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ABSTRACT

SYNTHESIS PHYSICOCHEMICAL CHARACTERIZATION, AND
BIOSENSING APPLICATONS OF GOLD NANOPARTCLES

Cancer is one of the leading diseases that cause death all around the world. In
Turkey, lung cancer isie most common type of cancer type in men and it is the fifth in
women. Unfortunately, the percentage of treatment of lung cancer is too low. Gold
nanoparticles (AuNPs) are widely used in the biotechnology as imaging, diagnosis, and
therapeutic agents bagse of their unique properties such as plasmon resonance, easy
synthesize, biocompatibility, and facile surface modification.

In this study, it is aimed to design gold nanoparticles as biosensors for lung cancer
cells. For this purpose, different sizes4® nm) of Au nanoparticles were synthesized
and their uptake and distribution into the lung cancer cells were investigated. The results
of the study revealed that cellular uptake of gold nanoparticles are high for the size of 20
and 40 nm. The optimal vislity into the cells was achieved by using DIC microscopy
in which the particles uptaken into the cytoplasm and localized at around nucleus of cells.
In the second part of the study, surfaces of 20 and 40 nm particles were conjugated with
RGD peptides antheir distribution and light scattering properties were investigated in
living cells by using darfield microscopy. Due to the receptorediated endocytosis,
RGD-AuNPs showed different distribution within the cells. These results indicate that the
RGD cmjugated Au nanoparticles exhibits much higher light scattering properties than
norrconjugated nanoparticles. In addition to this, synthesized Au nanoparticles were
conjugated with nucled®calized peptide (NLS) and directed to the nucleus of cancerous
(A549, H358) and healthy (BEAS2B) lung cells. The nucleus targeting properties of the
NLS conjugated particles were also investigated to understand if there is any cell line
selectivity. The internalizations of peptide conjugated Au nanoparticles intanes| |
were visualized in living cells by using DIC microscopy. NLS conjugated AuNPs
internalized into nucleus of A549 and H358 cancer cells. Although NLS conjugated
AuNPs present inside the cytoplasm of BEAS2B cells, they did not localize into the

nucleus d6normal cell lines.
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ALTI N NANOPARIUNASH NKILEMZKKZ KKOKKMYASAL
KARAKTERKZAS BKNWAWLEI LAYl KI  OLARA
UYGULAMALARI

Kans er ,genelinde®’ylag me neden ol an hastal ekl a
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kolay olmaggibi°z el | i k]l eri nden dol ay @gibibgyotekpaiofi ¢ | e me

alanl arénda yaygén bir kKekilde kull aneéel mask
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olarak tasarl anmasa&r ka nea - b a-wimtalk semtarenedus5 F
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CHAPTER 1

| NTRODUCTI ON

1.1. Gold Nanoparticles

Gold is the quitessential noble element. It is by nature highly unreactive, so,
antique artifacts made of it preserve their exquisite glitter for thousands of years without
tarnishing (i.e. oxidation) or degradation. Uses of gold in jewelry, coinage, and
electronics areve | | known in its bulk form. The wo
(3ll3 qrinos) meaning dwarf, is used to describe any material or property which occurs
with dimensions on the nanometer scalel nm). Since nanoscale gold can display
bright colors(Figure 1.3 unlike bulk and moleculascale gold, it has become a very
popular study object among chemists, physicists, and recbipedical practitioners
(Figure 1.2.

Although gold nanoparticles 5-200 nm diameter range are large enough to
suppot a conduction band for they are comparable to the mean free path of electrons in
the metal at room temperatur®100 nm), they are so small with respect to the
wavelengths of visible light 400-750 nm). Irradiation with light at particular
frequencies brn g s about a collective oscillatio
oscil |l ati on &EbSayed?2001l)Henase epiotasd@enerally as washing over
the surface of the @rarili @d alpi( Zaesdmrodna re feasqodn a 3
LSPR) (Rgure 1.3.The dielectric constant of bulk gold determines the resonance
frequency of this plasma oscillation, which is visible liQMillets and Duyne 2007)

The color of the particles in soluti¢Bustis and EBayed 2006, Joshi et al. 2004)
is the result of the change in the position of the plasmon band, which in turn is bought
about by the alteration in the size, shape and chemical environment of the particles.
Relevance of AuNP suspensioinem time immemorial to generate color spectrum in
stained glass is a consequence of (Bdwards and Thomas 2007he shape of the
nanogrticle is more convenient for firlening the optical properties of AUNPs, though
size and chemical setting can too affect the position of AUNP plasma bands. To illustrate,
-since the intensity and position of the absorption bands are relatively fixednerely



a modest shift to red and widening with increased size of the particles, potential for SPR

tuning is narrow for spherical AuUNREustis and ESayed 2006)

