, especially since
the synthesized polymers allow a flexible modificat with other suitable ligands, like

proteins or eventually antibodies.

2. Conclusions

Heterobifunctional polymers, which can be used fdne modification,
functionalization and stabilization of gold nandpdes, were successfully synthesized
applying a new synthetic strategy. Highly stablédgmanopatrticle dispersions were obtained
after coating citrate-stabilized GNPs with the eliént synthesized polymers, which stabilized
the particles by a steric stabilization, which wa# affected by the addition of sodium
chloride or proteins. The functionalization withsphosphonates, furthermore, produced
nanoparticles with a high affinity to the bone madenydroxyapatite, which was not affected
by addition of calcium chloride or proteins. Uparntravenous application of the nanoparticles
in mice, they circulated for a long time in the duioand were well distributed to many organs
and most importantly did not accumulate in lived apleen, which are common organs of
nanoparticle deposition.

The here presented nanoparticle system providesuitable platform for the
investigation of new drug targeting principles. Tingestigated particles can be prepared
using a stable noble metal core for easy detegtitinelectron microscopy, which was coated
with an inert polymer layer that, furthermore, po®d chemical binding sites for many
different ligands using standard carbodiimide clstmi Due to their small size the particles
will extravasate in many different organs, whichessential to make them suitable for the
investigation of other targeting principles.
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1. Abbreviations
'H-NMR

%ID

%ID/g

Amax

ANOVA

Abs

AIBN

AUC

BBB

BOC

BP
BP-PEG-AIKSH
BSA

CDCl;

CNS

Da

DCC

DIC-BP

DTPA
DTPA-PEG-AIKSH

EDC
ELSD
EO
EPR
ESI-M
FDA
GNPs
HA
HCI
HNOs
HPLC
ICP-OES

proton nuclear magnetic resonance spectrgscop
% of injected dose

% of injected dose per gram tissue

Peak of maximum absorption
analysis of variance

absorbance

a,0” azoisobutyronitrile

area under the curve

blood brain barrier

di-t-butyl dicarbonate

bisphosphonate

Bisphosphonate modified poly(ethylghgol)-undecyl mercaptane
Bovine serum albumin

deuterated chloroform

central nervous system

dalton

N,N-dicyclohexylcardodiimide

diclofenac bisphosphonate conjugate
diethylenetriaminepentaacetic acid
Diethylenetriaminepentaacetic aauhjagated amino poly(ethylene
glycol)-undecyl mercaptane
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimidedirochloride
evaporative light scattering detector

ethylene oxide gas

enhanced permeability and retention

electro spray ionization mass spectroscopy
food and drug administration

gold nanopatrticles

hydroxyapatite

hydrochloric acid

nitric acid

high pressure liquid chromatography

inductively coupled plasma-optical emissipactroscopy
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IDDM

IL-1

IL-6

Kel

KOH

L-Asp

L-Glu
MALDI-ToF MS
MeOH

Mp

MPEG
MPEG-AIKSH
MRI

MRT

MRSA

MS

Mw

MWCO

NaBr

NaH

NaOH
NH,-PEG-AIKSH
NH»-PEG-OH
NHS

NMR

NPs

ODDS

PCS

PEG
PEG-AIKSH
PLGA

PPi

PPO

PTH

insulin-dependent diabetes mellitus
interleukine-1

interleukine-6

elimination rate constant
potassium hydroxide

L-aspartic acid

L-glutamic acid

matrix assisted laser desorption/i@tibn mass spectrometry

methanol
peak molecular weight

poly(ethylene glycol) monomethyl ether

methoxy poly(ethylene glycol)-undecylncaptane

magnetic resonance imaging
mean residence time

multiple resistancestaphylococcus aureus
mass spectroscopy

molecular weight

molecular weight cut-off

sodium bromide

sodium hydride

sodium hydroxide

amino poly(ethylene glycol)-undecyl megtane
poly(ethylene glycol) monoamine
N-hydroxysuccinimide

nuclear magnetic resonance
nanoparticles

osteotropic drug delivery system
photon correlation spectroscopy
poly(ethylene glycol)
poly(ethylene glycol) alkanethiol
Poly(lactic-co-glycolic acid)
inorganic pyrophosphate
poly(propylene oxide)

parathyroid hormone
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PTT
QDs
RES
RGD
RP
RP-HPLC
RT
SAMs
SPIONs
SPR

t1/2

TAA
TEA
TEM
TFAA
THF
TMS
TNF
TsOH
UV-Vis

photothermal therapy

quantum dots

reticuloendothelial system

Peptide sequence ARG-GLY-ASP
reversed phase

reversed phase high pressure liquid chragnaphy
room temperature

self assembled monolayers
superparamagntic iron oxide nanoparticles
surface plasmon resonance

elimination half life
thioacetic acid

triethylamine

transmittance electron microscopy
trifluoroacetic acid anhydride
tetrahydrofuran

tetramethylsilane

tumor necrosis factor

p-toluenesulfonic

ultraviolet and visible light
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