I. Literature Review

1-1 Gold nanoparticles

Nanoparticles, especially gold nanoparticles (AuNPs), have received great interests due
to their attractive electronic, unique optical, thermal, and physical properties as well as
catalytic properties and its bio-complementary [Guo and Wang, 2007; Wang et al., 2008;

Patra et al., 2010].

Recently, AuNPs-based platforms have been applied in clinical diagnosis and drug
delivery due to their characteristics that could be separated in main three parts. . First, the
aggregation of AuNPs could make detecting solution.change its color (usually from red to
purple or blue). The most.usual.example is sSDNA-functionalized AuNPs that could
specifically hybridize the complementary target for detecting specific nucleic acid sequences.
These modified AuNPs are widely used in biological samples identification [Mirkin ef al.,
1996; Baptista et al., 2008; Nguyen ef al., 2011]. _Second, using AuNPs as the core/seed
could be tailored with various surface functionalities (such as antibodies and ligands) to
provide highly selective nanoprobes for in vivo drug delivery and in vitro diagnosis [Y ou et
al., 2007; Baptista et al., 2008; Eck et al., 2010]. Third, AuNPs are used as the strong
enhancer or a quencher because of their surface plasmon characteristic.  This property could
be applied in surface enhance Raman and fluorescence resonance energy transfer [Kneipp et
al., 2008; Allgeyer ef al., 2009; Yiet al., 2010]. Therefore; the synthesis and
characterization of AuNPs have attracted considerable attention.  Furthermore, AuNPs have
been proposed as future building blocks in nanotechnology [Persoons and Verbiest, 2006;
Song et al., 2010]. Table 1-1 and Figure 1-1 show the properties and applications of

AuNPs.

Since the first report of AuNPs synthesis appeared in 1950s, numerous methods of

monodispersed particles with size and shape tunability have been developed. The common
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method of AuNPs synthesis is wet chemical synthesis. Another method of monodispersed
AuNPs generation is sonolysis. The details of synthesis methods, characteristics, and

applications of AuNPs are shown below:
1-1-1 Wet chemical synthesis techniques for small spherical particles

The most common method of AuNPs synthesis is wet chemical synthesis. Typically,
gold salt such as HAuCly is reduced by adding reducing agent. The reduction leads to the
nucleation of Au ions to nanoparticles. Furthermore, a stabilizing agent is also required for
the stabilization of AuNPs. The size and shape of nanoparticles greatly mfluence their
properties [Rao and Cheethama, 2001; Nguyen ef al., 2011]. For example, spherical AuNPs
exhibit a single plasmonresonance in the visible region of the spectrum, while rod-like
particles exhibit a longitudinal and transversal plasmon resonance [Hutter and Fendler, 2002].
Additionally, different sizes of AuNPs display various optical properties because of the
surface plasmon resonance [Ray, 2010], and have distinct electrical properties [Chirea ef al.,
2009]. The common wet chemical synthesis methods of AuNPs include the citrate

reduction method and the Brust method.

The citrate reduction method: The citrate reduction method was proposed by Turkevich.in

1951 [Turkevich et al., 1951],.and this is the most well-known and simplest method for
synthesizing AuNPs. This method is used to produce modestly monodispersed spherical
AuNPs involving the reduction of HAuCly by sodium citrate in water. A typical standard
citrate reduction procedure to fabricate 20 nm AuNPs is described as follow [Frens 1973;
Grabar et al., 1997; Glomm, 2005]:

Initially, a solution of 100 mL 1 mM hydrogen tetrachloroaurate (HAuCly) in water was
boiled in reflux conditions under vigorous stirring, and then 10 mL of 38.8 mM aqueous
sodium citrate was quickly added to the HAuCl, solution.  This reaction resulted in color

changed of the originally yellow solution to dark blue/grey. After 2 min, the color of
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solution became wine-red, indicating the end of the reaction. This mixture was further
stirred and boiled for 15 min and subsequently cooled to room temperature while stirring
continuously. The resulted colloidal AuNPs were approximately spherical and had an
overall negative surface charge due to the citrate coverage. In the reaction, the citrate ions

reduced the gold salt HAuCls according to
3 (H,CCOOH),C(OH)COO +2AuCly <>3 (H,CCOOH),C=0 + 2Au +8Cl +3CO, + 3H"

Moreover, AuNPs were stabilized by negatively charged citrate ions.and chloride ions
that were still present in the solution. The citrate was not only as a reductant but also as a
kinetic stabilizer. Irreversible aggregation or coagulation was easily induced by adding
electrolytes (e.g., KI, NaCl, and KNOs) to the solution. AuNPs size could be control by
changing the concentration of the added sodium citrate [Frens, 1973]. To synthesis larger
particles, less sodium citrate should be added. However, the results were less reproducible,
the larger particles were less monodispersed and the color of the solution was violet. This
result indicates the importance of the citrate ions stabilizing the AuNPs [Glomm, 2005;
Persoons and Verbiest, 2006; Kumar et al., 2007]. Therefore, AuNPs were stabilized by
electrostatic repulsion effect due to adsorbed citrate ions.ontheir surface that imparted

negative charge to the nanoparticles [Turkevich, 1985; Nath and Chilkoti, 2004].

The Brust method: This two-phase synthesis method was described by Brust and Schiffrin in

1994, and could be used to synthesize AuNPs in organic liquids that were normally not

miscible with water [Brust et al., 1994].

In the Brust method, the AuNPs were sterically stabilized by organic molecules having
thiol, amide, or acid groups in the solutions. The stabilization by organic molecules with
thiol groups was due to the covalent bond that gold bound specifically to the sulfur atom of
the thiol group [Rodriguez et al., 2003; Nguyen ef al., 2011], while the organic molecules

formed the actual stabilization preventing the particles to aggregate. The main advantage of
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the Brust method is that AuNPs behave like chemical compounds [Whyman, 1996]. The
AuNPs could be precipitated, filtered off, and redissolved in organic solutions. Furthermore,
several stabilization agents with thiol, amide, or acid groups could be used to sterically

stabilize the AuNPs. The preparation processes are discribed as follow [Brust et al., 1994]:

First, 30 mL of a 30 mM aqueous solution of HAuCly was mixed with a solution of
tetraoctylammonium bromide (TOAB or TOABr)in 80 mL of 50 mM toluene (C¢HsCH3) and
stirred vigorously. ~After the tetrachloroaurate was transferred into the organic layer, the 170
mg dodecanethiol was then added to the.organic phase. Second, 25 mL of a freshly prepared
0.4 M aqueous solution of sodium borohydride (NaBH4) was slowly added with vigorous
stirring. ~ After further stirring for 3 hr, the organic phase was separated, and evaporated to 10
mL in a rotary evaporator. To remove the excess of thiocholesterol, the organic phase was
mixed with 400 mL ethanol. The mixture was then kept at -18°C for 4 hr, and the dark
brown precipitate was filtered off and washed with ethanol. The crude product was
dissolved in 10 mL toluene and again precipitated with 400 mL ethanol. The overall

reaction shows as follow [Brust ef al., 1994]:
AuCly (aq) + N(CgHi7)s (toluene) —> N(CgHy7); AuCly (toluene)
mAuCly (toluene) + nCy;HysSH (toluene) + 3me” —>4mCl (aq) + (Aum) (C,;HysSH)n (toluene)
1-1-2 Synthesis of AulNPs by ultrasound

An alternative method for the fabrication of AuNPs is ultrasound method. This method
could effectively form gold complexes, and only after adding suitable reducing agent to the
ultrasonic solution will the formation of AuNPs be observed. = The mechanism of the AuNPs
fabrication depends on the pyrolysis of water and other organic compounds present in the
aqueous solution that results in the formation of free radicals at high temperatures and
pressures. When water is ultrasonic in the presence of ethanol, the following reactions

proceed [Okitsu ef al., 2001; Caruso et al., 2002]:
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H,O — ‘H+-OH
CH;CH,0OH + -H(-OH) — CH3;CH-OH + H; (H,0O)
CH;CH,OH —> pyrolysis radicals

These radicals could reduce gold(I1I) ions into gold(II), gold(I), and finally gold(0).
When AuCly was ultrasonie in water without adding ethanol, some AuNPs were produced
due to three separate near diffusion-controlled one-electron transfer steps with He as the

primary reducing species [Caruso ef al., 2002]:
AuCl' 4 +3-H —> Au(0)+4Cl +3H"
In the presence of ethanol, more complex sequence of three separate one-electron transfer

reactions might be summarized [OKkitsu et al;2001; Caruso et al., 2002]:
3CH3;CH-OH + AuCl, . — 3CH3CHO + Au(0) +4CI +3H"

The reduction of AuCly to colloidal AuNPs according to the above two reactions was
simplified, and the particle growth was much more complex in the real sample solution. = The
rate of gold(III) reduction could be controlled by the ultrasound irradiation conditions, such as
the temperature and the ultrasound intensity. The size of AuNPs was controlled by changing
the alcohol concentration and alkyl chain length [Caruso et a/, 2002].~ This method is useful
in the rapid fabrication of AuNPs, but the particles are poly-disperse which isa problem for

applications when monodispersed solutions are required [Persoons and Verbiest, 2006].
1-1-3 Synthesis process of AulNPs

The synthesis process of AuNPs involves three distinct stages: nucleation, growth, and
coagulation [Turkevich, 1985; Goia and Matijevic, 1998; Goia and Matijevic, 1999; Sperling

and Parak, 2010].

In the first stage, nucleation, metal ions are reduced to metal atoms and form stable
icosahedral nuclei of 1-2 nm in size due to rapid collision. The factors that affect the initial

concentration of nuclei include the concentration of the reducing agent, the solvent,
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temperature, and reduction potential of the reaction. Increasing the molar ratio of reducing
agent to metal salt causes rapid formation of a number of nuclei and leads to smaller,
monodispersed AuNPs. In contrast, decreasing the molar ratio of reducing agent leads slow
formation of few nuclei and results in larger diameter of AuNPs with a greater heterogeneity
in size. This stage is important for controlling the shape, size, and structure distribution of
AuNPs and is typically complete in a few seconds. . In the growth stage, the metal ions are
reduced on the surface of the nuclei, until all the metal ions are consumed. The final stage
for synthesis of AuNPs is coagulation that involves prevention of AuNPs aggregation by
adding stabilizing agents.~It-is-either-adsorbed or chemically bound to the surface of AulNPs
with charge. The equally charged AuNPs repel each other, so they are colloidally stable
[Sperling et al., 2008; Sardar, 2009; Nguyen et al., 2010]. The Table1-2 shows different

sizes of AuNPs and their synthesis methods.

