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Cells (Advised by Professor Daniel L. Feldheim).

Drug delivery has become a major area of research interest today, particularly in
cancer research. Many of the current cancer treatments have many undesirable side
effects on patients leaving them weak and susceptible to other illness. Targeted drug
delivery at the molecular level has many positive applications. First one could target a
cancer therapeutic drug directly to the site of infection and reduce the many side effects
associated with cancer therapy. Also less medication would be needed also reducing
some of the side effects associated with current cancer therapeutics. Many researchers
have turned their attention to nanotechnology as away to address such cancer drug
delivery issues. Thisthesis presents the design of atwo-phase type water-soluble gold
nanoparticle. The gold nanoparticle is passivated with a peptide sequence that has known
cell-penetrating abilities. The thiolated polyethylene glycol imparts stability to the gold
nanoparticle enabling it to stay in a stable state and remain functional in high salt
concentrations such as inside of a human body. Presented in thisthesisis datato confirm
the preliminary results of atwo-phase type gold nanoparticle passivated with thiolated

polyethylene glycol and Argininey, which could facilitate travel into the cytosol and
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nuclear regions of aHelLacell. Thistype of delivery system has the potential of a

possible future drug delivery vector.
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Design and Delivery of Water Soluble Gold Nanoparticles Containing
Mixed Monolayersof Thiolated Polyethylene Glycol and Peptidesto
HelL a Cells



Chapter One: Introduction and Background



1.1 Introduction

Cance is one of the most deadly diseases of our time. Cancer accourted for
553,768 @ahsin 2001contributing 22.9% of deathsin America®’. Cancer is defined asa
disease in which abnormal cdls divide withou control. Cancer cell s can invade nearby
tisaues and spread through the blood stream and lymphatic system to ather parts of the
body. The aurrent treatments of cancer involve dhemotherapy (treament with various
anticancer drugs), surgery (surgica removal of the tumor tisaue) and radiation therapy
(treament with high-energy radiation). Asaresult of these arrent forms of treatment a
variety of side eff ects can arise. Some of these side eff ects include destruction d the
hedthy cdls surroundng the cancerous area as well as hedthy cdls overall, which can
result in hair lossand areduction o white bloodcdl courts thereby compromising a
person’s abili ty to fight off infections. Patients also suffer from the discomfort of the
administering of treaments such as painful intravenous delivery (IV, anealleis placed in
the patients arm or neck vein), nausea fatigue and even depresson. Ancther surging
problem ontheriseisthat of multidrug resistance in cancer treagments (a arrent drug
routine that no longer works to treat the cancer it was prescribed for) 2. As aresult
scientists are arrently invalved in reseach to find more eff ective ways to treat and cure
cancer. Scientiststoday are now beginning to look at waysto deliver drugs at the cell ular
level. The National Cancer Institute recently annourced that they would develop and
apply nanotechndogy to cancer treament and prevention. Nanatechndogy, the

development and engineeing of devices © small that they are measured ona moleaular



scde, has arealy demonstrated promising results in cancer research and treament *. If
scientists can attack andtrea cancer at the site of disease, the numerous sde dfeds

asciated with chemotherapy can be drasticdly eliminated.

1.2Background and Significance

One of the major drawbadks of drug delivery at the cdlular level isthe inabili ty of
delivery vedors (the transporting device) to crossthe cellular membrane and effedively
enter into the nucleus and dHliver the desired drug. In order for adrug to work effedively
it must read the nuclear regionintad (see Figure 1). One way scientists are addressng
the isaue of drug delivery in cancer treaments today is by designing nanoscale drug
delivery devices that can deliver therapeutic drugs at the cellular level 3. Being ableto
deliver drugs at the cdl ular level will enable the therapeutic drug to have amore
pronourced eff ect and reduce the many side eff ects associated with the aurrent treaments
for cancer. One such designthat is being explored in many research groups to include the
Feldheim groupis bioconjugation d Cell Penetrating Peptides (CPP) and Nuclear
Localization Signals (NLS) to nanoparticles. Bioconjugationinvolves the linking of two
or more moleaules to form anovel complex having the cmmbined properties of its
individual comporents *. Our research currently involves bioconjugation o Cell
Penetrating Peptides enhanced with Nuclea locali zation Signals (NLS). Our current
strategy invalves the mnjugation o peptide sequencesto gold nanoparticles (see Figure
2) >5. Bovine Serum Albumin (BSA) serves as a stabili zer, m-Maleimidobenzoly-N-
hydroxysucanimide ester (MBS) as a crosslinker and the peptide sequencefadlit ates

cdlular entry of our gold nanoparticle once they are mnjugated to the gold nanoperticle.



Figure 1: Cell with nucleus colored as green.

\ / — NLS Reptide
Au
/7 \

Figure2. 20 i gold nanoparticles with Nuclear Localization Signal (NLS) peptide
attadhed to the gold surface via athiol bond.



Cell Penetrating Peptides are short peptide sequences that are ale to translocae
aaossplasma membranes in a nonreceptor-mediated fashion. Over the past several years
many researchers have been investigating how to utili ze these CPP s as transporters of
nanoparticles, liposomes and therapeutics into cell s. Several families of CPP s are known

today. Most are derived from naturally occurring proteins (table 1) .

Table 1. Examples of CPP sintroduced by various research groups:

1. Penetratin RQIKIWFQNRRMKWKK ®

2. Tat fragment (48-50) GRKKRRQRRRPRQC?

3. Signal sequence-based peptides GALFLGWLGAAG STMGAWSQPKKK RKV °
4. pVEC LLIILRRRIRKQAHAHSK

5. Transportan GWTLNSAGYLLKINLKALAALAKKIL

6. Amphiphilic model peptide KLALKLALKALKAALKLA *3

7. Arge RRRRRRRRR ™

Sincethe discovery that CPP stranslocae arossthe plasma membrane of living
cdlsand permit intracell ular transport of cargo such as conjugated peptides, proteins,
oligonucleotides and nanoparticles ’, they have opened new posshiliti esin biomedicd
research. The subjed of thisthesisisthe use of gold nanoparticles modified with Nuclea
Localization Signals (NLS) peptides and CPPs. A Nuclea Locdization Signal (NLS) is
ashort stretch of amino adds that mediates the transport of nuclea proteinsinto the
nucleus. Our research group has been able to successully show intracdlular delivery of

gold nanoparticles conjugated to various peptide sequences Figure 3 °° As srownin




Figure 3, particles conjugated to peptide sequences were aleto target the nucleus of a
Human Cervicd Cancer Cell (HeLa). In order to olserve the delivery of gold
nanoparticles, a mmbination o microscopy techniques, including Video-enhanced color

and dfferential interference @ntrast microscopy (VECDIC) were used.

Figure 3. Incubation d HelLa cdlswith 20nm diameter gold nanoperticle conjugates

observed by VECDIC, G-l 0.5, 1.5and 3 how incubation with nanoparticles carrying

peptide sequence, M4, (CKKKKKK GGRGDMFG).

Through research we foundthat the stabili ty of our particles needed to be
addressed. Once particles are made we immediately deliver them to cdls. In some
instances our gold nanoperticles aggregate in solution duing sample preparations and
could nd be used. There were dso instancesin which excessBSA was needed in order to
maintain stabili ty of our particles 2 that they could be used for cdl delivery. Having to

add excessBSA may hinder the delivery of these mnjugates to cells (possbly by



increasing the diameter of our gold nanoparticle and making it difficult for larger size
conjugates to penetrate the cell membrane) *°. Many research groups have dso looked
into stabilizing gold nanoparticles for biotechnical applications 1%*”. Ensuring the
stabili ty of gold nanoparticles enablesit to withstand high salt concentrations, for
exampleif it were traveling in the human bady. It is therefore necessary to find suitable
stabili zers for gold nanoparticles. One useful stabili zer reseachers are exploring is
Polyethylene glycol (PEG) *. Thisthesiswill explorethe use of PEG as amethodfor

stabili zing gold nanopearticles.