Y

a) Nanorods aSpect ratio

o

50 nm

b) Nanoshells —< shell thickness

C) Nanocages %9old

Figure 1.1. a) Gold nanorods, (b) silicgold coréshell nanoparticles, and (c) gold
nanocages. The intense cobbthese nanoparticles arises from the collective
excitation of their conduction electrons, or surface plasmon resonance modes,
which results in photon absorption at wavelengthigich varies with (a)
aspect ratio, (b) shell thickness, and/or (c) galvdisplacement by gold. (d)
Optical darkfield scattering micrograph of gold nanorods (electron
micrograph in the inset) showing resonant scattering from their transverse
(shortaxis) plasmon mode (green) and their lower energy, longitudinal(long
axis) plasnon mode (red)XSourceDreaden et al. 2012)
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Principally, the ratio of atoms localized on the particle surface to thosenednfi
in the particle increases as the as particle size decreases. New thermal, optical, electrical,
magnetic, electronic and catalytic properties are emanated fronfRibékiner 2006)
Figure 1.4summarized that the optical properties of gold nartagb@s and their

applicdions.



Chemical sensing

Imagin, g
\a Eae ' _via color changes
) :
"7» 1»[70(/ .00(\
gl)fs SO‘Q
) Cy \3‘0 3
Gold
)= nanoparticle =(
{o,
Ce/
\e\e’b" l . e/ecfr
' T
Photothermal Chemical sensing
therapy ~ ViaSERS

Figurel.4. Schematic showing of the physical events that occur as a result of satisfying
the localized surface plasmon resonance condition, with the corresponding
applications. See text for detafSource:Roduner P06).

The plasmon frequency is delicately susceptible to the dielectric nature of its
interface (refractive index with the medium) since nanoparticles have a high surface area
to volume ratio. Therefore, colorimetric shifts in dispersions occur due tgeban the
surroundings (surface modification, aggregation, medium refractive indexKatlty) et
al. 2003, Burda et al. 2005)

Different from conventional dyes, AuNPs have a tunability of their optical
propertes thanks to the resulting effects of these changes in the shapes, sizes and
compositiongHuang et al. 2007)n this way, thebsorption and scattering cressction
of AUNPs are better than those of conventional dyes. The absorptiorseobiss of
AuNPs is four to five orders of magnitude larger than that of strongest absorbing
rhodamine6 G dye molecule@Huang et al. 2007, Radwan and Azzazy 200®)reover,
the light scattering from 80 nm AuNPs is®1nes higher than the light emission from
fluorescein molecules. Besides, contrary to molecular fluorophores, badly affected by
photobkaching and can be detected by only a few techniques, AuUNPs are not sensitive to
photobleachingRosi and Mirkin 2005, Jain et al. 2006&urthermore, AuNased
probes surmount some limitations of conventionghaic dyes, like poor hydrophilicity
and photostability, low quantum yield and detection sensitivity, insufficient stability in
biological systems, and weak multiplexing capabi(idgin et al. 2006b, Radwan and
Azzazy 2009, 2007)



1.2. Synthesis of Gold Nanoparticles

Colloidal gold had been synthesized long before scientific literature grown
mature, but the first scientific reporting of the colloidal gold nanoparticles is attributed to
Michael Faraday, who in 1857wt t hat t he O66fine particles
reduction of gold chloride by phosphorus could be stabilized by the addition of carbon
di sul fide, resul ti n(araday 1857)ibeadpmezhes for mast ruby
colloidal syntheses to pduce gold nanoparticles (Figure d)3oday are similar in that
solvated gold salt is reduced in surface capping ligands that saves the particles from
aggregation by electrostatic and/or physical repulsion. Pasiimdecan be manipulated
by altering the gold ion: reducing agent or gold ion: stabilizer ratio, with larger sizes (and
typically less monodisperse) acquired from larger ratios.