1-2 Surface modification and bioconjugation of AuNPs

AuNPs are surrounded by a shell of stabilizing molecules, which usually have thiol
groups in the terminal.© One end of these stabilizing molecules are either adsorbed or
chemically linked to the gold surface, while the other end points exposed in the solution.

The stabilizing molecules provide colloidal stability and form as monelayer protected clusters
(MPCs) [Sperling et al., 2008; Chandra, 2010].  After synthezing AuNPs, the stabilizing
molecules could be replaced by other molecules in the ligand exchange reaction [Pellegrino et

al., 2005; Ghosh‘et al., 2008; Sperling and Parak, 2010].

Biological molecules could attach to AuNPs in several ways. -~ When the biological
molecules have the functional groups that could bind to the AuNPs surface (e.g., -SH, -CN,
-NH,, -COOH, and -OH), the biological molecules could replace some of the original
stabilizing molecules after biological molecules are added directly to the AuNPs solution

[Grabar et al., 1995; Kumar et al., 2004; Giljohann ef al., 2010]. By choosing the suitable



molecules, it is possible to adjust the surface properties of the particles and attach different

kinds of molecules to AuNPs.

Using AuNPs as versatile and efficient templates for the immobilization of biomolecules
has been recognized since the early 1980s [Rembaum and Dreyer, 1980]. Examples of
AuNPs-biomolecule conjugation include immuno-microspheres, which could react in a very
specific way with antibodies, target cells or viruses, depending on the type of antigen
adsorbed on the microspheres. Since AuNPs have very large surface-area-to-volume ratio
and good biocompatibility, biosensors based on.enzyme-covered AuNPs have been reported
by many groups [ Xiao ef al., 1999; Zhang et al., 2008; Chuang ef al., 2010]. The interaction
between proteins and AulNPs depends upon three separate but dependent phenomena: (a) the
ionic attraction between the negative-charged AuNPs.and the positive-charged protein; (b) the
hydrophobic attraction between the antibody and the AuNPs surface; (c¢) the dative covalent
binding between the AuNPs conducting electrons and sulfur atoms which may occur with

amino acids of the protein.

1-3 Surface plasmon resonance of AulNPs

AuNPs have emerged as the important colorimetric reporters because of their high
extinction coefficients and strongly distance-dependent optical properties [Kim ef al., 2001;
Huang et al., 2005; Pissuwan et al., 2010]. The interesting optical and electronic properties
have served asa versatile platform for exploring many facets of basic science. AuNPs could
strongly absorb and scatter visible light. When the visible light shines on AuNPs, the light
of a resonant wavelength is absorbed by AuNPs, and the energy of visible light excites the
bounded electron of AuNPs to free. The phenomenon induces the surface electron
oscillation of AuNPs and is responsible for the intense colors exhibited of AuNPs, the
so-called surface plasmon resonance (SPR) [Sonnichsen et al., 2002; Nath and Chilkoti, 2004;

Zhao et al., 2008]. The schematic presentation of the SPR is shown in Figure 1-2.



Moreover, the SPR depends strongly on the size, shape, medium, and the relative distance of

the AuNPs [Schultz, 2003; Su et al., 2003; Sun and Xia, 2003; Sardar et al., 2009].

Small AuNPs (e.g., 13 nm in diameter) absorb green light, which corresponds to a strong
absorption band (surface plasmon band) at about 520 nm in the visible light spectrum and
results in AuNPs displaying red in color. = When AuNPs are small, the surface electrons are
oscillated by the incoming light in a dipole mode. As the size of AuNPs increases, the light
could no longer polarize the nanoparticles homogeneously. Hence; the higher order modes
dominate at lower energy. This causes.a red-shift and broadening of the SPR.  Therefore,
the surface plasmon band red-shift with the increasing size of AuNPs [Ghosh and Pal, 2007;
Cobley et al., 2011]. = The red-shift and color change also could be observed by the
aggregation of small AuNPs.  When the interparticle distance among spherical AuNPs is
higher than the average of particle diameter, AuNPs would appear red in color. However,
when the interparticle distance become smaller than the average particle diameter, the surface
plasmons of AuNPs combine (interparticle plasmon coupling), and the aggregated AuNPs
could be considered asa single large particle. This AuNPs aggregation results in color
changing from red to blue [Link and El-Sayed, 1999; Jena and Raj, 2008; Azzazy and
Mansour, 2009]. The interparticle plasmon coupling could generate a huge absorption band
shift (up to 300 nm), and the color change could be observed by the naked eye. « Therefore,

complicated instruments are not required for analysis.

This unique‘optical property of AuNPs provides an elegant colorimetric platform for
detecting biological molecular interactions. When the target analyte or biological molecule
directly or indirectly triggers AuNPs aggregation (or redispersion from aggregation), this
process is detected by the color change of AuNPs solution. Thus, the ratio of the absorbance
at 520 nm (for 13 nm AuNPs) that corresponds to dispersed particles and a longer wavelength

(e.g., 600 nm) that corresponds to aggregated particles, is often used to quantify the



aggregation process or color change [Zhao et al., 2008].

Since AuNPs have high SPR, AuNPs are promising fluorescence quenchers [ Wang et al.,
2010; Kang et al., 2011]. Through Foster resonance energy transfer (FRET) effect, AuNPs
(acceptors) could transfer the energy from excited donors (fluorophores) due to their
overlapped emission or excitation spectrum, which also changes the fluorophore emission
level and causes quench [losin et al., 2009].- Additionally, the efficiency of FRET relates to
the relative distance and orientation (parallel) of the donor and aceeptor dipole, which is
usually limited to donor-acceptor distances.smaller than 5-7 nm [Mayilo et al., 2009]:
However, AuNPs are highly efficient fluorescence quenchers over longer distances (>10 nm)
[Swierczewska et al., 2011 ] because the spherical AuNPs could take place energy transferring
for any orientation of the donor relative to the surface of AuNPs [Gersten, 2005;
Swierczewska ef al., 2011]. Moreover, due to the size of the AuNPs, the energy transferring
efficiency from the donors to AuNP acceptors decay slower with distance as compares to the
case of a molecular acceptors [Anger et al., 2006; Mayilo ef al., 2009]. Therefore, in
contrast to molecular acceptors, AuNPs act as good acceptors of FRET. The schematic

theory of FRET is shown in Figure 1-3.

1-4 Nanoparticles stability - DLVO theory

DLVO theory was developed by Derjaguin, Landau, Verwey, and Overbeek in the 1940s
and has been used to explain the stability of colloids in suspension: The theory describes
that the force between charged surfaces interacts through a liquid medium. The stability of
colloidal system is determined by the balance between two opposing forces: electrostatic
repulsion and van der Waals attraction [Craig ef al., 1998; Schneider et al., 2011]. The

particle interaction forces are described in Figure 1-4.

The main cause of aggregation is the van der Waals attractive force between the particles,

which is long-range forces [Shaw, 1980; Segets ef al., 2011].  Van der Waals attraction is



actually the result of attractive forces acting between individual particles in colloid system.
The effect is accumulative. One particle has a van der Waals attraction to other particles in
the same system. This phenomenon repeats for each particle in the colloid system, which
then causes total attractive forces. The variation in van der Waals force with distance
between the particles is demonstrated by an attractive energy-curve [Zeta-Meter, Inc. 1993;

Pashley and Karaman, 2005; Hwang et al., 2010].

The DLVO theory proposes that an energy barrier resulted from the repulsive force
prevents particles aggregation. The particles would suspend in the solution, and the system
would be stable. However, when the particles collide with sufficient energy to overcome
that barrier, the attractive force would pull them approaching and adhering to each other.
Therefore, the particles would be irreversibly aggregation. An electrostatic repulsion curve
is used to indicate the energy that must be overcome if the particles are forced together. The
maximum energy is related to the surface potential and the zeta potential.  Therefore, the
repulsive forces play an important role in-maintaining the stability of the colloidal system.

There are two essential mechanisms that affect dispersion stability.

Steric repulsion: The stability of colloidal dispersions is enhanced by adding suitable

materials (protective agents) to.adsorb or otherwise attach to the particle surfaces and prevent
the particles coming into close contact [Shaw, 1980; Persoons and Verbiest, 2006; Schneider
et al., 2011]. _If the materials adsorbed to the particles are enough, the coating is sufficient to
keep particles separated by steric repulsions between the polymer layers, and the van der
Waals forces are too weak to cause the particles to aggregate. The mechanism of steric
stabilization is simple and requires just the addition of the suitable materials. However, the
materials might be expensive, and in some cases the materials are undesirable for

subsequently aggregation of the particles if that is required.
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Electrostatic or charge stabilization: The effect of the particles interaction results in the

distribution of charged species in the colloid system. Energy is required for overcoming this
repulsion. An electrostatic repulsion curve is used to indicate the energy that must be
overcome if the particles are forced together. The maximum energy is related to the surface
potential and the zeta potential...~ This mechanism can stabilize or aggregate the particles in
the system by altering the concentration of ions.in the solution... This process is simple and
potentially inexpensive [Zeta-Meter, Inc. 1993; Pashley and Karaman, 2005; Segets et al.,

2011].
1-5 Applications of AuNPs
1-5-1 Applications of AulNPs in biosensors

AuNPs have great potential-applications in the field of biosensors due to many
interesting electrical and optical properties. AuNPs could exhibit surface plasmon resonance
and plasmon absorption in red-shift due to interparticle plasmon interactions [ Wang et al.,
2009]. This optical property of AuNPs establishes a highly selective and sensitive optical
assay for molecular recognition€vents [Jena and Raj, 2008; Chandra et a/., 2010].
AuNPs-based colorimetric assays for detection are mainly dependent on the analyte inducing
interparticle distance change of AuNPs that result in color change of AuNPs. _Since the first
AuNPs-based DNA sensor was developed by Mirkin and coworkers [Mirkin et al.; 1996], the
AuNPs-based platform has been increasingly applied for the detection of various targets,
including nucleic acids [Cao etal., 2005; Liet al.; 2005; Boisselier and Astruc, 2009],
proteins [Tsai et al., 2005; Chen et al., 2008; Uehara et al., 2010], enzyme activity [Xu ef al.,
2007; Jiang et al., 2009], and metal ions [Liu and Lu, 2007; Slocik ef al., 2008; Lin et al.,

2011].