Delivery to the nuclear region d a cdl isa challenge. In order for a cancer
therapeutic drug to be dfective, nuclear delivery is essential '8 The desired material must
first crossthe outer cdl membrane before it even gets to the nuclear membrane. Cellular
membranes are protedive membranes that regulate transport in and ou of the cell andthe
subcdlular regions within. They are essentia for the structure of the cell. They aso allow
seledive permeabili ty so that certain needed materials from the eavironment can enter
and aher undesirable or harmful substances canna enter into the cdl. Only compounds
within a narrow range of moleaular size, net charge and pdarity are aleto cross
effectively into a cdl. Thisisespedally true for materials that travel from the cytosol
region acrossthe nuclear membrane. One of the mechanisms of internali zationis based
on Receptor-Mediated Endacytosis (RME) or transporter based uptake *°. Some viral and
baderial proteins are endowed with properties enabling them to crossthe plasma
membrane and ggin entry into acell 2%’. The endocytic madinery of the cell then tags

and dreds the internalized maaomoleaule to its desired locaionwithin the cdl. CPPs



and NLS s are essential for research that utili ze peptide sequences coded to have certain

functions onceintroduced into a cdl 2%,

In order for a cdl to keep its proper function, many harmful entities that try to get
into cdls are denied entry or if they do enter into the cdl they are quickly and effedively
destroyed by the cell through a processcall ed phagocytosis. This processinvalves the
cdl engulfing a particle by wrapping pseudopoda aroundit and packing it within a
membrane-enclosed saccalled avacuole and dsposing of the material before it can cause

harm to the cdl (see Figure 4) %

Figure 4: Phagocytosis occurring in acell. 1) Attachment of particle to pseudopoda. 2)
Ingestion d the particle and formation o phagosome. 3) Fusion d the lysome and
phagosome releasing lysosomal enzymes into the phagosome. 4) Digestion d the

ingested materials. 5) Release of digested products from the cdl.



The arrent design of many drug delivery vedors has attempted to addressthe isaue
of avoiding recognition by the cell asbeing harmful. Many of the designs include the
foll owing criteriafor an eff ective drug deliver vector:
) It must be nortoxic.
2) Ableto get into the cdl to the desired location withou being viewed as
harmful to a cell and thereby removed ou of the cdl.
3) Small enowgh to crossthe celular membrane.
4) Biocompatible.
5) Particle shoud be aleto remain stablein the body so it can travel through the
body to the site of the tumor.

6) PossssaCPPand a NLSfor cdlular internali zation and recognition.

Feldherr and coworkers have dready laid the fourdation for the use of gold
nanoperticles whase surfaces are passvated with nucleoplasmin 224, Their delivery
mode was via microinjection and they observed haw the particles traveled from the
cytosol into the nucleus after microinjedion d the particle. Microinjection for
intracel ular studies of cdlular activity isuseful, hovever it isnot an ogtionfor a

successul drug delivery of ananoparticle.

A CCP that has drawn much attention recently in the literature is arginine rich
peptides. Arginineisone of the 20 aminoadds, (see Figureb). In arginine, the side
chain contains a guanidino goup separated from the a-carbonby threemethylene

groups. Argininerich peptides have been shown to enhance cél ular uptake of molecules

10



to which they were anjugated. Arginine rich peptides are highly basic and these peptides
have been foundto be of rather low toxicity to cell sin culture media and could serve &
suitable carier vectors 2%2"%. The exad mechanism of internali zation havever is not yet

known.

Figure 5: Arginine

1.3Motivation
In order to overcome some of the drawbadks of current nanoparticles used in
cdlular delivery applications, this thesis will i ntroduce the design and applicaion of a
mixed mondayer of gold nanoparticles for drug delivery purpases. This thesis will
addressthe foll owing:
1) Synthesis of PEG moleaules that have different chain lengths and PEG units.
2 Synthesis of water-soluble gold nanoparticles.
3 Gold nanoparticles that are stable & high salt concentrations.
4 Design of agold nanoparticles passvated with PEG and arginine units.
5 Charaderization d designed gold nanoparticles.

6 Delivery of designed gold nanoparticleto HeLacells.

11



J Observation via Transmisson Eledron Microscopy to determine
if these gold nanoparticles will travel to theinside of HeLacells.
The following hypathesis will be investigated and addressed:
Hypoathesis to test:
1) Can gold nanoparticles passvated with PEG undergo ligand exchange readions
with arge peptide?
2) Will gold nanoparticles containing mixed mondayers of PEG and argg be aleto
crossa cellular membrane, escape the endosomal pathway and dceliver the newly

designed gdd nanoparticles to the internal regions of aHelLacell ?

Thiswill i nvalve the synthesis of water-soluble gold nanopearticles, which uili ze PEG as
astabili zer and an arginine rich peptide sequence, CGGWGRRRRRRRRRA, to fadlit ate
cdlular internali zation d the nanoparticle. The nanoparticle vector shoud be aleto
escgpe the endosomal pathway and et to the cytosol and niclear regions of atargeted
cdl.

Chapter two dof this thesiswill i ntroduce PEG and its many usesto include its use
as a stabili zer of gold nanoparticles. Chapter two of the thesiswill also discussthe
synthesis of Polyethylene glycol thiols and their charaderizations. Chapter 3 will discuss
the synthesis of water-soluble gold nanoperticles and their charaderizations. Chapter 4
will discussthe delivery results of the propased gold nanoperticle design, delivered to

HelLacdlls.
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Chapter 2: Synthesisand Characterization of Polyethylene Glycol Thiol

M olecules

17



2.1Introduction

For many years payethylene glycol (PEG) has been amoleaule of interest to the
biotechnicd and bomedical research communities. Pioneaing researchers such as
Zalipsky and Harris have pulished boolks and a vast number of papers on PEG’s many
uses >’. Polyethylene glycol isalinea neutral paymer, availablein avariety of
moleaular weights. It is made from the anionic polymerization d ethylene oxide resulting
in the formation d paymer strands of various lengths, depending on the polymerization

conditions. These moleaules are soluble in water and most organic solvents, (Figure 2.1)

1

Figure 2.1

HO+CH,CH,OFH
n

The two hydroxy groups located at each end d the polymer allow it to be
functionali zed for various appli cations to all ow for the couging of peptides, drugs and
other materials. PEG couped to ather moleaules can be used for atering the solubili ty
characteristics of the molecules they are muped with. PEG imparts nonmmunaogenicity
(will not cause an immune resporse) to moleaules they are functionali zed with. This
polymer is also nortoxic and daes not harm the bioactivity of proteins or cells . PEG has
also been used to increase the solubili ty of formally insoluble drugs and decrease the

toxicity of others ®°. Thisis amajor benefit for any drug delivery system. PEG has also
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been shown to enhancethe half-life of substancesin vivo, aid in penetrating cell
membranes, increase biocompatibili ty and prevent protein adsorption to surfaces %,

PEG has also been utili zed in many research groups as a stabili zer of nanoparticles
including gold nanoparticles *4. When PEG is used urmodified it inhibits colloid
aggregation by causing steric repulsion d particles and by shielding particles from high
ionic strengths that fadlit ate floccul ation (aggregation o particles)*. When ore of the OH
groups of the PEG moleaule is thiolated, the SH groupis able to form bonds with an Au
surface via mvalent bondng ® These are just some of the reasons why PEG molecules

are useful in biotechndogy and will be used in thisresearch projed.

2.2 Experimental
2.2.1Materials

All chemicas were used as received from vendars withou further purification
except if spedficdly mentioned. Triethylene glycol, tetraghylene glycol, thioacdic add,
11-chloro-undecane, 11-bromo-undecane, allyl bromide, hydrochloric acid,
azobisisobuyronitrile (AIBN), and sodium hydroxide were purchased from Sigma
Aldrich. Octaethylene glycol was purchased from Polypure. Solvents were purchased
from Fisher and Sigma Aldrich and used as recaved urlessotherwise stated. Reaction
progresson and Purification' s were monitored by thin layer chromatography (TLC) on

silicagd.
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2.2.2Synthesis

2.2.2.10ctaethylene Thiol

2-(2-{2-[2-(2-{2-[2-(2-undec10-enyloxy-ethoxy)- ethoxy]- ethoxy}- ethoxy )-ethoxy]-
ethoxy}- ethoxy)-ethanol (1) *°. The antire synthetic schemeis own in Figure 2.2, and
was based onWhitesides synthesis of palyethylene glycol molecules *°. A threenedk 50-
ml round batom flask with 3 g of Octaghylene glycol in pacewas attached to a
condenser and this entire goparatus was purged with argonfor 5 minutes. After purging
0.43ml of 50% aqueous dium hydroxide was added and the flask was lowered into an
oil bath heaed to 100° C. The sample turned to a dear yellow solution. This reaction
was all owed to proceed for 40 minutes. After 40 minutes 0.43ml of 11-chlorouncec-1-
ene was added and solution turned a deep yell ow color. This readionwas all owed to
continue for 24 hous. After 24 haurs the readion mixture was removed form the oil bath
and all owed to come to room temperature. The sample was then extraded 6 times with
hexane and the organic layers were rotary evaporated down to recover a dea yellow
crude material. The aude material wasthen puified via alumn chromatography with
silicagel. The solvent system used was 100 % ethyl acetate. Purification was foll owed by
thin layer chromatography (Rf=0.35 and product fradions were rotary evaporated down
to recover a dea yellow pure product. Sample was then placed onadry line to remove