I n 1908, Mi e showed that the intrensity
the result of the absorption and scattering of light by spherical gold nanopatrticles in those
solutions(Mie 1908) Using electron microscope, invented in 1932 by Knoll and Ruska,

(Knoll and Ruska 1932 urkevich et al. studied the structure of gold nanoparticles under
different synthetic conditions in9%51 (Turkevich, Stevenson, and Hillier 195Frens
studied Turkevichos pr oscnetthadicalysin 1673. Tiosed i a t i
procedures give 1850 nmdiameter monodisperse spherical gold nanopartftens

1973)

20 nm gold spheres are produced throughout the reaction in which HéailsSI
at a point where a trisodium citrate dihydrate solution is added. The reaction that takes
place in the methods used by Turkevich and in most aotheitu spherical AuNP
synthesis schemes has two major phases, viz. nucleation and growth that seem to occur
concurrently. In the first stage, citrate is oxidized and dicarboxyacetone is composed as
Au®*ions are reduced to Au Generation of gold atoms constitutes the seatep in
which the disproportionation of aurous chloride molecules allowing gold ions to adsorb
on the surface to make aggregates. Numerous researchers have adapted this synthesis to
accommodate the adjustment of size. Teams came to scene thereaftevblomedea
variety of methodgFrens 1973)Numerous groups observed the effects of citoaty
the final surface of gold nanoparticles since the Turkevich method of spherical AuUNP

synthesis has been extensively used. In dealing with further surface functionalization,



scientists suffer from the effects of the negative charge of the citrate coating on the
interactians of the particles with other species.

Under ambient conditions, sodium borohydride and alike which are stronger
reducing agents provide a seemingly instant reduction of gold ions under ambient
conditions, yielding smaller and less polydisperse parteespared to those achieved
by sodium citrée.

New ways ther than the sizeontrolledAuNPss y nt hesi s of Frens®o
were needed since polydispersity in particles larger than 30 nm was considerable. As
characterized by Schmid, seed mediatedgréw ( or i g i-qarad Wtyh 0 )6 6ige r enmp
in another procedure for the enlargement of gold nanoparfikgsnmid 1992)In this
way, smalscale AuNPs serve as nucleation zones for developing larger ones. Adjusting
three factors, the final size of a pele can be determinedl the diameter of the original
seed particles, the seed amount included in the solution, and the ionic gold amount in the
solution. Since the seed particle size determines the size of the resulting particles, it is of
paramount impdance.

That even smaller ( 1. 4-stabibzed4golchparticks a me t ¢
could be obtained from the reduction of PPh3AuCl by diborane in benzene, yielding
Auss(PPh)12Cle was shown by Schmid et al in 1983chmid et al. 1981)According to
Hutchison, gold clusters of 1.40 nm diameter could be produced through ligand
exchange and tha@ihese particles could be similarly obtained under ambient conditions
without the need for diborane g@#&/eare et al. 2000)n 1994, applying a twstage
procedure in which gold chloride was solvated in toluene via a fitesser reagent
(tetraoctylammonium bromide), Brust et al. investigated the synthesis ofthimlized
gold clusers (Brust et al. 1994)In this system, aseducing sodium borohydride was
added to the aqueous stage, dodecanethiol was used as a stabilizer for gold clusters formed
in the organic phase.

In 1990s, shape controlled synthesis of gold nanoparticles was studied by same
researchers. Colloidal growthethod was developed by Murphy et(dana, Gearheatrt,
and Murphy 2001and Nikoobakht and Ebayed(Nikoobakht and EBayed 2003)by
which monodisperse gold nanorods in high yield based on seeded growth is obtained
(Figure 1.%). In this method, singlerystal seed particles with diameters of
approximately 1.5 nm, which wereqaluced from the reduction of chloroauric acid by
borohydride in the presence of CTAB, are aliquoted into Au(l) growth solution

formulated with moderate reduction of chloroauric acid by ascorbate and inclusion of
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AgNOs and CTAB. Using this method, gold nands as long as 300 nm with diameters
of approximately 1020 nm can be formed in relatively high yield, thus their subsequent
biomedical us€Sau and Murphy 2004Aspect ratio for these nanorods can be adjusted
by the seed/gold salt rator by the relative concentration of additive impurity ions.

Liz-Mar zaEn and coworkers demonstrated t|
(PVP) functionalized gold nanorods as seeds for the ultrasadnded reduction of
chloroauric acid by N,Mlimethylfamamide (DMF) in the presence of P\(Barbe
Argibay et al. 2007)sphericallycapped colloidal gold nanorods can be modified into
singlecrystal octahedraln their study, the subsequent morphology changed from
sharpened (octagonal) rotistetragons to octahedra (Figured).By increased ratio of
gold salt to nanorod seeds.