In addition, the exceptional quenching ability of AuNPs makes them excellent materials

for FRET-based biosensors [Sapsford et al., 2006; De et al., 2008; de Dios and Diaz-Garcia,
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2010]. The fluorescence of many fluorophores is quenched when they are in close proximity
to AuNPs surface [Dulkeith et al., 2002; Lee ef al., 2010].  For detecting analytes, AuNPs
are conjugated with ligands that specifically bind to the analyte modified with fluorophores.
When the analyte and ligand have interaction, the fluorophores are closely linked to the
AuNPs, and their fluorescence is.quenched. Another detection scheme works slightly
different. In this case, the spacer links fluorophores to AuNPs. 1In the presence of the
analyte, the spacer molecule changes its conformation and these results in quenching or
releases.the fluorescence of the fluorophore. The FRET-based biosensors has been used for
detecting nucleic acids [Maxwell-et.al; 2002; Ray et al., 2006] and proteins [Oh et al., 2006;

Huang et al.,2007; Kang et al., 2011].

Finally, AuNPs are also used for transfering electrons in redox reactions because of their
conductivity and catalytic properties [De et al., 2008; Ozdemir et al., 2010]. In the
electrochemical biosensor, enzyme specifically oxidizes (or reduces) the analyte, and the
flow of electrons released (or required) in this redox reaction is measured as electrical
current. Additionally, enzyme-is conjugated with the AuNPs [Xiao ef al., 2003] and
immobilized on the surface of an electrode that is connected to an amplifier for current
detection.  Alternatively, AuNPs could be first immobilized on the electrode and then
modified with enzymes [Xiao et al., 1999; Norouzi et al., 2010]. These AuNPs-based
modifications on the electrode could improve the surface area, which increase the quantity of
immobilized enzyme, and the enzyme conjugated with the AuNPs could also facilitate the
electron transport, these modifications enhance the electrical currents [Sperling et al., 2008;

Bonanni and del Valle, 2010].
1-5-2 Applications of AuNPs in drug delivery system
AuNPs have been used for a long time as drug delivery system (DDS). Biology

molecules are adsorbed on the surface of AuNPs and introduced into the cells. The
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methods for particles introduction into cells are either forced as in the case of gene guns or
achieved naturally by cell endocytosis. These molecules will eventually detach themselves

from the surface of the AuNPs inside the cells [Sperling et al., 2008].

The method of gene guns is using AuNPs as massive nanobullets for ballistic projectile
introduction of DNA into cells..” DNA is adsorbed onto the surface of AuNPs and then shot
into the cells. This method has been used successfully for gene delivery [Tischer et al., 2002;

Lee et al., 2008].

Another method for AuNPs application of drug delivery is achieved naturally by cell
endocytosis. < As good biocompatible materials, AuNPs could be modified with
bio-molecules and would not destroy their biological activity.  Furthermore, AuNPs are
uptake by cells naturally, either specifically (via receptor-ligand interaction) or
nonspecifically [Chithrani ef al., 2006; Johnston et al., 2010].  For specifically uptake, the
ligands specific recognized to receptors on the cell membrane are conjugated to the surface of
AuNPs. In this way, ligand-modified AuNPs are predominantly incorporated by cells that
possess receptors for these ligands, and it-is more effective than nonspecific uptake [Sperling
et al.,2008]. It is possible to make particles specifically to cancer cells by conjugating them
with biomarkers on the surface of cancer cells [Jain ef al., 2007; Kim et al., 2010]. © After
ingestion, the AuNPs are stored in vesicular compartments inside the cells [Chithrani and
Chan, 2007]. In order to release the particles from the vesicular structures to the cytosol,
their surfaces are coated with membrane-disruptive peptides or relying on the acidic condition
in tumors, inflamed tissues (pH = 6.8), and cellular compartments including endosomes (pH =
5.5 - 6.0) and lysosomes (pH = 4.5 - 5.0) [de la Fuente and Berry, 2005; Yang et al., 2005].
AuNPs uptake-mediated delivery of molecules into cells is used mainly for two applications.
First, DNA used for gene therapy is introduced into cells, which subsequently causes the

expression or silence of the corresponding proteins [Salem et al., 2003; Sullivan et al., 2003].
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Second, targeting anti-cancer drugs are specifically delivered to the cancer tissues [Rojo ef al.,
2004; Jain et al., 2007; Chithrani, 2010].
1-5-3 Applications of AuNPs in bioimaging

AuNPs have been primarily used for bioimaging, based on the interaction between
AuNPs and light. AuNPs are very attractive contrast agent as they could be visualized with

a number of different techniques [Sousa et al., 2010].

Immunostaining is-one of the traditional methods that used AuNPs in biology. First,
AuNPs are conjugated with the antibodies for molecular recognition. The
antibody-modified AuNPs will bind to the antigen or target region containing the antigen.
The antibody-modified AuNPs are added to the fixed and permeabilized cells. Targets on
the cell-membrane or in-the cells.could be labeling by AuNPs inthis way. The AuNPs then
provide excellent contrast for transmission electron microscopy imaging with high lateral
resolution, and larger structures are also imaged by optical microscopy [Faulk and Taylor,

1971; De Mey et al., 1982; Cobley et al:, 2011].

AuNPs are not only used for visualizing structures in the single cell but also applied for
providing contrast in vivo to whole organs in the animal, and this technique is potentially
applied in human. Initially, AuNPs are conjugated with antibodies or ligands which bind
specifically to the organ of interest in the animal. When modified AuNPs are injected into
the blood vessel of the animal, these particles label at the target organs via receptor-ligand
interaction [Boisselier.and Astrue, 2009].  AuNPs bound to the organ provides contrast for
imaging and resolving the structure of the organ. For example, X-rays, which penetrates
skin and organs deep inside the body, could image or address functional AuNPs for therapy or
diagnosis [Hainfeld et al., 2004; Glazer and Gurley, 2010]. Furthermore, AuNPs have the
predominance of causing less cytotoxic damage than quantum dots, and that makes AuNPs

possess more potential to be applied in medical applications.
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1-6 Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are the family of extracellular zinc-dependent
endopeptidases [Birkedal-Hansen ef al., 1993; Bourboulia and Stetler-Stevenson, 2010] that
are able to degrade all components of the extracellular matrix (ECM), including fibrillar and
non-fibrillar collagens, gelatin, fibronectin, laminin, and basément membrane glycoproteins
[Fedarko et al., 2004; Lombard et al., 2005; Jacobsen et al., 2010]. MMPs not only play
important roles in ECM remodeling in physiologic situations, such as embryonic development,
cell migration, tissue regeneration, wound repair, apoptosis, angiogenesis and inflammatory,
but also.in pathological conditions, including rheumatioid arthritis, osteoarthritis,
atherosclerotic plaque rupture, tissue ulceration and involved in the processes of tumors
metastasis and growth [Miyazaki et al., 1990; Roeb and Matern, 2001; Roy et al.,2009].

The levels of MMPs could be determined in patient serum or urine. When the MMPs
concentrations elevate over a particular threshold, it could sometimes indicate the progression
or prognosis. In addition, due to the activity of MMPs are related to the tumor critically,
scientists have developed or designed various inhibitors to block MMPs activity for treating

diseases [Devel ef al., 2010] (Table 1-3).

MMPs are generally divided into six groups, collagenases (MMP-1, -8, and -13),
stromelysins (MMP-3, -10, and -11), matrilysins (MMP-7 and MMP-26), gelatinases (MMP-2
and MMP-9), membrane-type matrix metalloproteinases (MT-MMPs) (MMP-14, -15, -16, -17,
-24, and -25) and others [Jones.et al., 2003; Jacobsenef al., 2010]. ~ Although MMPs are
sub-classified based on their ability to degrade various proteins of the ECM, they also play
other important roles such as the activation of cell surface receptors and chemokine
[Stefanidakis and Koivunen, 2006]. In addition, MMP-2 has proteolytic activity to specific
targets within the cell to cause acute, reversible contractile dysfunction in cardiac disease

[Cauwe and Opdenakker, 2010].
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The regulation of MMPs occurs at many levels, including transcription (the major one),
post- transcriptional modulation of mRNA stability, secretion, localization, zymogen
(proenzyme) activation, and inhibition of activity by natural inhibitors of MMPs, tissue
inhibitor of metalloproteinases (TIMPs). The TIMP gene family consists of 4 members:
TIMP-1, -2, -3, and -4. TIMPs inhibit the activity of MMPs by binding to activated MMPs
in a 1:1 molar stoichiometry [Brew ef al, 2000].... TIMPs could also inhibit the growth,
invasion and metastasis of malignant tumors [Pasternak and Aspenberg, 2009; Brew and
Nagase, 2010].

1-6-1 Gelatinase A

In 1978, Sellers et al.--were first to separate a gelatinase activity. from collagenase and
stromelysin in the culture medium of rabbit bone [Sellers ef al., 1978]. ~ Similar enzyme
acting on basement membrane type IV collagen was reported by Liotta et al. [Liotta et al.,
1979] in the following years. Gelatinase was purified from human skin, mouse tumor cells,
rabbit bone, and human gingival. Gelatinase A was a triple repeat of fibronectin type |
domains inserted in the catalytic domain.. This domain participates in binding to the gelatin
substrates of the enzyme [Libsoneet al., 1995; Kandasamy et al., 2010]. MMP-2 is
ubiquitously expressed in the cells which comprise the heart and is found in normal
cardiomyocytes, as well as in endothelium, vascular smooth muscle cells, and fibroblasts
[Coker et al., 1999; Kandasamy ef al., 2010]. In particular, MMP-2 is overexpressed in
many cancers, including breast cancers, and is an indicator of cancer invasiveness, metastasis,
angiogenesis, and treatment efficacy [Kessenbrock ef al., 2010]. Therefore, many novel
analyzing methods for MMP-2 activity detection are developed in recent years [Kupai et al.,

2010; Ryu et al., 2010; Hyafil et al., 2011].
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1-6-2 Activation of MMPs

The MMPs are produced as zymogens. The basic structure of MMPs is divided into
three structural well-preserved domain motifs, including a catalytic domain, a N-terminal
domain, and a C-terminal domain. Zinc-dependent catalytic domain (about 170 amino acids)
of MMPs contains a zinc binding motif HEXXHXXGXXH as the zinc binding active site,
and has an additional structural zinc ion and2-3 calcium ions. = These ions are required for
the stability and the expression of enzymic activity [Nagase and Woessner, 1999; Jacobsen et
al.,2010]. The N-terminal domain (propeptide domain; about 80 amino acids) contains a
unique PRCG (V/N) PD sequence in which the cysteine residue interacts with the catalytic
zinc atom in the active site, prohibiting the activity of the MMPs. = Thus, the interaction has
to be disrupted to “open” the cysteine switch-in the process of MMPs activation [ Van Wart
and Birkedal-Hansen, 1990; Sela-Passwell ef al., 2010], which is a critical step that leads
ECM breakdown [Carmeli ef al., 2004; Shiomi et al., 2010]. The C-terminal hemopexin
domain (about 210 amino acids) of MMPs has a four-bladed propeller structures and
contributes to substrate specificity [Wallon and Overall, 1997]. In membrane-type MMPs,
the hemopexin domain contains a transmembrane domain for anchoring the protein in the
membrane. - Additionally, the hemopexin domain in MMP-2 also has a function in the

activation of the enzyme [Morgunova et al., 1999; Tallant et al., 2010].