any remaining solvents. 'HNMR revealed the desired product was obtained.
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S-(11-[2-(2-{2-[2-(2-{2-[2-(2-hydr oxy-ethoxy)-ethoxy]-ethoxy}- ethoxy)- ethoxy]-
ethoxy}- ethoxy)-ethoxy]-undegyl} ester ( Thioacetate) (2). A two-neck 50-ml round
bottom flask with stir bar in place ad 0.164grams of AIBN in flask was attached to a
phaochemicd readion bok, and the flask was purged with argonfor 5 minutes. After
purging flask with argon, 0.4463rams of product 1 was mixed with 4.2ml methana and
0.29ml of thioacdic add, mixed well and transferred immediately via aglasssyringe to
readion flask. Stirring was initi ated, water to condenser turned onand phdochemicad
readion boc was closed and readion was garted. The reactionwas run undger argon with
a450-W medium-pressure mercury lamp. The readion was al owed to continue for 6
hous. After 6 haurs the phaochemical reactionwas gopped and the sample was al owed
to come to room temperature. The sample was then rotary evaporated dowvn to recover a
yellow product and this crude material was then puified via clumn chromatography
with silicagel. The solvent system used was a 3:1 ethyl acdate/methanad system.
Purification was foll owed by thin layer chromatography and product fradions (RF= 0.52)
were rotary evaporated down to recover a dear yell ow pure product. Sample was then
placed onadry line to remove any remaining solvents. ‘HNMR confirmed desired

product was obtained.

2-[2-(2-{2-[2-(2-(2-[2-(11-M er capto-undecyloxy}-ethoxy]-ethoxy}-ethoxy )-ethoxy]-
ethoxy}-ethoxy]-ethanol, HS (CH;)1; (OCH,CH3)s OH, (Thiol) PEG (3). A two-neck
25-ml round bdtom flask was attached to a cndenser and this apparatus was purged with

argonfor 5 minutes. After purging flask with argon, 0.100grams of compound 2was
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mixed with 3.2ml of a0.1M HCI in methanad solution, mixed well and this material was
immediately transferred to readion flask and the flask was lowered into 80°C oil bath
and this material was refluxed for 5 hous. After 5 hous sample was removed from ol
bath and all owed to come to room temperature. The sample was rotary evaporated dovn
to reaver a dea yellow material and this crude material was then purified via clumn
chromatography with sili cagel. The solvent system used was a 3:1 ethyl
acdate/methand system. Purification was foll owed by thin layer chromatography (Rf =
0.57) and poduct fractions were rotary evaporated dovn to recover a dea yellow pure
product. Sample was then placed on ay line to remove any remaining solvents. A typicd
yield for the thiol is usually 30% of the desired product. **CNMR and ' HNMR,
(300MHz spedrum in CDCl3) data ae shown in Figures 2.3, 2.4respedively. ‘HNMR
(300MHz, CDCI3) 8 1.2(br s, 14H), 1.3(t, 1H) ,1.5(m, 4H), 2.5(q, 2H), 2.6(s, 2H), 3.4
(t, 2H), 3.553.71(m, 30H); *CNMR (75MHz, CDCI3) & 24.85(t) 26.29(t), 28.57(t),
29.26(t), 29.67(t), 29.71(t), 29.75(t), 29.83(t), 34.24(t, CH,SH), 61.90(t, CH,OH),
70.26(t), 70.48(t), 70.76(t), 71.74(t), 76.94(t), 77.25(t), 77.57(t). High Resolution
Exad Mass Measurement-FAB confirmed an elemental composition d C,7Hs600S,

MW=557.37.
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1) 50% aq. NaOH, oil bath
2) 11-chloroundec-1-ene

H /O\/\O/\/O\/\O/\/O\/\ O/\/O\/\O/\/OH

WWV\/O\/\O/\/O\/\O/\/O\/\O/\/O\/\O/\/OH
AIBN, Thiolacetic acid @
Methanol, hv
(0]
ICI:
HyC” \S\/\/\/\/\/\/O\/\O/\/O\/\O/\/O\/\O/\/O\/\O/\/OH
0.1M HCI in Methanol )
Reflux

HS\/\/\/\/\/\/O\/\O/\/O\/\O/\/O\/\O/\/O\/\O/\/OH

©)

Figure 2.2. Synthetic scheme for molecules 1,2,and 3.
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2.2.2.25ynthesis of Tetraethylene Thiol

2-{2-[2-(2-Undec-10-enyloxy-ethoxy]-ethoxy}-ethanol (1) '°. The entire synthetic
schemeis smilar to figure 2.2.,and was also based onWhitesides synthesis of
Polyethylene glycol moleaules *°. A threenedk 100-ml round batom flask with 20g of
Tetradhylene glycol in placewas attached to a mndenser and this entire goparatus was
purged with argon for 5 minutes. After flask was purged 2 ml of 50% agqueous odium
hydroxide was added and flask was lowered into an al bath that was 100°C. The sample
turned to a dear yell ow solution. This reaction was all owed to proceed for 30 minutes.
After 30 minutes 2 ml of 11-chloro-1-undecane was added and solution turned a dark
brown color. Thisreadionwas all owed to continue for 24 hous. After 24 housthis
readion mixture was removed form the oil bath and all owed to come to room
temperature. The sample was then extraded 6 times with hexane and the organic layers
were rotary evaporated down to recover a dea yellow crude material. The aude material
was then puified via wlumn chromatography with silicagel. The solvent system used
was 100% ethyl acetate. Purificaion was foll owed by thin layer chromatography and
product fractions (RF= 0.31) were rotary evaporated down to recover a dear yellow pure
product. Sample was then placed onadry line to remove ay remaining solvents. *H

NMR confirms desired product was obtained.

2-{2-[2-(2-Undecyloxy-ethoxy)-ethoxy]-ethoxy}-ethanol, thioacetic acid (2). A two-

nedk 50-ml bound bdtom flask with stir bar in place and 0.1290grams of AIBN in flask

was attadched to a phaochemical readion box and the flask was purged with argon for 5
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minutes. After purging flask with argon, 1.3256rams of product 1 was mixed with 20
ml methanal and 0.43ml of thioacdic acid, mixed well and transferred immediately to
flask via aglasssyringe to reaction flask. Stirring was initi ated, water to condenser turned
on carefully and phdochemical readion box was closed and readion was darted. The
readionwas run undr argonwith a450-W medium-presaure mercury lamp, al of which
are located in phdochemical box. The readion was al owed to continue for 11 hous.
After 11 hous the phaochemicd reaction was dopped and sample was all owed to come
to room temperature. The sample was then rotary evaporated down to recover a yell ow
product and this crude material was then puified via column chromatography with sili ca
gel. The solvent system was a 1:1 2-propanal/hexane system. Purification was foll owed
by thin layer chromatography and product fradions (RF= 0.47) were rotary evaporated
down to recover a dea yellow pure product. Sample was then placed on adry lineto

remove any remaining solvents. ‘HNMR confirms desired product was obtained.