Because of their impressive optical characteristics and various biomedical
applicdions, silicagold coré shell nanopaitles, or gold nanoshells (Figuresg), have
recently had an appeal among researchers. According to the 1951 prediction of Aden and
Kerker (Aden and Kerker 195]1)oncentric spherical particles could exhibit tunable
plasmon resonance changing as a function of the tsingthess to core radius ratio. In
1998, Halas and his colleagues demonstrated that preparation-offred@d absorbing
gold nanoshells can be achieved by adsorption of small gold nanopatrticles to the surfaces
of silica nanopatrticles electrostaticallychas a result, additional gold onto the structures
to form a conformal shell is reduc@didenburg et al. 1998PDther similar structures like
asymmedtnrancoe@gs66 and quadruply concentri
unique optical characteristics have been obtained agWatlig et al. 2007)

Xia and colleages have developed galdnocages and nanoframes (Figub#)1.
which have numerous potential uses in biomedicine thanks to their optical properties and
hollow structures seemingly capable of holding cdqfgjoen et b 2006, Skrabalak et al.

2008) A process called galvanic replacement, which lets more noble metal ions (e.g. Au,
Pt) spontaneously oxidize the surface atoms of a less noble metal (e.g. Ag, Cu) with
concomitant reduction of the more noble metal, allawsition of these structures. For
drug loading/delivery and photothermal therapy applications, gold nanoparticles that are
nearinfrared absorbing (spherical) hollow (kg 15g) have been developed as well.
Hollow gold nanospheres were produced by Caarsbcoworkers through calcination

or dissolution of polystyrerfigiold coré shell nanoparticle¢Liang, Susha, and Caruso
2003) In this process, polystyremanospheres were coated in polyelectrolyte multilayer

films and tiny, 4(dimethylamino)pyridine (DMAP) stabilized gold nanospheres (6 nm
7



diameter) were adsorbed to the polyelectrolyte surface electrostatically. After that, to
finish a virtually conformbhgold shell, hydroxylamine was used to further reduce
chloroauric acid onto the seedated polystyrene spheres. Then, to obtain hollow gold
spheres with diameters of about 650 nm, the polystyrene cores were pulled out via
dissolution in tetrahydrofuramHF) or calcination at 318C.

That more geometrically complex gold nanostructuresi(300 nm in size) could
be produced through a polyol process variation was shown in 2004 by Yand;igpae (
1.5h) (Kim et al. 2004) Tetrahedra, cubes, octahedra, and icosahedra were obtained in
high yield with good monodispersity by using ethylene glycol as a solvent/reducing agent
and PVP as a patrticle stabilizer. According to the findings of the authorsiabegsient
nanoparticle morphology depends profoundly on the gold concentration in the solution,
with tetrahedra formed at high concentrations and icosahedra (with a few octahedra) at
lower concentrations. Gold nanocubes were obtained, too, by addingl asmaht of
silver nitrate during the reaction.

According to Niu and coworkers, new complex gold nanostructures can be
obtained in high yield (over 96%) through a related seeded growth m@ihoet al.

2009) where CTABcapped gold nanorods were amplified in a Au(lll)/CTAB solution
and functionalized with cetylpyridinium chloride (CPC) to serve as sitiytgtalline
seeds (with a diameter of approximately 40 nm) for the following rhombic dodecahedral,
octéhedral, and cubic gold nanocrystal growth from Au(l). The authors curiously saw that
the CPC surfactant preferentially stabiliZ&@0} > {110} > {111} facets, just in contrast

to their typically observed surface free energies (i.e. > {100} > {111}). Eigy saw a
rhombic dodecahedral morphologyidure 15i) when CPCAu{100} (and to a lesser
extent,-Au{110}) association was dominant and octahedral geometfggire 15j)

when CPCAu{111} association was found to dominate.