All MMPs are synthesized in the latent form and require extracellular activation.
MMPs can be activated in vitro by various mechanisms [Kupai et al., 2010].  The activation
of latent MMPs is believed to occur by the dissociation of the sulfhydryl group on the
cysteine from the active zinc site and the replacement with a water molecule that plays a role
in catalysis [Murphy et al., 1980; Galazka ef al., 1996; Zhang and Kern, 2009].  Disruption
of the Cys-zinc bond could be achieved by heavy metal ions, oxidants, organomercurials,

sulthydryl alkylating agents, or disulfide compounds [Macartney and Tschesche, 1983; Weiss
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et al., 1985; Mallya and Van Wart., 1989; Tallant et a/.,2010]. Latent MMPs are also
activated by conformational changes of the polypeptide chain induced by detergents or
chaotropic agents [Birkedal-Hansen and Taylor, 1982; Springman et al., 1990], and also by

limited cleavage of the propeptide by proteolytic enzymes such as trypsin or chymotrypsin

[Stricklin et al., 1983; Okada etal., 1990; Sela-Passwe al:52010].
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Table 1-1. The applications of AuNPs

Applications Detecting method Assistant technology Reference
Biosensor
Detection of DNA Colorimetric detection Self-assembly Mirkin et al., 1996
Suzuki et al., 2009
Detection of metal ion Colorimetric detection Aptamers Liu and Lu, 2007
Ligands Knecht and Sethi, 2009
Detection of enzyme activity and  Colorimetric-detection Self-assembly Jiang et al., 2009
screening of inhibitors Chuang et al., 2010
Protein-protein interaction Colorimetric detection Self-assembly Tsai et al., 2005
Detection of Protein/peptide Colorimetric detection Polymer modification Uehara et al., 2010
concentrations
Detection of DNA Fluorescence resonance energy transfer  Self-assembly Maxwell et al., 2002
Protein-protein interaction Fluorescence resonance energy transfer — Quenching protein fluorophore Oh et al., 2005
Detection of enzyme activity and = Fluorescence resonance energy transfer — Self-assembly Lee et al., 2008

screening of inhibitors

In vivo tumor targeting Surface enhance Raman Raman shift Qian et al., 2008
Detection of pH value in cell Surface enhance Raman Raman shift Boisselier and Astruc, 2009
Detection of glucose Elechemical AuNPs modified with oxidase Xiao et al., 2003

Ozdemir et al., 2010
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Continued

Detection of hydrogen peroxide Norouzi et al., 2010

Drug delivery system
Drug delivery Rojo et al., 2004
Drug delivery Ghosh et al., 2008

Gene delivery hosh et al., 2008

Gene delivery e et al., 2008

Bioimaging

Cells migrating Kennedy et al., 2011

Visualization of microtub Faulk and Taylor, 1971

plants

Organ detection by ¢ : Luminescencs aetal. 2010
microtomography

X




Table 1-2. The synthesis methods of AuNPs

.

borane or sodium osh et al., 2008

driguez et al., 2003

Reducing HA i i ate NG ate ( i hosh et al., 2008

(Cd(;;fns:tzzr) Synthetic methods
B
o P

10-150 nm

20-80 nm Reducing H:

2-200 nm

Narayanan and Sa , 2010




Table 1-3. Pharmacological inhibitors of MMPs in experimental studies

Drug Action Effects References
BB-9%4 Broad spectrum ¢ Blocks both the growth and Asahi et al., 2000
MMPs inhibitor metastatic spread of malignant Horstmann et al.,
tumors 2003
¢ Inhibits lung coloization and  Lee et al., 2006
spontaneous lymphatic Zhao et al., 2006
metastases
BB-1101 Broad spectrum + Reduces BBB opening Sumii and Lo, 2002
MMPs and * Reduces brain edema Liu et al., 2009
TNF-a inhibitor ¢ Reduces the ECM degradation
¢ Inhibits the releasing of TNF-a
GM6001 MMPs (collagenase) ¢ Reducesiischemic lesion size  Suzuki ezal., 2007
inhibitor ¢ Reduces cell proliferation Sood et al., 2008
¢ Decreases delayed
neurovascular remodeling
¢ Decreases protrusive activity
through a downregulation of
Rac activity
FN-439 Broad spectrum ¢ Decreases delayed Lee et al., 2006
MMPs inhibitor neurovascular remodeling Zhao et al., 2006
SB-3CT MMPs (gelatinase) ¢ Rescues neurons from Kang et al., 2008
inhibitor apoptosis
Antibody clone MMP-9 monoclonal « ¢ Reduces ischemic lesion size =~ Romanic et al.,
6-6B antibody 1998
Indomethacin COX inhibitor ¢ Reduces BBB injury Kurzepa et al., 2006
¢ Reduces brain edema
¢ Inhibits monocyte MMP-9
induction
Tandrolapril. . ACE inhibitor ¢ Reduces MMP-9 in plasma Candelario-Jalil et
level and left ventricular al.;2007
remodeling
¢ Improves neurological outcome
Minocycline  Tetracycline ¢ Reduces the production of Amaro et al., 2009
MMP-9 Tu et al., 2009
+ Attenuates T cell migration
¢ Inhibits MMP enzymatic
activity
ONO-4817 Broad spectrum + Reduces tissue injury and Ro et al., 2007

MMPs inhibitor

inflammation
Has therapeutic potential in
treating fibrosis
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Fluorecence Absorption
of donor  of acceptor

Overlap wavelength

Figure 1-3. The schematic presentation of the Forster resonance energy transfer (FRET).
A donor chromophore, initially in its electronic excited state, may transfer energy to an
acceptor chromophore (in proximity, typically less than 10 nm) through non-radiative
dipole-dipole coupling. FRET is analogous to near field communication, in that the radius of
interaction is much smaller than the wavelength of light emitted. In the near field region, the
excited chromophore emits a virtual photon that is instantly absorbed by a receiving
chromophore. These virtual photons are-undetectable, since their existence violates the
(conservation of energy and momentum, and hence FRET is known as a radiationless
mechanism [Lakowicz, 1999].
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I1. Research Strategy

Traditional methods for analyzing the activity of MMPs include the zymography and
fluorescein-labeled synthetic peptides conjugated with chemical quencher [Leber and
Balkwill, 1997; Netzel-Arnett ef al., 1991]: The zymography is time consuming and
complicated for MMPs.activity and inhibition studies [Hu and Beeton,;2010]. Moreover,
fluorescein-labeled synthetic peptide with chemical quencher is high cost of diagnosis,
expensive instruments needed, and hard to design or improve the quenching ability of
quencher [Mayilo ef al., 2009]. Therefore, the SPR property of AuNPs is used to establish
the AuNPs-based optical and fluorescence biosensing platforms for measuring peptidase

activity and screening the inhibitors of peptidase.

Most of AuNPs-based diagnoses for the detection of enzyme activity mainly depend on
the enzyme properties to induce the aggregation of AuNPs [Wang ef al., 2006; Jiang et al.,
2009]. However, using AuNPs to establish a platform for detecting enzyme activity may
encounter the following problems. First, ions concentration effects enzyme activity and
AuNPs aggregation [Giljohann ef al., 2010].  When enzymes carry out their function, the
change of the niche (such as pH, temperature, metal ion, or salt concentration) would affect
the activity of enzymes. Therefore, the diagnostic system should provide an adequate
environment for enzyme working. In terms of AuNPs, AuNPs would easily aggregate while
surface charge is neutralized by counter ions. In previous AuNPs-based sensing systems,
AuNPs aggregation relies on the electrostatic interaction. For instance, while the surface
charges of receptor-modified AuNPs become neutral upon the addition of target analyte, the
attractive force among AuNPs would increase and lead AuNPs aggregation [Sato et al., 2003;
Zhao et al., 2007; Wang et al., 2009].  Above all, when the AuNPs-based optical sensing
system is applied to assay enzyme activity, not only the analyte would make monodispersed

AuNPs to aggregate, but also the cations which are supplied by the enzyme buffer may induce
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AuNPs to aggregate. It would result in false-positive results and interfere with the analysis

of enzyme activity.

Moreover, according to the DLVO theory, the stability of colloidal system is determined
by the balance between two opposing forces, electrostatic repulsion and van der Waals
attraction [Craig et al., 1998; Schneider ef a/., 2011]. 'When the bio-recognition element is
modified on AuNPs as the substrate, the bio=element molecule provides the steric repulsion
and prevents the AuNPs coming into close contact [Persoons and Verbiest, 2006; Schneider et
al.,2011]. In thedetection of protein-protein.interaction like proteinase digestion, the steric
hindrance between the proteins would lead AuNPs to dispersion, and the slow enzyme
kinetics would prolong the detection time. “In addition, AuNPs have high affinity for
biomolecules [Lu et al., 2007; Nguyen et al.;2010], which could conjugate with amino acids
that have thiol, amino, carboxylic, or hydroxyl groups in their side chains [Nguyen ef al.,
2011]. Therefore, the protein which is digested by proteinase would adsorb on AuNPs again

and then interferes with the aggregation of AuNPs:.

To overcome these arduous problems, in this study, the colloidal AuNPs are modified
with peptide as peptidase substrate, which could avoid the highly spatial barrier just like
protein but provide enough repulsion effect to protect AuNPs from aggregation. Figure 2-1
illustrates the schema of this AuNPs-based optical platform. When AuNPs are modified
with peptide by thiol group on cysteine, the peptide adsorbed on AuNPs surface not only as
peptidase substrate but-also increasing the steric repulsion of AuNPs, preventing the particle
surfaces coming into close contact. = After peptidase digested the AuNPs/peptide, the AuNPs
would lose their shelter and the repulsion effect from original peptide. This digestion leads
AuNPs become aggregation to others. Additionally, the peptidase digests the peptide in
middle, indicating that there is half of peptide remains on AuNPs surface which then becomes

the blocker to avoid free peptide sticks to AuNPs surface again leading stronger repulsion
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effect among AuNPs.