2-(2-{2-[2-(11-M ercapto-undecyloxy)-ethoxy]-ethoxy)-ethanol, HS (CH>)1;
(OCH,CH3)4 OH,Thiol PEG (3). A two-nedk 50-ml round batom flask was attached to
a ondenser and this apparatus was purged with argonfor 5 minutes. After purging flask
with argon, 0.5526grams of compound 2was mixed with 6.5ml of a0.1IM HCl in
methanal solution, mixed well and this material was immediately transferred to readion
flask and flask was lowered into an 80° C oil bath and this material was refluxed for 6
hous. After 6 haurs ssmple was removed from oil bath and all owed to come to room
temperature and sample was the rotary evaporated down to recover a dear yellow

material and this crude material was then puified via wlumn chromatography with sili ca
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gel. The solvent system used was a 3:1 ethyl acetate/2-propanad system. Purification was
foll owed by thin layer chromatography and product fractions ( Rf = .55) were rotary
evaporated down to recover a dear yellow pure product. Sample was then placed on ady
lineto remove any remaining solvents. A typical yield for the thiol is usually 62% of the
desired product. ' HNMR, *CNMR and IR data are shown in Figures 2.5, 2.6, 2.7,
respedively. *HNMR (300MHz, CDCI3) 8 1.2 (br s, 14H), 1.3(t, 1H), 1.5(m, 4H), 2.5
(0, 2H), 2.7(s, H), 3.4(t, 2H), 3.%-3.71(m, 16H); *CNMR (75MHz, CDCI3) & 25.00
(t), 26.42(t), 28.71(t), 29.40(t), 29.80(t), 29.90(t), 29.94(t), 34.15(t CH,SH), 62.03(t,
CH,OH), 70.32(t), 70.61(t), 72.81(t), 76.90(t), 77.32(t), 77.74(t). IR (neat) 3457,
2929, 2859, 2558, 1640, 1462, 1351, 1295, 1248, 1121, 94tn885High Resolution
Exad Mass Measurement-FAB confirmed an elemental composition o C;9H400sS,

MW=381.27.
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2.2.2.3Synthesis of Tetraethylene thiol with short Alkyl chain

2-(2-{2-[2-(3-M ercapto-pr opoxy)-ethoxy]-ethoxy}-ethoxy)-ethanol ,thiol HS (CH>)3
(OCH,CH,), OH (3) *°. The synthetic scheme for the synthesis of thismoleaule is
similar to figure 2.2. This thiol was synthesized in the same fashion as the other thiols
presented. The only change that occurred here was the variationin the dkyl chain (athree
cabonisused here and nd the 11 carbon geviously used). The use of allyl bromide
allowsthe introduction o a shorter carbon chain attached to the PEG. A typical yield for
this moleaule is usually 49 % of the desired product. ‘HNMR and **CNMR (300MHz
spedrum in CDCI3) data ae shown in figures 2.9, 2.10respectively. 'HNMR (300MHz,
CDCI3) 5 1.35(t, 1H), 1.8(t 2H), 2.5(q, H), 2.7(s, 1H), 3.553.71(m, 1H); *CNMR
(75MHz, CDCI3) 6 21.77(t), 34.03(t CH,SH), 62.02(t, CH,OH), 69.37t), 70.48(t),
70.60(t), 70.85(t), 70.80(t), 77.90(t) 77.32(t), 77.74(t). High Resolution Exact Mass

Measurement-FAB confirmed an elemental compasition d C;1H,405S, MW=269.14.
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2.2.3 Instrumental Setup
Compoundidentification was confirmed by Proton and CarbonNuclea Magnetic

Resonance (*CNMR, *HNMR), Infrared Spectrometry (IR), and MassSpedrometry.

Nuclear M agnetic Resonance. *H NMR was obtained using Varian Mercury 300 MHZ

or 400MHz Spedrometer.

Infrared Spedrometry. IR datawere obtained onaMIDAC M Series IR with an

operating system of GRAMS-A1-700systems. A sodium chloride salt plate was utili zed.

MassSpedrometry. High Resolution Exad Mass Measurement- FAB, of the protonated
moleaular ion d samples was dore by using electric field scanning and fast atom
bombardment (FAB) with aJEOL HX110HF mass pedrometer. The mass pedrometry

was performed in the chemistry department’s mass pedrometry faciliti es.

2.3 Resultsand Discusson

The moleaules synthesized were dhosen because of their known behaviors on gold
surfaces. Whitesides reported that long chain thiols adsorb from solution orto flat gold
surfaces and form well padked, ardered, and aiented mondayers **. Kanaras reported
successin stabili zing a gold nenopearticle with HS (CH.)11 (OCH,CH,)4 OH *2 . Zheng

reports that PEG chains form randam coil s on a nanogperticle surface Figure 2.11.B 3. If
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long chain PEG is capable of forming randam coil s onagold nanoperticle surface it is
believed that this could hinder other ligands being able to attach to the surface. To
circumvent that problem Zheng propaosed to synthesize densely packed PEG mondayers
with well-defined length, Figure 2.11A. If the spacer isto long then noligand exchange
of arge isexpeded. The variationin the chain length attached to the PEG onagold
nanoparticle ** warrants further investigation thus the reasoning behind the variation o
the dkyl chain attached to the PEG moleaule, and the reasoning why these molecules
were synthesized. The desired aim of thisresearch isto design agold nanoperticle

stabili zed with PEG, bu if the PEG moleaule totally covers the entire surface of the gold
nanoparticle, there may be littl e chance of being able to attach ather ligands to the
surface. Tetraghylene thiol will be abreviated as, HS (CH5),; (OCH,CH,)4 OH,
tetraethylene thiol short chain will be abreviated as, HS (CH,); (OCH,CH,), OH, and
octadhylene thiol will be @breviated as, HS (CH5)1; (OCH,CH,)g OH. These

abbreviations will foll ow throughou the remaining portions of thisthesis.

I 5;1%
- J?g‘&

Figure 2.11. Gold nanoparticles coated with (A) awell-defined mondayer of PEG

moleaules and (B) PEG moleaules that can coil aroundthe gold surface.
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Charaderistic peasin *"HNMR spedra for tetraghylene glycol were mnsistent
with establi shed literature to determine that the desired products were obtained.
Modificaionsincluded varying the PEG unit and varying the dkyl chain attached to the
PEG, thus the generation o HS (CH,)s (OCH,CH,)4 OH and HS (CH,)11 (OCH,CH,)s
OH moleaules. Confirmation d Mass Spectrometry suppats the production o this
moleaule. Examination d IR data shows SH stretching absorption cccurring in the 2558
cm™ region o IR spedra. The C-O-C stretch present in PEG showsupat 1121cm™. The
broad OH region form PEG appeas at 3457cm™ . The CH stretching regions form
akenes appea at 722.1cm™. Examination  *HNMR revedsthe charaderistic quartet

occurring a 2.5 for protons on the CH,SH. The PEG protons occur in the areas of 3.5

3.714. Thetriplet arising form the proton onHS appears at 1.3. During purification,
solvent systems consistently gave retention factor (RF) values consistent with values,
which ensures efficient separation o any unreacted material or nongoduct materials .
The moleaules synthesized in this chapter will be used for the remaining experiments

described in chapter 3.
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Chapter 3: Synthesisof Gold Nanoparticles
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3.1Introduction

Gold nanoparticles have been atopic of interest in reseach for many yeas. Gold
nanoparticles have dtraded much attentionin part due to their unique optical properties,
and excdl ent compatibili ty with biomoleaules*. One of the opticd properties of gold
nanoparticlesis the behavior of their Locdized Surface Plasmon Resonance (LSFR)
bands 2. When metal nanoperticles are excited by electromagnetic radiation, they exhibit
colledive oscill ations of their conduction eledrons known as Locali zed Surface
Plasmons *>. The plasmon hand refleds the behavior of the gold renoparticlein relation
to the wlloids sze and stabili ty in strong ionic solutions * . Thisisavaluable tod in
studying the behavior of gold in avariety of applicaions. For example gold

nanoparticlesin the size range of 20 M give an absorbance a@ 525m.

Gold nanoparticles can be synthesized in avariety of sizes, in the range of 2-100m
%, The surface of gold nanoparticles have surface reactivity amenable to a variety of
surface readions auch as ligand exchange readions and aher surfacemodifications,
making them excdl ent coll oid materials °. Pioneaing work from Brust, Schiffrin and
coworkers ®’, Murray ° and Turkevitch *° have shown the versatili ty of this colloid in a
vast number of scientific studies. Gold nanoparticles can be synthesized in avariety of
ways, however the synthetic routes that recave the most attention are one phase,
Turkevitch ° and two phese, Brust and coworkers, °. In 1994Brust introduced the
synthesis of thiol derivatised gold nanoparticles in a two-phase liquid-liquid system °.