More recently, Mirkin, et abroposed a production method for monodisperse gold
nanocubes in high yieldr{gure 15k) that includes a seeded growth technique similar to
the one used to obtain nanorods. But Mirkin and coworkers used the chloride analog of
CTAB: cetyltrimethylammonium tdoride, CTAC (Zhang et al. 2010)The authors
observed that its possible to adjust the size of the nanocubes by simply changing the
seed quantity in the growth solution, subsequently getting cubes with edge lengths
ranging from 38 N7 nm to 269 N18 nm with
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Figure 1.5. Gold nanoparticles of various size and shape with potential applications in
biomedicine. Small (ajSource:Shimizu et al. 2003and large (b)YSource:
Pong et al. 2007)c) nanorod¢Source:Wang et al. 1999Sau and Murphy
2004), (d) sharpened nanorodSource:CarbcArgibay et al. 2007) (e)
nanoshell§SourceOldenburg et al. 1998jf) nanocages/framéSourcelu
et al. 2007) (g) hollow nanospheregSource: Liang et al. 2005) (h)
tetrahedraloctahedrdtubes/icosahedrgSource: Kim et al. 2004) (i)
rhombic dodecahed{&ourceNiu et al. 2009)(j) octahedra{SourceNiu et
al. 2009) (k) concave nanocubegSource: Zhang et al. 2010) (I)
tetrahexahedrgdSource:Ming et al. 2009) (min) rhombic dodecahedra
obtuse triangular bipyramigSourcePersonick et al. 2011{o) trisoctahedra
(SourceMa et al. 2008)and (p) nanoprism&ource Millstone et al. 2005)

Before this, sucturally-related, neamfrared absorbing tetrahexahedral gold
nanoparticles enclosed by 24 {037} facets were produced by Ming et al. by using a related
synthetic approach involving CTAB (>95% vyield) (Figure 1.8Y)ing et al. 2009)



According to the study of Personick et al., rhombic dodecaliEdyare 1.5m) and obtuse

triangular bipyramids (Figure 1.5n) can be produced by a seeded (7 nm diameter) growth
involving CTAC and dilute Ag+ concentrations, obtaining the sole {1lf@geted

bi pyri midal gold nanostructN2Z@snmepdge ede
respectivelyPersonick et al. 2011)

By aqueous reduction of chloroauric acid, some@seng compositions like gold
trisoctahedra can be producédgure 150) (Ma et al. 2008) These nanostructures with
diameters of 10200 nm and enclosed by 24 {221} facets were formed by the ascorbic
acid reduction of chloroauric acid in the presence of CTAC (a yield of ca. 85%) as shown
by Zheng et al.

Some methods including photoreduction, seed mediated growth,quiasimen
synthesis, and biosynthesis deliver triangular, or prismatic nanoparticles. Sastry and
colleagues first produced gold nanoprismatic structures in fair yield (ceB5@0@m in
size, 45% yield) from the aqueous reduction of chloroauric acid bgrigrass extract
(Shankar et al. 2004According to the authors, this transformation was the result of the
reducing capacity of aldose sugars present in the plant extract, with-dsheqiang
formation due tahe crystallographically preferential adsorption of aldehydes/ketones
present in the extract. That similar gol d
synthesized in high yield using a seeded growth meffigdie 15p) was shown later by
Schatz and¢oworkergMillstone et al. 2005)

1.3. Surface Functionalizations of Gold Nanoparticles

To impart biological compatibility and specificity to gold nanoparticles, chemical
adjustment of the surface of the nanoparticle is essential. Studies of Nuzzo and Whitesides
on the formationof selfassembled monolayers (SAMs) of molecules on planar gold
(Bain et al. 1989, Love et al. 200&)d later by BardHu and Bard 1998xand Murray
(Hostetler, Templeton, and Murray 1999, Sardar et al. 2009, Templeton, Wuelfing, and
Murray 2000)in studying the dynamics and conformations of these assemblies by
electrochemical, scanning probe, and mass spectrometric methods consthiates tier
the functionalization of gold nanopatrticles for biomedical applications. A wide spectrum

of functional molecular linkers and passivating agents are presently used for the
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conjugation of gold nanopatrticles utilized in biomedical applications.tietanchoring
groups employed for fixing these molecules onto the surface of gold usually include:
thiolate(Brust et al. 1994, Martin et al. 1999, Walter et al. 2088hiolate(Hou, Dasog,

and Scott 2009)dithiocarbamatéZhao et al. 2005)amine(Daniel and Astruc 2004)
carboxylatg Danieland Astruc 2004)selenidgYee et al. 2003)isothiocyanatéMartin

et al. 1999, Daniel and Astruc 2004} phosphinéSchmid et al. 1981, Walter et al. 2008)
moieties. While labile applications often employ amine or carboxylate surface anchors,
nonlabile ones often use thiblased anchoring groups. To illustrate, the study by Burda
et al. has demonstrated that therapeutic results of gold nanopartidiated delivery of
photodynamic therapy agents benefits immensely from the use of more labile amino
linkers with respect to stronger thiol groups because of the vesicular sequestration of
particlebound drug moleculg€heng et al. 2010, Cheng et al. 2011)

Surface adsorption in room temperature for most alkanstlgsospontaneous,
taking place over milliseconds to minut@dsove et al. 2005) Although monolayer
packirg/reordering can take several hours, for optimal results, overnight péigarel
incubation with additional sonication or gentle heating is usually sufficient.