In this system, the maximum wavelength (An.x) could be measured by UV/Vis
spectroscopy. Additionally, the method could serve as an alternative platform for efficient
screening of the peptidase inhibitors. When the peptidase is inhibited by candidate drugs,
the drugs block activity of peptidase, the AuNPs/peptide are intact and stable in the solution
without the color change. Therefore, the novel AuNPs-based optical biosensing platform
could not only detect the activity of peptidase rapidly, but also screen a great'deal of effective

inhibitor for peptidase.

Despite the AuNPs-based optical biosensing platform is low cost and convenient; the
detection range and detection limit of it is still too high to analyze some kinds of peptidase
activity.. To figure out this problem, based on the FRET property of AuNPs [losin ef al.,
2009], the peptide modified on AuNPs is exchanged for peptide-FITC to improve the
sensitivity of the AuNPs-based biosensing system in detecting peptidase activity.. The
peptide-FITC could be detected though fluorescence spectrophotometer in slight quantity
after peptidase digestion and release from AuNPs surface. Different from the traditional
fluorescein-labeled synthetic peptides with chemical quencher, AuNPs could quench various
dyes with perfect quenching efficiency [Lee ef al., 2008] due to its long-term and broad
quenching ability [Mayilo et al., 2009]. Therefore, this AuNPs-based fluréscence system
increases the applications, decreases the cost of chemical quencher.and reduces difficulties of
experimental design. Figure 2-2 illustrates the schema of this AuNPs-based fluorescence
platform.

Except using AuNPs in biosensing field, AuNPs could also apply in drug delivering
because of its good bio-complementary and multi-functional property, which could resolve
the barrier of traditional drug delivery system (non-targeting, high dose treatment and

non-tracing) [Ghosh ef al., 2008; Kim ef al., 2011]. Based on this concept, in this study,
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AuNPs are multi-functionalized by target (hGH), tag (MGITC) and drug (doxorubicin), and
these AuNPs-complexes (AuNPs/MGITC, AuNPs/hGH, AuNPs/hGH-MGITC, and
AuNPs/hGH-doxorubicin) are treating HepG2 cells for demonstrating their cytotoxicity and

functions (targeting and tagging). Figure 2-3 illustrates the schema of this AuNPs-based

drug delivery system. In addition, Figure 2-4 shows experimental flow chart of these

researches.




.Aggregated AuNP . AuNP AN Peptidee MMP V Inhibitor

Figure 2-1. A schematic illustration of the AuNPs-based optical biosensing platform to
assay peptidase activity. The AuNPs were functionalized with peptide as peptidase substrate
for the colorimetric detection. When peptide was digested by peptidase, the AuNPs/peptidase
lost shelter to cause aggregation. Aggregation of AuNPs would result in a change of color
from pink red to violet blue. In'addition, when the peptidase activity was blocked by inhibitor,
no further color changes in the AuNPs/peptide. Therefore, this system could be used to

efficiently assay peptidase activity and screen the inhibitors of peptidase.
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Figure 2-2. A schematic illustration of the AuNPs-based fluorescence platform to assay
peptidase activity. The AuNPs were functionalized with peptide-FITC as peptidase substrate
for the fluorescence detection. When peptide-FITC was digested by peptidase, the releasing
peptide-FITC could be detected its fluorescence intensity. Releasing of peptide-FITC would
result in'a change of fluorescence intensity at 515 nm. In addition, when the peptidase activity
was blocked by inhibitor, no further fluorescence intensity changes in the
AuNPs/peptide-FITC. Therefore, this system could be used to efficiently assay peptidase

activity and screen the inhibitors of peptidase.
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U hGH receptor ‘ AuNP + Doxorubicin 0 Human growth hormone
(hGH)

Figure 2-3. A schematic illustration of the AuNPs-based drug delivery platform. The
AuNPs could be functionalized with target and drug on the same surface for using as high
specifically drug delivery system. In this study, hGH was choose as target, which could bind
with-hGH receptors on HepG2 cells membrane specifically, and the AuNPs/hGH would be
uptaken by HepG?2 cells easily with no cell toxicity than bare AuNPs or non-targeted modified
AuNPs treatment. Additionally, AuNPs were also modified with doxorubicin, one kind of
anticancer drug, which interacts with DNA through intercalation and inhibits the progression
of topeisomerase II. Thus, AuNPs/hGH-doxorubicin could inhibit HepG2 cells growth more

efficiently than free doxorubicin treatment through specific targeting.
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Applying AuNPs in Biosensing and drug dein’very fields

‘v v
Development of AuNPs-based Fabricating AuNPs-based
optical platform for detecting delivery system for advancing
peptidases activity drug delivery system
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and AuNP/peptide-FITC

——— k AUNPs/MGITC and

T AUuNPs/hGH-MGTIC
—m morphology change AuNP/hGH and
* AuNPs/hGH-Dox
properties pro;ierties \
Establishing AuNPs-based Establishing AuNPs-
optical platform based delivery system
Assays of peptidase activity Utilizing AuNP-complexes
]

to targeting and delivering

| — 8
Assays of peptidase Cellular assays of
inhibitors efficiency peptidase activity

Figure 2-4. The experimental flowchart of the research strategies. In this research, AuNPs
were functionalized with different biomolecules and chemical compounds, and the
AuNPs-complexes could be applied in biosensing and drug delivery fields. In the first system;
AuNPs were modified with peptide and peptide-FITC to establish AuNPs-based optical
biosensing platforms for assay of peptidase activity and assay the inhibitors of peptidase. The
peptide digested by MMP-2 was revealed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF). The characteristic change of AuNPs was
investigated by dynamic light scattering (DLS), scanning electron micrographs (SEM), and
UV-Vis absorption spectrum. Finally, the AuNPs-based optical biosensing platforms were
applied in screening the inhibitors of peptidase, detection of peptidase activity, and analyzing
cellular peptidase activity. In the other platform, AulNPs were modified with hGH as target
and doxorubicin as drug or MGITC as Raman tag to demonstrate an AuNPs-based drug
delivery system for targeting and drug delivering. The Raman characteristic change of
AuNPs/MGITC was analyzed by surface enhance Raman shift (SERS), and the efficiency of
AuNPs/hGH-doroxubicin was detected by MTT assay.
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II1. Materials and Methods

3-1 Apparatus

Absorption spectra of AuNPs and its complex were observed by UV-Vis
spectrophotometer (SpectraMAx:190; Molecular Devices Corporation, Sunnydale, CA, USA).
Absorbance values of MTT assay were recorded at 595 nm using a spectrophotometer
(Molecular Devices Corporation, Sunnydale, CA, USA). The morphology of
AuNP-complexes were performed with SEM (JEOL, Tokyo, Japan), and the size changing of
AuNP-complexes were-measured-by DLS (Brookhaven Instruments Corporation, Holtsville,
NY, USA). The mass-to-charge ratio of peptide was detected by Bruker autoflex III
MALDI-TOF MS (Billerica, MA, USA). The Raman shift characteristics of
AuNP-complexes were performed with Raman spectroscopy (LabRAM HR800, HORIBA
Jobin Yvon, Tokyo, Japan). The fluorescence signals of AuNPs/peptide-FITC were analyzed

by fluorescence spectrometer (F-2700; Hitachi, Tokyo, Japan).
3-2 Materials

All chemicals were of analytical grade and were used without further purification.
Sodium citrate (CsHsNa3;O7:2H,0), HPLC-grade acetonitrile (ACN), and trifluoroacetic acid
(TFA) were obtained from Merck (Darmstadt, Germany). Tris HCL, minimum essential
medium (MEM), Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s phosphate
buffer saline (DPBS), fetal bovine serum (FBS), 4',6-diamidino-2-phenylindole (DAPI;
Ci6H15N5s), and malachite green isothiocyanate (MGITC; C,4H,4CIN;O4S) were purchased
from Invitrogen (San Diego, LA, USA). Sodium chloride (MGITC) was purchased from
USB (Cleveland, OH, USA). ONO-4817 (C,2H23N,0¢) was purchased from Tocris (Ellisville,
MO, USA). GM6001 (Ilomastat; Galardin; C,0H2sN4O4) was purchased from USBiological

(Swampscott, MA, USA). Calcium chloride (CaCl,), trypsin, triton X-100, dimethyl
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sulfoxide (DMSO), hydrogen tetrachloroaurate(Ill) (HAuClL, - 3H,0), MMP-2 human
(expressed in mouse NSO cells), MMP-9 human, MMP-7 human, MMP-1 human,
phosphate-buffered saline (PBS), Brij 35 solution 30% (w/v), poly-l-lysine, and doxorubicin
hydrochloride were obtained from Sigma-Aldrich (St. Louis, MO, USA). Human growth
hormone protein (hGH; ab51232) was purchased from Abcam (Cambridge, UK). Disodium
dihydrogen ethylenediaminetetraacetate dehydrate (EDTA) was purchased from Amresco
(Buenos Aires, Argentina). Sinapinic acid and a—cyano-4-hydroxycinnamic acid (CHCA)
used as MALDI matrix, which was saturated in 50% H,O: 50% ACN (v/v) solution, were
obtained from Bruker (Billerica; MA;USA). Nanopure water was obtained by passing

twice-distilled water through a Milli-Q system (18 MQ-cm; Millipore, Bedford, MA, USA).
3-3 Peptides

The substrate of MMP-2 used in the AuNPs-based optical detecting system has the
following sequence: 10-mer peptide, Cys-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Hyp-Cys. The
peptide was synthesized by Biomertech (Pleasanton, CA, USA). . The peptide could be
recognized and digested by MMP-2 specifically, and the peptide was separated to
Cys-Gly-Pro-Leu-Gly and Leu-Ala-Gly-Hyp-Cys after digestion [Seltzer ef al., 1990].  The

peptide was dissolved in 50% H>O: 50% ACN (v/v) solution and was preserved in -80°C.