With this synthesis gold nanoparticles are aeated in the range of 1-3 nm. The particleis
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proteded with an alkenethiol layer thus termed mondayer-protected cluster (MPCs). The
particles synthesized in this manner however are not water-soluble. In the synthesis of
Turkevitch particles one oltains larger, water soluble particlesin the range of 10-100m.
These particles have been cited and used extensively in coll oidal science especially
biomedicd applicaions **. Murray and co-workers adopted the Brust and Schiffrin
procedures in an exploration d the synthesis, charaderization and functionali zation o
MPSs as anew classof moleaules ™. With their studies many groups began to explore
ways in which to synthesize water-soluble stable gold nanoperticles. In 1995Brust and
coworkers synthesized a dassof larger gold nanoparticlesinthesizeof 8 + 2Znmvia a
modification*** of their standard synthesis. They later passvated the surface of these
larger nanoperticles with PEG and were ale to design awater-soluble gold nanoparticle.
The gold nanoparticlesin this reseach thesis were based uponthe synthesis of water-

soluble gold nanoparticles .

3.2 Experimental
3.2.1Materials

All chemicds were used as received from vendars withou further purification
except if spedficaly mentioned. Hydrogen tetrachloroaurate (HAUCl4), magnesium
sulfate and sodium borohydride were purchased from Sigma Aldrich and wsed as
receved. Tetraoctylammonium bromide (TOABr) was purchased from Fulka chemicals.
All solvents were purchased from Fisher Scientific and used as receved withou further
purification. Carbonmesh film suppated ona cpper mesh grid was purchased from Ted

Pella. PEG moleaules synthesized in chapter two are used to stabili ze gold nanoparticles
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introduced in this chapter. Argg peptide sequence (CGGWGRRRRRRRRRA), was
synthesized at Duke University laboratories. Agarose DNA grade powder and Tris Boric

Acid EDTA (TBE) were obtained from Biorad.

3.2.2 Synthesis

Brust-Schiffrin Particles % 0.3091g HAuCI, was dislved in 30ml
deionized water and vigorously mixed. The resulti ng solution turned a bright yell ow
color. 2.19Pg ToABr was dissolved in 80ml of toluene, mixed well and was added to
the HAUCI, solution, with vigorous girring continued. The solutionimmediately turned
to adark brown color. This lution was al owed to continue stirring for 50 minutes.
After 50 minutes 25 ml of a0.4M solution d NaBH,4 was added to the solution slowly via
an addition funnel. The resulting solution turned a degp burgundy color. The reaction was
allowed to continue vigorous girring for 2 haurs. After 2 hous the solution was placed
into a250-ml seperatory funnel and the dear aqueous layer was fparated from the
organic burgundy color layer, which contained gold nanoperticles. The toluene phase,
which contained the desired particles, were dried over magnesium sulfate. At this dage
particles are not water-soluble. A drop of particles was placed ona cabonfilm suppated
ona moper mesh grid, allowed to dry and particles were examined via TEM to establish
size, and particle distribution. SeeFigure 3.1 for Transmisson eledron microscopy

(TEM) of pure brust particles. The mncentration d these gold nanaoparticlesis 3.0 nM.
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Tetraethylene and Octaethylene Thiol Particles'® 5 mg of thiol HS (CH,)11
(OCH,CHy)4 OH, (and a HS (CHy)3 (OCH2CH3)4 OH, HS (CH2)11 (OCH,CHy)g OH.) )
was dissolved in 2ml of 2-propanad. 20ml of particles was placed in a 50ml round
battom flask and the thiol solution was added to the particles. A slight purple clor
change was observed as thiol reacted with particles. This lution was all owed to
continue gently mixing for 3 haurs. After 3 hous the solution was transferred to a 100-mll
seperatory funnel and 10ml of deionized water was added and this lutionwas
vigorously mixed. After mixing two layers were observed a burgundy color agueous
layer and a @lorlessorganic layer. The ajueous layer was transferred to a 100-ml
seperatory funnel and this layer was washed threetimes with dethylether. The particles
were then centrifuged at 13,000rpm and the particles were separated from excess
diethylether solution and particles were placed in 20ml vials. Particles were prepared for
TEM analysis as described earlier, for particle size and dstribution. The particles were
soluble in water, alcohd’s, acdone and DM SO. SeeFigure 3.2for TEM of octaethylene

thiol cgpped nanoparticles. SeeFigure3 .3for UV-Visof al of the thiol-capped particles.

3.2.3 Ligand Exchangewith Arge Peptide

Gold Nanoparticles Particles Capped with a Mixed Monolayer of Octaethylene
Thiolsand Argg Peptides: Two millilit ers of HS (CH2)11 (OCH2CH3)g OH thiol
passvated particles were placed in 3 5ml vials. To eat vial asolution d peptides (3.8
mg/ml) was added in the anourts of 50, 150and 25@Ql aliquas and this lutionwas
allowed to react for 4 haurs. After 4 hours the solutions were centrifuged. The

concentrated pell et of particles was washed with deionized water 3 times to remove any
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excessor unreacted materials and remaining sample dil uted to 50Qul. SeeFigure 3. 4for
aTEM image of HS (CH,)1; (OCH,CH,)s OH/argy particles. See figure 3.6 for IR spectra
for pure gold nanoperticles particles, arginine and particles capped with HS (CHy)11
(OCH2CH,)s OH thiol and arge. The same experiment was performed for HS (CHy)11

(OCH,CH,)4 OH thiol and HS (CH,)s (OCH,CH,)4 OH thiols,

3.2.4 Stability testing of particles

In order for agold nanoperticle to be an eff ective delivery vedor for cdl delivery
experiments, stabili ty must be established. To ensure that particles will be stable, Criticd
Coagulation Concentrations (CCC) measurements were performed *°. Critica
coagul ation concentration testing involves adding a sodium chloride (NaCl) solutionto a
spedfied vaume of gold nenoparticles urtil the particles aggregate out of solution **. For
these testing purposes a1.7M solution d sodium chloride was added to 500l samples
of thiol passvated gold particles and mixed mondayers with Arge . The NaCl was added
to solution urtil the plasmon band was nolonger detedable. At that point no visible
aggregation d particles was observed and the plasmon band dd na shift to longer
wavelengths (See Figure 3.5B), thusindicating particles were stable upto a4.5ml
addition d a1.7M NaCl solution. The CCC values obtained were reasonable to ensure
stabili ty of particlesin cell delivery mediawhich has asalt concentration o 150 mM.

Particles that were tested are shown in table 2 along with their CCCvalues. A sample

47



UV-Vistableis shownin figure 3.5A for HS (CH5)1; (OCH,CH,)4 OH and HS (CH>)3

(OCH2CH,)4 OH particles with sodium chloride (1.7M) additionsupto 4.5ml (1a-2h).

Table 2. CCCdatafor gold nanoparticle solutions of thiol passvated perticles and

particles with thiols and Argg.

Monolayer on Gold Nanoparticles CCC Value (M)
HS (CH,)11 (OCH,CH,), OH Au >15
HS (CH2)11 (OCH,CH,)4 OH Au with 5Qul Argy >1.4
HS (CH3)1; (OCH,CH2)4 OH Au with 15Qul Argg >1.4
HS (CH.)1;1 (OCH,CH,)4 OH Au with 25Qul Argg > 1.4
HS (CH,)s (OCH,CHy), OH Au >1.5
HS (CHy)3 (OCH,CH2)4 OH Au with 5Qul Argg >1.4
HS (CHy)3 (OCH,CH3), OH Au with 15Qul Argy >1.5
HS (CH2)3 (OCH,CH,)4 OH Au with 25Qul Argg >1.5
HS (CHy2)11 (OCH,CH>)g OH Au >1.6
HS (CH2)11 (OCH,CH,)s OH Au with 5Qul Argy >1.5
HS (CH3)11 (OCH,CH2)s OH Au with 15Qul Argg >1.6
HS (CH.)1;1 (OCH,CH,)s OH Au with 25Qul Argg >1.5
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3.2.5 Gold nanoparticle surfacestudies

In order to establish if PEG is present on the surface of the gold nanoparticles a
sample of gold nanoparticles capped with PEG (only) was dislved in a potassum
cyanide (KCN) solution. A 1:3 solution d gold nanoparticle solutionand KCN were
combined and all owed to mix overnight. After overnight mixing the sample was rotary

evaporated and the remaining sample was analyzed via*HNMR seefigure 3.8.