While the bond strength between anchoring groups and the gold surface have a
crucial place indetermining the subsequent functionality, packing density and surface
energetics present equally important contributions. Although dithiolates are generally
regarded as preferable to their mahmlate counterparts because of multivalent binding
avidity, these molecules are actually more inclined to oxidative desorption due to
inefficient packingHou, Dasog, and Scott 200%ccording to the studies of Cima et al.,
thiolates, whose most common use is in4hdrile biomedical applications where they
are employed for attachment to gold nanopatrticles, can remain stably adsorbed for up to
35 days under physiologic conditiorfslynn et al. 2003) This suggests that for
attachment of biological molecules to gold surfaces in various biomedical applications,
thiolates might be a preferred functional group.

The need for sufficient stabilizat in biological environments containing high
serum concentrations and high ionic strengths is common among most applications of
gold nanopatrticles in biomedicine. The most commonly employed surface ligand used
with biomedical gold nanoparticles is thiadt poly(ethylene glycol), PEGH. Its
hydrophilicity, which has been documented comprehensively, allows the aqueous
dispersion of gold nanoparticles conjugated with a wide range of lipophilic molecules
(Dreaden et al. 2009nd increases circulatory hdifie (Dickerson et al. 2008by
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blocking adsorption of serum proteins and opsonins that help uptake and clearance by the
reticuloendothelial system (RE8)arris and Chess 2003, Zheng, Davidson, and Huang
2003, Niidome et al. 2006, von Maltraet al. 2009)

Various biofunctional molecules can be used for conjugation with gold
nanoparticles by simple physical methods like hydrophidiyidrophobic interaction
(Figure 1.6a) and charge pairing (Rige 1.6b). Highly hydrophobic molecules (e.g.
chemotherapeutics such as paclitaxel and doxorubicin) can be labily bound to biomedical
gold nanoparticle conjugates via the use of amphiphilic ligands as demonstrated by
Rotello et al(Kim et al. 2009) Classical cross coupling reagents can also be used for the
nonlabile conjugation of a wide variety of biofunctional targeting, therapeutic, and
imaging contrast agents (fige 1.6¢).

Most applications involving amireontaining molecules/proteins employ
classical carbodiimide cross coupling (carboxylate+araimé&le) wth some commercial
manufacturers  producing readyade Nhydroxysuccinimide (NHSactivated
heterobifunctional polymers and ligan@sibson, Khanal, and Zubarev 2007, Gole and
Murphy 2008) In a number of gold naparticle conjugation strategies, Huisgen
cycloaddition (click, or azidealkyne coupling) has been similarly employ&ible and
Murphy 2008) Inorganic complexes like cisplatin or its prodrug forms can also be
datively bound ta@old nanoparticle ligands by way of appropriate ligands (Figure 1.7a)
(Brown et al. 2010) Mirkin and coworkers were first to utilize oligorieotide
functionalized gold nanopatrticles, employing thiolated ssDNA as surface linkers to which
targeting ligand, biomolecule, and/or imaging contrast agaethered complementary
ssDNA could be hybridized (Figure 1.4Rosi et al. 2006, Seferos et al. 2QH¢cently,
Rotello and colleagues have shown the synthesis, gold nanoparticle conjugation, and
phototriggered release of the cytotoxic thymidylate synthase inhibftaogouracil (5
FU) via a photocleavab) onitrobenzyl PEGSH linker, demonstrating significant
toxicity following UV exposure and diminished cytotoxicity drastically in its absence
(Figure 1.7c)Agasti et al. 2009)
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Figure 1.6. Schematics illustrating various methods hbiyiatr gold nanoparticles can be
conjugated with biofunctional molecules. (a) hydrophobic entrapment
(SourceKim et al. 2009) (b) electrostatic adsorption, and (c) covalent cross
coupling by carbodiimide, maleimide, and click chemig8gurce:Gibson,
Khanal, and Zubarev 2007, Gole and Murphy 2008, Oh et al. 2010)
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