The substrate of MMP-2 used in the AuNPs-based fluorescence platform has the
following sequence: 9-mer peptide, Gly-Pro-Leu-Gly-Leu=Ala-Gly-Hyp-Cys conjugated with
fluorescein isothiocyanate (FITC) at N-terminal. ~ The peptide-FITC was synthesized by
Pruigo (Taipei, Taiwan). The peptide could be recognized and digested by MMP-2
specifically, and the peptide was separated to FITC-Gly-Pro-Leu-Gly and
Leu-Ala-Gly-Hyp-Cys after digestion [Seltzer et al., 1990]. The peptide was dissolved in

H,0 and was preserved in -20 °C.
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3-4 Preparation of the AuNPs/peptide
3-4-1 Synthesis of 20 nm AuNPs

The 20 nm AuNPs were prepared by citrate reduction of HAuCly - 3H,0 according to the
literature procedure [Saraiva and de Oliveira, 2002; Nath and Chilkoti, 2004]. A 25 mL
aqueous solution consisting of 2.5 mM HAuCly + 3H>O was brought to a vigorous boil with
stirring in a conical flask, and then 38.8 mM sodium citrate (2.5 mL) was added to the
solution rapidly.  This solution was boiled with vigorous stirring for another 15 min, resulted
in the color change from the originally yellow solution to deep red. . The solution was cooled
to room temperature with continuous stirring for 15 min. The colloidal AuNPs with an

average diameter of 20 nm were produced, and was stored at 4°C.

Diameter of the prepared 20 nm AuNPs was measured by SEM and DLS. Moreover,
the absorption spectra change of AuNPs was measured by UV-Vis spectrophotometer, and the

peptide modified on the AuNPs was also detected by MALDI-TOF.
3-4-2 Modification of AuNPs/peptide

The technique of AuNPs conjugated with protein and peptide was based on previously
published methods [Lee ef al., 2008], the peptide was modified on AuNPs surface due to its
thiol groupof cysteine on the terminal. The process of modified AuNPs/peptide was
monitored by observing the spectral change after adding peptide to colloidal AuNPs. The

peptide was coated on the AuNPs surface according to the below procedures:

The 100 pL of aqueous peptide solution (1 mg/mL in 50% ACN) was added to 900 uL of
the aqueous 20 nm AuNPs solution.  After gently mixing, the mixture was incubated and
shaken at 4°C for 24 hr. The mixture was then centrifuged for 6 min at 10,000 rpm 4°C to
remove the excess peptide, and the supernatant was carefully removed. After two

centrifuge/wash cycles, the colloids was resuspended in 1,000 uL of TCNB buffer (50 mM
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Tris, with 10 mM calcium chloride, 150 mM sodium chloride and 0.05% Brij 35, pH 7.5), and

the AuNPs/peptide was stored at 4°C for 12 hr before used in the further experiment.
3-5 Confirmation of size and morphology change of AulNPs/peptide
3-5-1 Dynamic light scattering

DLS, also known as photon correlation spectroscopy or quasi-clastic light scattering, is a
technique which can be used to determine the size distribution of small particles in solution.
The method utilizes laser as light source which is monochromatic and coherent, and observes
a time-dependent fluctuation-in-the-scattering light intensity to determine the translational

diffusion coefficient of small particles.

The AuNPs samples-were diluted with TCNB buffer (filtered through 0.22 um syringe
filters) and filled into the light scattering cuvette. Light scattering experiments were
performed using the BI-200SM Goniometer (Brookhaven Instruments Corporation, Holtsville,
NY, USA) at a temperature of 20°C.  The laser wavelength was 532 nm, and measurements
were conducted at an angle of 90°.  The DLS data were analyzed by Brookhaven

Instruments-Dynamic Light Scattering software.
3-5-2 Scanning electron micrographs

High resolution SEM images of modified-AuNPs were obtained with a field-emission
SEM instrument JSM-6700F (JEOL; Tokyo, Japan) and eperated at 15 kV. The samples
were prepared by dropping 10 uL of AuNPs solution onto a golden chip and incubated
samples at 37°C for 30 min. Finally, the chips were rinsed thoroughly with distilled water

and air-dried for scanning.
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3-5-3 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

All MALDI-TOF were acquired on a Bruker autoflex III MALDI-TOF mass
spectrometer with a pulsed 337 nm nitrogen laser. The sample was dotted on a MTP 384
target plate polished steel TFA. The instrument (positive ion detection) was performed in
reflection mode and collision-induced dissociation (CID) was accomplished with Argon as
the collision gas. - The extraction voltage was 37 kV, and gated matrix suppression was
applied to prevent detector saturation by matrix ions with m/z lower than 200.  Peptide
samples (1 uL), original peptide, peptide digested by MMP-2, AuNPs and AuNPs/peptide,
were mixed with matrix-solution (saturated solution of CHCA in 50 % ACN/H,0) at 1:1
ration and was able to dry.  All data were reprocessed utilizing the flexanalysis (3.1) and

biotools (3.1) software.
3-5-4 UV-Vis spectrophotometer

UV-Vis absorption spectroscopy of AuNPs was recorded on a spectrophotometer
(Molecular Devices Corporation, Sunnydale, CA, USA). Aliquots of the solution were taken

out and the samples were cooled in room temperature to quench the reaction.
3-6 Assay of peptidase activity
3-6-1 Activation of MMP-2

Preliminary experiments were undertaken to determine the concentrations MMP-2
required for maximal activation of each sample. The lyophilized powder MMP-2 was
resuspended in 0.1 mL of TCNB buffer (composed of 50 mM Tris, 10 mM CaCl,, 150 mM
NaCl, and 0.05% Triton-X100, pH 7.5), and activated by p-Aminophenylmercuric acetate

(APMA).

APMA is an organomercurial agent used for the activation of latent MMPs in vitro.
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The procedure for activation is discribed as follows:

The stock solution of APMA was prepared by dissolve 3.5 mg APMA in 1 mL 0.1 M
NaOH, this stock solution should be 10 mM. Then neutralize the high base by diluting 4
folds in Tris-Triton-Calcium buffer (50 mM Tris-HCI, 1 mM CaCl, and 0.05% Triton X-100,
pH 7.5). For activated MMP-2, the APMA solution was mix with MMP-2 sample to give a
final concentration of 0.25 mM. _Then activation times will vary depending upon the
samples. MMP-2 generally requires short activation time. This final activated MMP-2

solution can be used directly without dialyzing away the APMA [Sellers et al., 1977].

3-6-2 Peptidase activity assayed by AuNPs-based optical biosensing platform

For the assay of peptidase activity, the measurement were performed in TCNB buffer as
a control experiment and observed result. TCNB buffer would not influence the absorbance
of AuNPs and not promote the AuNPs/peptide to aggregate. The concentration of peptide
modified-AuNPs was adjusted to 5 nM for the further assay of peptidase activity. In the
peptidase activity assay, an amount of 1 ul MMP-2 samples solution with different
concentrations (the concentration of MMP-2 was from 100 to 2,000 ng/mL) was added into
100 pL-of modified- AuNPs, and then the mixture was incubated at 37°C. The incubation
time of AuNPs/peptide treated with MMP-2 was adjusted to 60 min.  After peptidase
digested, 100 pL of mixture solutions were transferred into 96-well plate. < All of samples
were analyzed with UV-Vis absorption spectrophotometer and recorded their wavelength.
After MMP-2 digested the substrate of AuNPs/peptide, the absorption band around 530 nm
decreased, and a new broad absorption above 625 nm emerged. The absorbance spectrum
around 530 nm reduced was because of the free AuNPs/peptide decreasing. The new broad
absorption above 625 nm emerged was due to the AuNPs/peptide began aggregation and
resulted in a red-shift of absorption spectrum. The ratio of Agzs nm/As30 nm Was used to

quantify the MMP-2 activity. All of the tests were performed in triplates.
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3-7 Assay of MMP inhibitors

In order to apply AuNPs-based optical system for drug screening, two broad-spectrum
MMP inhibitors (MMPIs) and one broad-spectrum peptidase inhibitor were used in this study.
EDTA is widely used for peptidase inhibitor because of their chelated function, which could
bind with metal ions. MMPIs are synthetic molecules and behave as MMPs competitive
inhibitors [Augé ef al., 2004].  GM6001 (galardin) is a potent hydroxamate-type MMPI with
a broad inhibitory profile [Sood et al., 2008]. ONO-4817 is a novel synthetic hydroxamic
acid-based nonpeptide compound designed to be administered orally. ONO-4817 binds
reversibly to the zinc-binding region of MMPs and has a selective inhibitory spectrum [Ro et
al.,2007]: Both of them have been used to inhibit the MMP-2 activity through binding to its
active site and developed the treatment of MMP-related diseases [Galardy et al., 1994;

Yamada et al., 2000; Bai et al., 2005].

3-7-1 Assay of the efficiency of MMP inhibitors by AulNPs-based optical biosensing
platform

For drug screening assay of MMP-2, the procedure was similar with peptidase activity
assay. In this inhibitors screening assay, 1 uL of MMP-2 (1,000 ng/mL) with different kinds
of MMPIs was added into 200 uL of AuNPs/peptide (5 nM), and the mixtures were incubated
at 37°C for 60 min. . Finally, the mixture solution was transferred into 96-well plate, then the
color change and UV-Vis absorption spectra were collected by SpectraMax 190 UV-Vis
spectrophotometer.  Ag2s nm/As30nm 0 AUNPSs/peptide was used to show the inhibitors

blocking the activity of MMP-2.
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3-8 Specificity of AuNPs-based optical biosensing platform used in the
detection of MMPs activity

To confirm the specificity of AuNPs-base optical system in detecting MMPs activity,
different types of MMPs were used as samples in the experiment. In this specificity testing,
1 uL of MMP-1, -2, and -7 was added into 200 pL. AuNPs/peptide (5 nM) respectively, and
the mixtures were incubated at 37°C for 60 min. ~ Finally, the mixture solution was
transferred into 96-well plate, then the color change, and UV-Vis absorption spectra were
collected by SpectraMax 190 UV-Vis spectrophotometer.  Agas nm/As30am Of AUNPSs/peptide

was used to show the specificity of AuNPs-based platform for MMP-2.

3-9 Preparation of the AuNPs/peptide-FITC

For analyzing peptidase-activity, the peptide conjugated FITC was designed as peptidase
substrate and modified on AuNPs. AuNPs would quench the fluorescence of FITC, and
FITC could release its fluorescence intensity after peptidase digesting the peptide [ Wang et al.,
2010; Kang et al., 2011].  The process of modifying AuNPs/peptide-FITC was similar with
AuNPs/peptide, due to the peptide-FITC would modified on AuNPs surface through the thiol
group, which was the same as the peptide. Synthesizing AuNPs/peptide-FITC is described

as follow:

Ten pL of aqueous peptide-FITC solution (1 mg/mL in HO) was added to 990 uL of the
aqueous 20 nm AulNPs solution..After gently mixing, the mixture was incubated and shaken
at 4°C for 24 hr. The mixture was then centrifuged for 8 min at 8,000 rpm in 4°C to remove
the excess peptide, and the supernatant was carefully removed.  After two centrifuge/wash
cycles, the colloids was resuspended in 1,000 pL of TCNB buffer, and the

AuNPs/peptide-FITC was stored at 4°C for 12 hr before used in the further experiment.