3.2.6 Géd Electrophoresis

Gel eledrophoresis was performed to further establish if thiols and peptide are on
the gold nanoparticles. If the surface of the gold nanoparticle is covered with PEG and
peptide ashift shoud be observed in the gel 2”. The gel was prepared by dislving
400mg agarose in 40ml of TBE. This lutionwas then heded a standard microwave
oven urtil the solution becomes clea. The solutionis removed from the microwave and
allowed to come to room temperature. Once gel had come to room temperature the gel is
poured into an electrophaesis chamber and all owed to solidify. Once the gel has
solidified the gel was loaded with sample mixtures and then the dedrodes were atached
andthe gel was garted. The gel was al owed to runforl haur and 15minutes. Once the
time was over the gel was removed from the chamber and scanned for observation. See

Figure 3.9for gel image.
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Figure 3.1. TEM image of gold nanoparticles synthesized in sedion 3.2.2.
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Figure 3.2 TEM image of HS (CH3)11 (OCH,CH;)s OH Au thiol capped gold
nanoparticles synthesized in sedion 3.2.2.
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Figure 3.4. TEM image of ligand exchange experiment of thiol passvated gold

nanoparticles with Argg,
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Figure 3.9. Gel image of gald nanoparticles

Lane | Gold Monolayer Au:Arg
1 Au-§(CH,)1,(OCH,CH,)sOH | 1:05
2 Au-S(CH5)11(OCH,CH,)sOH | 1:0
3 | Au-S(CH,)3(OCH,CH»).OH | 1:05
4 Au-S(CH,)3(OCH,CH,),OH |11
> Au-S(CH,)3(OCH,CH,),OH [1:2
6 Au-S(CHp)11(OCH,CHp),OH | 1:05
! AU-S(CH,)11(OCH,CH,),OH | L1
8 AU-S(CH,)11(OCH,CH,),OH | L 2
9 AU-S(CH,)3(OCH,CH,),OH | 1:0
10 Au-S(CH2)11(OCH,CH),0H | 1:0
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Figure 3.9.Gel image of gold nanoparticles. Ten lanes are present and are read from left
to right starting at lanel. Lane 1isHS (CHy)11 (OCH2CH,)s OH Au plus 150l aliquas
of agrg, Lane 2 is pure gold nanoparticles passvated with HS (CH3)11 (OCH,CH3)g OH.
Lane 3 —5show gold nanoparticles passvated with HS (CH,); (OCH,CH,), OH and 50,
150and 250yl aliquas of agry, respedively. Lane 6-8 show gold nanoparticles
passvated with HS (CH3)11 (OCH,CH;), OH and 50, 15Gand 250yl aliquas of argo,
respedively. Lane 9 shows gold nanoparticles passvated with HS (CH,)3 (OCH,CH)4

OH, and lane 10 shows gold nanoparticles passgvated with HS (CHy)1; (OCH,CH,),4 OH.

3.2.7 Instrumental

Transmisson Eledron Microscopy (TEM). TEM was performed ona Philips CM 12

instrument locaed at the UNC Dental Schod lab.

Ultraviolet /Visible Spedroscopy (UV-Vis). UV-Viswas performed ona HP 8453UV

Spedrophdometer.

Infrared Adsor ption spedroscopy, (FTIR). FTIR was performed ona FTS 6000

Attached UMA-500 Infrared microscope using a Germanium single passAttenuated

Tota Refledance datachment.
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Gd Electrophoresis. Gel eledrophaesis was made of 1% agarose. Gel was run at

110mv onastandard gel chamber.

Infrared Spedrometry. IR datawere obtained onaMIDAC M Series IR with an

operating system of GRAMS-A1-700systems. A sodium chloride salt plate was utili zed.

3.3 Resultsand Discusson

Examination d synthesized particlesvia TEM, Figure 3.1, showed that the
particle have an average size of 8+ 2rnm . Once particles were capped with the
desired thiol stabili ty tests were performed to establi sh their usefulnessas gable
particles for future delivery experiments. Stabili ty hasto be established in order to
ensure that they will serve as viable delivery vectorsfor cdl delivery experiments.
As observed from table 2. all particles synthesized were stable upto at least 1.4M,
aCCCvalue, which is sifficient to show the particles are stable for cdl delivery
experiments. At this concentrationit is not expeded that particles will aggregate
onceintroduced to cdl culture media (cell culture media has asalt concentration o
150mM). Figure 3.3 shows representative UV-Visible spedra of particles that were
cgpped with thiols from chapter 2. Once particles were stabili zed with thiols
experiments were performed to seeif these particles would uncergo ligand
exchange readions and still remain stable. As shown in table 2 the particles
remained stable uponthe ligand exchange experiment. Only one time point of 4

hours was performed initially to establish if aligand exchange reaction could occur
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and indedl the reaction was confirmed by IR spedra. Alsolooking at UV-Visible
spedrain figure 3.5 the particles remain stable & demonstrated by the plasmon
band remaining constant at 525m with 1.7 solution o sodium chloride upto 4.5
ml generating a CCCvalue of 1.5M. Once particles underwent ligand exchange
readions TEM analysis were performed to further confirm that particles did na
aggregate uponaddition d arge peptide to thiol cgpped particles. As hown from
figure 3.4 TEM shows that particles are dispersed and nd aggregated. This further
confirms dabili ty of HS (CH3)1; (OCH,CHy)s OH Au /arge capped particles. Ina
number of cases it has been shown that through careful choice of the passvating
ligands and or readion conditions, ore can produce nanoparticles tail ored to

possessdesired properties?’.

FTIR data was obtained ona pure sample of particles, a pure sample of
arginine and the final particle anstruct of gold nanoparticles, PEG thiol, and Argg
peptide. Figure 3.6 shows IR spedraon eac particle. Utilizing FTIR, functional
groups can be identified that may be present on particles. In Figure 3.6 A of the
pure gold nanoperticles the characteristic regions of the CH, groups are present in
the 2850-2900cm™ regions are from the TOABT present on the particle (see
Figure 3.7for IR of TOABr). The methylene (CH.) groups appearsin the 721cm™
region are dso associated with the presence of TOABr and the methyl groups,(C-
H) in the 1400cm™ regions also arise from the presence of TOABT. These data are
expeded duweto presenceof TOABTr, which isboundto gold prior to the aldition o

PEG to the surface. The spectrain figure 3.6 B, represent a pure sample of
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arginine. The anide band appeas in the 1655-1580cm™ region. The caboxylate
anion (COO) appearsin the 1400cm™ regions. The IR spectrain 3.6C, represents
gold nanoparticles with PEG and args. The broad OH bandin the 3200:3600cm™
regions are indicative of the presence of the OH groupfrom the octaethylene thiol
PEG. The C-O-C ether absorbs grongly in the 11501085cm™ regions. The eher
results from the @her regions within the PEG. The amide band appeasin the 16%-
1580cm™ region '8 . The CH, groups arising from the PEG appears in the 2850
2900cm™ regions. This confirms the presence of Argy peptide and PEG on the

gold nanoparticle.

To further study the surface properties of PEG passvated gold nanoparticles
surfface' HNMR studies were performed to evaluate if PEG is dill present once
gold is dislved. Oncethe gold is dislved PEG shoud still remain. The 'HNMR
shown in figure 3.8 shows weak signals arising from the PEG once present onthe
surface (see Figure 2.4for IHNMR of HS (CH5)1; (OCH,CH,)g OH PEG). A
stronger signal was expeded however this may be due to the propartions of gold
nanopearticles used with KCN. Very wee PEG signals were observed inthe 1.24
areawhich are signals arising from the protons present in the dkyl chain attached
to the PEG. Protons attadhed to the a¢ual PEG (OCH,CH,) are showing up weakly
in the 3.553.714 regions. Protons associated with the CH2 next to the OCH,CH,
PEG units appea in the 1.5 regions of the spedra. The data support that PEG is
still present and hes not been compromised orceintroduced to the surface of the

gold nanoparticle.

62



Gel eledrophoresis was also performed to determineif avisible shift would
be observed if a positive spedes (arginine) were present on the surface of agold
nanoparticle. Once agold nanoparticle surfaceis passvated with HS (CH2)11
(OCH,CH,)OHg thiol/Arge the surface shoud contain the paositive dharge generated
by the presence of the pasitively charged Argy peptide sequence Figure 3.9 shows
such agel. As shown in the gel anaticedle shift is observed in lanes which have
peptide dtadched andit is clea that a shift corresponds to the anourt of peptide that
underwent ligand exchange readions. The gel shift isaso moving in the predicted
diredion towards the negative dedrode. Lanes 2 and 10show littl e if any
movement occurring, indicating that PEG has covered the gold nanoparticle surface
and as predicted in literature shoud create aneutral surface®’ . Lane 9 shows
movement which is nat anticipated and this is due to the particles aggregating

during the running of the gel.

All of the &ove data present preliminary evidence of the design of a suitable
gold nanoparticle delivery vedor for cdlular delivery experiments. Synthetic
protocols were devel oped for making mixed mondayers of PEG’ s and peptides on
abrust type water-soluble gold nanoparticle. With this design chapter 4 will show
that an HS (CH>)1; (OCH,CH3)s OH Au/Argy delivery vedor will enable agold
nanoparticle to crossthe cell membrane and reach the cytosol region d aHela

cdl.
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Chapter 4: Delivery of Newly Designed Gold Nanoparticlesto HeL a
Cdls
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4 1| ntroduction

Nanoperticles are being investigated by many research groups for cell ular delivery
applications . Much of the research hasinvolved looking into long circulating particles *.
The goal of drug delivery isto provide therapeutic levels of medications to the target
region. Nanoparticle use can be used to addressmany of these drug deli very needls.
Nanoparticles are one of the only coll oids that can be injeded intravenowsly 2. If particles
are unabl e to escape uptake by the reticuloendcethelial system then the particles will
simply be deared ou of the body withou even reading its desired locaion. Coll oid gold
nanoparticles represent a completely novel techndogy in thefield of delivery. The use of
a olloid surface can provide an excdlent platform for imparting multifuctionality to a
particle. Multifuctionality can include gtading several moleaulesto the particle, i.e. a
NLS, DNA or other variations. The literature to date has not presented aformulation o
the use of brust type (two-phase) water-soluble gold nanoparticles for cdlular delivery.
This chapter will addressthat proposed applicaionin relation to the nanoparticle

presented in chapter 3 of thisthesis.
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4.2 Experimental

4.2 1Materials

All chemicas were used as received from vendars withou further purification
except if spedficdly mentioned. Minimum Essential Medium Eagle (EMEM),
Dulbeca’ s phaosphate buffered saline, (DPBS), T75 cell culture flasks, Trypsin, glass
didesand cdl culture well plates were purchased from Fisher Scientific. Original HeLa
cdl li ne was obtained from American Type Culture Colledion (ATCC) and subsequent
cdl li neswere maintained in ou cell I ab for our research purposes. Osmium Tetraoxide
(Os0,4) was purchased from Eledron Microscopy Sciences. LR White Resin, hard grade
Acrylic Resin, was purchased from LondonResin Company. Concentrated HNO3 and
HCI and Disposabl e plastic base molds embedding trays were purchased from Fisher

Scientific.

SPECIAL NOTE: Céll cultureis performed under strict sterile condtions to ensure that
infedions or harm to cell s does not occur. See Appendix for explanation d typicd sterile

techniques.

All Hela cdl s used in this delivery experiment were initially grown to 80% confluency
in 3T75flasksin an incubator maintained at 37° C and 3% CO,. Cell s were fed and split
as negled. Cellswere adltured in EMEM media. EMEM mediawas suppemented with

10% FBS, 2-ml antibiotics, 2 ml L-Glutamine per 500-ml battle.
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Preparation of HeL a Cells: Ten 12well cell culture dishes were prepared as foll ows:
Well plates were sprayed dovn with 70% ethanad (while still i n padking) and daced into
alaminar flow hood,with UV light. Outer wrapper was removed, glasscover slides were
dipped in adcohd, flamed and daced into well plates. After coverdli ps were put into well
plates, the contents of 3 T75 swith HeLa cdls were split i nto well plates as foll ows:
Each T75was removed from incubator, and daced into a sterile hood.Mediawas
removed from flask and the cdl s attached were rinsed with 10ml of DPBS. DPBS was
removed and 1 ml of trypsin was placed in flask and daced back into incubator for 5
minutes. After 5 minutes flask was removed from incubator and 5ml media were added
to flask and this mixture was mixed via apipette several timesto creae a oncentrated
cdl suspension. To this cdl suspension 54ml of EMEM media was added and flask was
gently mixed. From this mixture 3-12 well plates had 1.5ml of this suspension dHivered
to them and date was gently swirled aroundto ensure an even distribution d cdls. When
al well plates werefill ed they were labeled and daced in incubator. This procedure was
repeaed urtil al 10well plates were seeded with cdls. The well plateswith HeLa cells

were dlowed to grow 24 haursat 37°C and 36 CO2.

Delivery of Nanoparticles: After 24 hous cdlswere dhedked for confluency. All 10
well plates were & 85-90% confluency, which corresponds to approximately 5.0 X 10°
cdls, and all cdlsappeaed hedthy. Conjugates of particles were prepared as foll ows:
Octaehylene thiol/ Arge/Au construct was prepared as described in chapter 3 and are used
for this delivery experiment.

Eadh well plate was treated in the foll owing manner:
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Mediawas removed from well plate and ead well was rinsed threetimes with DPBS.
DPBS was removed and replaced with fresh media. Then to each well plate 50, 100and
150ul of construct was delivered for experimental delivery times of 30min. 1 hou and 3
hous. Once @nstructs were alded the plate was gently swirled to ensure even
distribution and well plates were placeal bad into incubator. After the gopropriate
delivery times media was removed and well s were gently rinsed threetimes with DPBS
(at this paint well plates were dhedked to ensure that there were still cdls on cover slip
and minimum cdl | ossoccurred). After rinsing DPBS was replaced with 1 ml of fixative
formula (except well s for Inductively Cougded Plasma, (ICP) analysis). The fixative was
allowed to stay on cdlsfor 15 minutes, after 15 minutes fixative was removed and
replaced with DPBS. Wellsindicated for TEM experiments were placed in refrigerator

for later preparation.

| CP preparation: Coverdlipswith cdl s were removed from well s and rinsed with
deionized water and allowed to dry cell side up. Once ®verslips were dry they were
placed in new well plates (ICP experiments were set up in dupi cae so there are two
coverslips of cells per delivery) asfollows: one @verslip with cdl sidefadng upwas
placed into well plate then the dugicate slide was placed ontop o that coverslip with cell
side fadng down. This allowed a cverdlip “sandwich” of cdlsfor ICP data colledion.
Once overdipswerein place 500l of agquaregia solution (3:1 HCL, HNO3) was placed
into ead well. Plate was swirled every 30 minutes for 2 haurs. After 2 hours 400Qul of

sample was placed into 3.5ml deionized water (in 15ml centrifuge tubes). Thiswas
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donre for each sample. The labeled tubes were then taken over to Gardner hall, solil

sciencelab, for ICP data coll edion.

TEM Preparation: Well platesfor TEM were removed from refrigerator and all owed to
come to room temperature. DPBS was removed from well s rinsed with fresh DPBS and
replaced with 1% OsO, for one hour. Cell s were then rinsed with DPBS threetimes and
cdlswere then dehydrated with ethand at 50%, 70%, 90% and 10@% as foll ows:

DPBS was removed and replaced with 1 ml of 50% ethanad for 15 minutes. 50% ethanal
was removed and replaced with 1 ml 70%ethanal for 15 minutes and this process
continued urtil cdlswere totally dehydrated. After the 100% ethanal dehydration ethanadl
solution was removed and replaced with 1.5ml of LR white embedding resin for 30
minutes. The 30-minute exposure to LR white resin continued for threecycles with the
last cycle occurring under vacuum. After vaauum the cover slips were removed form well
plates and daced onembedding trays. The cverdlips on embedding trays were dl owed
to cure under UV-light overnight. The samples were then taken to UNC for preparation

for TEM analysis.
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4.2.2Instrumental

Transmisgon Emisson Microscopy: TEM was performed ona Philips CM 12

instrument locaed at the UNC Dental schod lab.

Inductively coupled argon plasma, | CP: ICP analysis were performed by Dr. Wayne

Robarge in the soil science department.

4.3 Results and discussion

The delivery experiment outlined in sedion 4.2leads to the abili ty to view gold
nanoparticlesviaTEM. TEM analysis al ows visual examination d conjugates to see if
they delivered into aHelLa cdl. By combining all of the experiments presented in this
thesis a succesgul cdl delivery experiment was performed. The am of this projed was
to design agold nanoparticle vedor that will posses the foll owing:

1) Stability in high salt concentrations.
2) Ableto crossa cdlular membrane.
3) Déliver awater-soluble gold nanoparticle to theinside of aHel a cdl.