42



3-10 Peptidase activity assayed by AuNPs-based fluorescence biosensing
platform

For the assay of peptidase activity, the measurement were performed in TCNB buffer as
a control experiment and observed result. TCNB buffer would not influence the quenching
ability of AuNPs, and TCNB buffer would not promote.the AuNPs/peptide-FITC to aggregate.
The concentration of peptide-FITC modified-AuNPs was adjusted to 5n1M for the further
assay of peptidase activity. Inthe peptidase activity assay, an amount of 1 ul. MMP-2
samples solution with different concentrations (the concentration of MMP-2 was from 0.01 to
5 ng/mL) was added into 100 pL of modified-AuNPs, and then the mixture was incubated at
37°C. The incubation time of AuNPs/peptide-FITC treated with MMP-2 was adjusted to 30
min... The mixture would be measured the fluorescence intensity after peptidase digestion.
All of samples were analyzed with F-2700 fluorescence spectrophotometer and recorded their

intensity (the excitation of FITC was 485 nm and the emission was 515 nm).

3-11 Assay of the efficiency of MM P inhibitors by AuNPs-based fluorescence
biosensing platform

For drug screening assay of MMP-2, the procedure was similar with the peptidase
activity assay. In this inhibitors screening assay, 1 1L of MMP-2'(1 ng/mL) with different
kinds of MMPIs was added into 100 uL AuNPs/peptide-FITC (5 nM), and the mixtures were
incubated at 37°C for 30 min.  Finally, the mixture solution was analyzed with F-2700
fluorescence spectrophotometer and recorded their intensity (the excitation of FITC was 485

nm and the emission was 515 nm).

3-12 Specificity of AuNPs-based fluorescence biosensing platform used in the
detection of MMPs activity

To confirm the specificity of AuNPs-base optical system in detecting MMPs activity,
different types of MMPs were used as samples in the experiment. In this specificity testing,

1 uL of MMP-1, -2, -7, and -9 was added into 100 puL. AuNPs/peptide-FITC (5 nM)
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respectively, and the mixtures were incubated at 37°C for 30 min.  Finally, the mixture
solution was analyzed with F-2700 fluorescence spectrophotometer and recorded their

intensity (the excitation of FITC was 485 nm and the emission was 515 nm).

3-13 Analysis of peptidase activity in cells

3-13-1 Cell culture

In this experiment, three kinds of cells were used as analytes; which were rat heart
myoblasts (H9¢2, #60096), primary human cardiac fibroblasts (HCF, #6300), and primary
human cardiac myocytes(HCM;#6200). H9c2 cells were purchased from Food Industry
Research and Development Institute (Hsin-Chu, Taiwan). The cells were seeded in 100-mm
Petri dishes (2 x 10° cells/dishyor24-well plate (5 x.10* cells/well), cultured in 90 % DMEM
and 10 % FBS mixed medium with 100 U/mL penicillin and 100 U/mL streptomycin, and

incubated in 5% CO,, 37°C. The culture medium was changed every 2 days.

HCF and HCM were purchased from ScienCell Research laboratories (San Diego, CA,
USA). ' The cells were seeded.in 100-mm Petri dishes (2 x 10° cells/dish) or 24-well plate (5
x 10*cells/well) coated with 0.01% poly-I-lysine and cultured in commercial media (#2301
and #6201; ScienCell Research laboratories), which was maintained according to the
manufacturer’s instructions. . The cells were incubated in 5% CO,, 37°C,and the culture

medium was changed every 2 days.
3-13-2 Analysis of cellular peptidase activity by AuNPs-based fluorescence system

For analyzing the cellular MMP-2 activity, the cell protein would be extracted by the

following process:

The cells seeding in 100-mm dish were washed by PBS for three times. After 150 uL

lysis buffer added in the dish, the cells were scraped down, transferred in the eppendorf, and
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put in ice for 20 min.  After centrifugation at 12,000 rpm for 5 min in 4 °C, the supernatant

was retained and stored in -20°C for further use.

For detecting the cellular MMP-2 activity, the protein concentrations of HCF, HCM and
HO9c2 cells were measured first, and all cells protein concentration would be adjusted the same
as each other by TCNB buffer before analyzing. In the AuNPs-based fluorescence peptidase
activity assay, anamount of 1 nL samples (protein extracts of HCF, HCM, and H9c¢2 cells)
were added.into 100 pL-of modified-AuNPs, and then the mixture was.incubated at 37°C.

The incubation time of AuNPs/peptide-FITC treated with MMP-2 was adjusted to 30 min.
The mixture would be measured the fluorescence intensity (excitation was 485 nm and

emission was 515 nm) after peptidase digestion.

3-13-3 Analysis of cellular peptidase activity by zymography

For analyzing cellular MMP-2 activity (HCE, HCM, and H9¢2 cells), the cell protein was
extracted as described above in 3-/3-2. _The adjusted cellular protein solution was mixed
with zymography buffer (composed of 0.5 M Tris-HCIL, pH 6.8, glycerol, 10% (w/v) SDS, and
0.1% bromophenol blue) and stood at room temperature for 10 min. Then the samples were
loaded on 8% SDS-polyacrylamide gel containing 0.1 mg/mL gelatin, and the gel was run

with Tris-Glycine SDS running buffer at 80 V for 3.5 hr.

After doing electrophoresis, the gel was washed twice in renaturing buffer (2.5% Trixton
X-100) with gentle agitation at room temperature for 30 min,.in order to exchange SDS to
Triton X-100. Finishing peptidase renature, the gel was transferred in developing buffer (50
mM Tris-HCI, 200 mM NaCl and 5 mM CaCl,, pH 7.4) at room temperature for 30 min, then

replaced with fresh developing buffer and incubated at 37°C for 24 hr.

The gel was then stained with coomassie staining solution (0.125% Coomassie Brilliant

Blue R250, 50% (v/v) methanol, 10% (v/v) acetic acid) for 30 min, then was destained with
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destain buffer (25% (v/v) methanol, 7.5% (v/v) acetic acid in ddH,O). Gelatinolytic
activities were identified as clear bands against a dark blue background where the peptidase

had digested the substrate [Patricia et al., 2005; Hu and Beeton, 2010].

3-13-4 In vivo bioimage of cellular peptidase activity

Except analyzing cellular peptidase activity by peptidase assays, the activity of cellular
peptidase could also be proved by optical image. The HCF, HCM and H9c2 cells were
seeding on circular glasses in 24-well dish and would be incubated in serum free medium for
24 hr before experiment.  After cells (HCF, HCM, and H9¢2 cells) treated with
AuNPs/peptide-FITC for 3 hr as the experimental group, the medium was changed as serum
free medium again and incubated for 12 hr. © Because cells were treated with
AuNPs/peptide-FITC, the peptide was digested by cellular MMP-2, and the FITC would not
be quenched by AuNPs that could be detected by confocal. The cells of control group were
Just incubated as experimental group except adding AuNPs/peptide-FITC. After cells
incubation, the cells were washed by PBS for three times and fixed by 4% paraformaldehyde
for 20 min in dark. The paraformaldehyde was then removed, and the cells were washed by
PBS for three times again and dyed by DAPI for 5 min in dark. = After cells dying, the cells
were washed by PBS for three times, and the glasses, which had cells on them, would be

mounted on microscope slide.

The cell images were acquired in the Olympus FV 1000 spectral confocal microscope
(Olympus, Latin America) with a 60 X 1.35 NA oil immersion objective. Excitations and

filters were mentioned as follows:

DAPI, excitation was 405 nm, emission was 470 - 510 nm; FITC, excitation was 488 nm,
emission was 500 - 530 nm; AuNPs, excitation was 543 nm, emission was 650 - 750 nm.

Images were acquired in a frame mode.
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3-14 Preparation of AuNPs/MGITC and AuNPs/hGH-MGITC

The technique of AuNPs conjugated with Raman reporter (MGITC) was based on
previously published methods [Qian ez al., 2008]. The MGITC could be modified on AuNPs
because of its sulphur atom of isothiocyanate group [Biswas et al., 2010]. The processes of
modified AuNPs/MGITC and AuNPs/hGH-MGITC were monitored by observing the spectral
change and Raman shift after adding MGITC and hGH to colloidal AuNPs. - The MGITC

and hGH were coated on the AuNPs surface according to the below procedures:

The 150 pL of MGITC solution (4 uM in DMSO) was added to 850 uL of the aqueous
AuNPs solution. After gently mixing, the mixture was incubated and shaken at 25°C for 10
min; and then 10 pL hexanthiol (1 mM) was added in the mixture incubated at 25°C for 60
min shaken. The hexanthiol was modified on AuNPs surface as a shelter. The mixture was
then centrifuged for 8 min at 8,000 rpm to remove the excess MGITC and hexanthiol, and the
supernatant was carefully removed. After two centrifuge/wash cycles, the AuUNPs/MGITC

colloids were resuspended in 100 nLiof 0.1% PBST.