ICP data lead to the selection d the cédls ®lected for TEM analysis. Sincethese
particles are so small, microscopy will not allow visua observation d gold nanoparticles
in ou cdls o thisiswhy ICP analysisis used.

Inductively Couded Plasma (ICP), is an analytical tecdhnique used for the detedion
of trace metalsin samples. ICP all ows a quantitative determination d the number of gold

nanoparticles present in a sample. By observing that number one can determineif gold is
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present inside of a cdl. For cdl delivery projects this approadc is used. Oncethe cdl is
dissolved duing ICP preparation, all that shoud be left behind are the gold nanoparticles,
which can then be measured. The data shown in Figure 4.1 represent such data. By
looking at the sample verses a control conclusive results that HS (CH3)11 (OCH,CHy)s
OH Au/arge nanoparticles entered into aHelLa all are shown. As enin Figure4.1it
appeas as though there was sme delivery of gold nanoparticles. Samples which had
150ul of constructs made with 2ml HS (CH3)11 (OCH,CH3)s OH Au+150ul argy (sample
11), and 100l of construct made with 2ml HS (CH,)11 (OCH,CH2)s OH Au+50ul arge
(sample 2) for one hour seem to give promising results. It appearsthat all of the céls had
some sort of delivery occurring. All of the cntrols had fewer particles than the actual
particles with peptide atached.

TEM analysis of sample number 11 appear in Figure 4.2and 4.3.Looking at Figure
4.2 aparticle can be seen in the nuclea region d aHelLacdl. Figure 4.3showsthree
particlesin the cytosol region d aHelLacell. TEM shows promising delivery of the gold
nanopeticles. The anourt of gold nanoparticles delivered were nat as high as hoped for.
There ae many possbiliti esfor alow delivery. One posshility isthat particles that may
be stuck to the outside of the cell and are passhbly getting courted, thereby giving such a
large ICP value. This problem will have to be aldressed more thoroughly in future
experiments. More TEM analysis are pending of this delivery experiment.

TEM images obtained at UNC show preliminary datato suppat the am of this

projed.
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The hypothesis presented in chapterl have been investigated and addressed:
Hypothesis tested:
1) Can gold nanoparticles passvated with PEG undergo ligand exchange readions
with argo peptide?
2) Will gold nanoparticles containing mixed mondayers of PEG and argg be aleto
crossa cellular membrane, escape the endosomal pathway and dceliver the newly

designed gdd nanoparticles to the internal regions of aHelLacell ?

Presented in this thesisis preliminary data of the delivery of abrust type gold
nanoparticle stabili zed with HS (CH3)11 (OCH,CHy)s OH Au thiol/argg, into the cytosol
and nwlear regions of Hel a cdls. It is believed that this ort of delivery veador could be

used in future drug delivery appli cations.

4.4 Future Work
The fourdation has been laid for what is believed to be auseful gold nanoparticle

drug delivery system. The following experiments are desired to fully study and ogimize
this system:

1) Thermogravimetric analysis (TGA).

2) X-ray phaon spectroscopy (XPS studies.

3) Experimentationinto the design of larger particles. Thiswill allow VEDIC

microscopy to be used to see gold nanoparticles.

4) Conjugations of other peptide sequencesto particles.
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5) Variationinthe dkyl chain to PEG to study if delivery of gold nanoparticles
will be enhanced in any way.

6) Possble delivery of amultifunctional brust particle, to HepG2 and Breast
cancer cells.

Thermogravimetric analysis will alow the determination d the organic compasition
of mondayer protected gold nanoparticles *’. X-ray phaon spedroscopy is a surface
analysis technique, which will allow a more through study of the surface mmposition o
the mixed mondayer gold nanoparticle. Quantitative analysis of the surface will alow
the study of the demental surface cmmpasition d this gold nanoparticle '8, By
conjugating other peptide sequences to this gold nanoperticle could delivery be enhanced
in any way. By shortening the dkyl chain attached to the PEG in the HS (CH>)11
(OCH2CH_)s OH moleaule, abetter surfacemay be creaed which may alow more
peptides to attach to the gold nanoparticle. If one wuld deliver these gold nanoparticles
to ather cdl li nes the delivery adivity of these particles could be better understood. For
example will delivery be more effective in breast cancer cell s or hepatic cancer cdls.
These aejust afew of the future projects that are hoped for in order to more fully

understand the behavior of these gold nanoparticles.
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- AU'S(CHZ)ll(OCH2CH2)80H 1.0 1hr
2 AU-S(CH,)11(OCH,CH,)sOH | 1:45 T
s AU-S(CH,)11(OCH,CH,)sOH | 1113 T
4 Au-§(CH,)11(OCH,CH,)gOH 1:163 1hr
5 AU-S(CH,)11(OCH,CH,)gOH | L0 0.5hr
6 AU-S(CH,)11(OCH,CH,)sOH | 1:45 05T
! AU-§(CHy)11(OCH,CH,)gOH | 11113 0.5nr
8 AU-S(CH,)11(OCH,CH,)sOH | 1163 05T
9 AU-S(CH,)11(OCH;CHo)OH | 10 Thr
10 Au-§(CH,)11(OCH,CH,)sOH | 145 1hr
1 AU-S(CH,)11(OCH,CH,)sOH | 1113 T
12 AU-S(CH,)11(OCH,CH,)sOH | 1163 T

Figure 4.1.1CP datafor HeL a cell delivery of gold nanoparticles. Sample 1 isaone-howr
control which has only100pul gold passvated with HS (CH;)11 (OCH,CH;)s OH
delivered to HeLacells. Sample 2is 1 hr delivery of 10Qul Au construct (2ml HS (CH>)11

(OCH2CH2)s OH Au+50ul arge). Sample 3is1 hr delivery of 100ul Au construct (2ml
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HS (CHy)11 (OCH,CHy)g OH Au+150Qul argg). Sample4is1 hr delivery of 100ul Au
construct (2ml HS (CH3)11 (OCH,CHy)s OH Au+ 250l arge). Sample 5 isa 30-minute
control which has only 50ul gold passvated with HS (CH;)11 (OCH,CH,)s OH delivered
to HeLacells. Sample 6 is 30-minute delivery of 50ul Au construct (2ml HS (CHy)11
(OCH2CH2)s OH Au+50ul arge). Sample 7 is 30-minute delivery of 50ul Au construct
(2ml HS (CH3)11 (OCH,CH3)s OH Au+15Qul argg). Sample 8 is 30-minute delivery of
50ul Au construct (2ml HS (CH2)11 (OCH2CH2)s OH Au+ 250l argg). Sample9isa
1hr control which has only 150ul gold passvated with HS (CH3)1; (OCH,CH3)g OH
delivered to HeLa cells. Sample 10is 1hr delivery of 150ul Au construct (2ml HS
(CH2)11 (OCH,CH3)s OH Au+50ul arge). Sample 11is 1hr delivery of 150ul Au
construct (2ml HS (CH3)11 (OCH,CH3)s OH Au+15Qul arge). Sample 12is 1 hr delivery
of 150ul Au construct (2ml HS (CH3)11 (OCH,CHy)s OH Au+ 250l argg).
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Figure 4.2 Gold particle mnstructs of HS (CH2)11 (OCH,CH2)gs OH Au thiol/argy

conjugate inside the cytosol region of aHeLacell.
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Figure 4.3 Gold particle HS (CH3)11 (OCH,CH3)s OH Au thiol/arge constructs in the

nuclea region d aHeLaCell.
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Mechanism for the synthesis of PEG’sin chapter2.
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In step one aWilli amson ether synthesisis occurring. In a Willi amson ether
synthesis a SN, displacanent occurs. The dkyl halide must be primary so that backside
attadk is not hindered. The generated alkoxide ion then reads with the dkly halide.

In step two akene phaochemistry is used. Phatochemicd addition d thioacetic
add occurs acrossthe doulde bondto generate the thioacdate.

In step three aodic deprotedion accurs to generate the freethiol.

Sterile Cell culture practices:

In order to ensure that cell swill nat become infected the working area (i.e. hood,
bench tops, microscopes, etc.) must be wiped dowvn with alcohd prior to placing cdlsin
the aea. It isalso esentia to have alaminar flow hoodwith an utraviolet light source
Prior to handing cell s, individuals shoud wash hands and spray them down with alcohd
and then pu ongloves. Proper |aboratory attire must be worn which includes gloves, and

a dean lab coat.
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