To modify AuNPs/hGH-MGITC, 10 uL hGH (100 pg/mL) was added in 840 uLL AuNPs
with gently mixing. = After incubating and shaking in 4°C for 24 hr, the AuNPs/hGH was
modified with MGITC as previous description. The AuNPs/hGH-MGITC colloids were

then resuspended in.100 uL of 0.1 % PBST, and stored in 4°C.
3-15 Confirmation of Raman shift of AulNPs-complexes
3-15-1 Raman shift signal of AuNPs-complexes

All signals of Raman shift were measured by Raman spectrometer, LabRAM HRS800,
with 20 mW 633 nm Helium-Neon laser due to the absorption spectrum of MGITC was 632.8
nm (the gratin was 600, integrating time was 10 s, the range of detected wavelength was

1,100 - 1,800 cm™).  All samples (AuNPs, MGITC, and AuNPs/MGITC) were seeded on
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silicon wafer (for low background signal), dried in air and fixed on the plate for detection.
3-15-2 Cell culture of HepG2 cells

Human hepatoblastoma cells (HepG2, #60025) were purchased from Food Industry
Research and Development Institute (Hsin=Chu; Taiwan).  The cells were seeded in 100-mm
Petri dishes (2 x 10° cells/dish), 6-well plate (5 x'10° cells/well) or 24-well plate (5 x 10
cells/well), cultured in 90 % MEM and 10 % FBS mixed medium with 100 U/mL penicillin
and 100 U/mL streptomycin, and incubated in 5% CO,, 37°C. The culture medium was

changed every 2 days.
3-15-3 Raman shift signal of AuNPs-complexes in HepG?2 cells

The HepG2 cells were transferred to 6-well plate, seeded on silicon wafer, and cultured
in serum-free medium for 24 hr before experiment treatments. The cells were treated with
50 uL AuNPs/MGITC (5 nM) or AuNPs/hGH-MGITC (5 nM) for 24 hr, washed with PBS for
three times, fixed with 4 % paraformaldehyde for 20 min, and washed with PBS for three
times again before detection. The instrument condition was as the same as part 3-735-1

description.
3-16 Preparation of AulNPs/hGH-doxorubicin

The modification process of AuNPs/hGH is described as follow: 10 uLL hGH (100 pg/mL)
was added in 950 uLL. AuNPs with gently mixing. Afterincubating and shaking in 4°C for 24
hr, the AuNPs/hGH colloids were then centrifuged for 8 min at 8,000 rpm to remove the
excess hGH, and the supernatant was carefully removed.  After two centrifuge/wash cycles,

the AuNPs/hGH colloids was resuspended in 100 uL of 0.1 % PBST.

To modify AuNPs/hGH-doxorubicin, 40 pL doxorubicin (1.8 mM) was added in 960 uL

AuNPs/hGH mixture and mixed gently. After 2 hr incubating and shaking in 37°C, the
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AuNPs/hGH-doxorubicin colloids were centrifuged for 8 min at 8,000 rpm to remove the
excess hGH and doxorubicin, and the supernatants were carefully removed. After two
centrifuge/wash cycles, the AuNPs/hGH-doxorubicin colloids were resuspended in 100 pL of

0.1% PBST.

The concentration of doxorubicin on AuNPs could be measutred by using dithiothreitol
(DTT) to replace the doxorubicin from AuNPs surface [Lee ef al., 2008] and then detecting
the concentration of doxorubicin through spectrometer (the absorption spectrum of
doxorubicin was 480 nm). 100 uL of AuNPs/hGH-doxorubicin was mixed with 10 uL 0.1
M DTT, and then the mixture was centrifuged for 8 min at 8,000 rpm to get the supernatant
which had exchanged doxorubicin.  After centrifuging, the supernatant and the different
standard concentrations of doxorubicin were transferred to 96-well dish and measured the

absorbance at 480 nm.

3-17 In vitro cytotoxicity of AulNPs/hGH-doxorubicin, AuNPs/hGH, and
doxorubicin

The cytotoxicity of HepG2 cells treated with AuNPs/hGH, AuNPs/hGH-doxorubicin,
and free doxorubicin was detected by a 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylte
-trazolium bromide (MTT) assay. = The assay was based on the ability of mitochondrial
dehydrogenases in live cells to reduce MTT compound, a yellow soluble tetrazolium salt, to
blue formazancrystal.. The cells were transferred to 24-well plate and incubated with serum
free medium for 24 hr before treatment. HepG2 cells were treated with different
concentrations of AuNPs/hGH ranging from O to 37.5 nM (AuNPs), and different doses of
AuNPs/hGH-doxorubicin and free doxorubicin ranging from 0 to 100 uM (doxorubicin).
After 24 hr incubating, the cells were placed into 90 % serum free medium with 10 % MTT
reagent (5 mg/mL) and incubated for 4 hr in 37°C. The medium was removed from plate,

and 200 uL DMSO was added in these wells respectively.  After mixing, the blue formazan
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crystal would be dissolved in DMSO, and the absorption wavelength was measured by

spectrophotometer at 595 nm.




IV. Results

4-1 Synthesis of AuNPs and AuNPs/peptide

In the study, the 20 nm AuNPs were used to establishing an optical biosensing platform
to assay peptidase activity. The 20 nm AuNP were produced by sodium citrate reduction
method. The absorption spectra of 20 nm AulNPs and modified-AuNPs (AuNPs/peptide)
were measured by Ultrospec 3300 pro UV-Vis spectrophotometer (Amersham Biosciences).
The extinction coefficients of the AuNPs are normally very high [Jena and Raj, 2008].. In
the previous reports, the-optical-spectrum was used to estimate the particles size of AuNPs,

and the maximum absorbance (Amax) 0f 20 nm AuNPs was located at 525nm [Brozek and

Zharov, 2008].

The UV-Vis absorption spectra of 20 nm AuNPs and AuNPs/peptide were measured to
confirm the modification of AuNPs/peptide (data not shown). The red-colored AuNPs (20
nm in diameter) had surface plasmon resonance band at 525 nm.. When the 20 nm AuNPs
were modified with peptide, the Amax of AuNPs/peptide shifted from 525 to 530 nm because

of the AuNPs size changing.
4-2 The mass-to-charge ratio (m/z) change of peptide and AuNPs/peptide

The m/z of original peptide (Cys-Gly-Pro-Leu-Gly-Leu-Ala-Gly=-Hyp-Cys) was 1,954,
shown in Figure 4-1A.  The peptide was separated in two parts after digested by MMP-2
(Cys-Gly-Pro-Leu-Gly and Leu-Ala-Gly-Hyp-Cys), and the m/z were 972 and 994, which
were detected by MALDI-TOF (Figure 4-1B).  The peptide was made as MMP-2 substrate,
so MMP-2 could recognize the sequence (Gly-Pro-Leu-Gly-Leu-Ala-Gly-Hyp) and cut the
peptide in middle. Additionally, the cysteine was designed at N- and C-terminal of peptide

for modifying on AuNPs surface through thiol groups [Song et al., 2010].
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To confirm the modification of AuNPs/peptide, bare AuNPs and AuNPs/peptide were
adhered on the matrix, and the components on AuNPs surface would be ionized by the laser
and be analyzed by MALDI-TOF (Figure 4-1C and 4-1D). AuNPs would not be detected
by positive mode MALDI-TOF because AuNPs had negative charge on the surface (the
AuNPs was synthesis through sodium citrate reducing Au’"),and the detection range of the
machine was also set from 500 to 4,000 m/z, which was too small for 20 nm AuNPs. The
result shows that, there was a significant m/z signal of peptide (Cys-Gly-Pro-Leu-Gly-Leu-
Ala-Gly-Hyp-Cys), 1,954, from ionizing AuNPs/peptide (Figure 4-1D), and there was lack of
specific m/z signal on-bare-AulNPs-surface. It indicated that the peptide was modified on

AuNPs indeed.

4-3 Identification of the size-and morphology change of modified-AuNPs

The size change of modified-AuNPs was investigated by DLS (Figure 4-2), and the
morphology change of modified-AuNPs was observed by SEM (Figure 4-3).  In the process
of the 20 nm AuNPs synthesized by sodium citrate reduction, citrate ions and free chloride
ions were adsorbed on the surface to AuNPs, and provided negative charge to AuNPs surface
[Saraiva and de Oliveira, 2002; Nguyen ef al., 2010]." The‘average particle size of
non-modified AuNPs was about 24.03 nm (Figure 4-2A), and the non-modified AuNPs was
dispersive on the chip (Figure 4-3A) due to the negative charge of AuNPs would repel each

other.

When the 20 nm AuNPs was modified with peptide, the diameter of AuNPs/peptide was
estimated about 34.55 nm (Figure 4-2B), and the peptide increased the steric repulsion of

AuNPs which could prevent the AuNPs from aggregation (Figure 4-3B).

After peptidase digested the AuNPs/peptide, AuNPs/peptide displayed a dramatic

aggregation due to the peptides around AuNPs were shorter. The shorter peptide reduced
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repulsive force among AuNPs that leaded AuNPs come together easily and become

aggregation (Figure 4-3C).

4-4 Time-dependent absorption spectra of AuNPs-based optical biosensing
platform

Time-dependent changed of absorbance spectrum of AuNPs-based optical biosensing
platform is shown in Figure 4-4. After peptidase (MMP-2) digested the substrate of
AuNPs/peptide, the absorption band around 530 nm decreased gradually. Concomitantly, a
new broad absorption above 625 nm emerged, and its intensity.increased by prolonging the
reaction time. - The absorbance spectrum around 530 nm reduced was because of the free
AuNPs/peptide decreasing. The new broad absorption-above 625 nm emerged was due to
the AuNPs/peptide began aggregation and resulted in a red-shift of absorption spectrum.
Therefore, the value of absorption spectra ratio (Aszs nm/As3onm) Was stand for the ratio of

aggregated AuNPs and free AuNPs, which could be used to quantity peptidase activity.
4-5 Assay of MMP-2 activity by AuNPs-based optical biosensing platform

In this study, the AuNPs/peptide was used to assay the MMP-2 activity by optical
method.  The 5 nM of AuNPs/peptide solutions were incubated with different concentrations
of MMP-2 (from100 to 2,000 ng/mL) at 37°C for 60 min.  As the concentrations of MMP-2
rising, the aggregation degree of AuNPs/peptide increased, and resulted-in a remarkable color
change from wine-red to purple.. In addition, large absorption spectra variation would be
observed (Figure 4-5A). To estimate the activity of MMP-2, the ratios of absorbance at 625
and 530 nm (A25 nm/As30nm) at 60 min after adding MMP-2 were plotted as the function of
MMP-2 concentrations (Figure 4-5B). The absorbance was chosen to represent the

corrilation amount of aggregating and suspending AuNPs.

53



When plotting As2s nm/Aszo nm against the MMP-2 concentrations, it is found that the
correlation coefficients (R?) was 0.9703 for the determination of MMP-2 in the concentration
ranges from 100 to 1,500 ng/mL, and the detection limit of this method could reach to as low

as 100 ng/mL for MMP-2.

4-6 Assay of the efficiency of MM Ps inhibitors by AuNPs-based optical
biosensing platform

This convenient AuNPs-based optical biosensing platform was. further applied for
MMP-2.inhibitors screening. EDTA, a broaden peptidase inhibitor, was chosen as candidate
to test the AuNPs-based-optical-biosensing system applied on peptidase inhibitor assay:.
GM6001 and ONO-4817, two well-known inhibitors for MMP-2, were selected as examples
to demonstrate the application in MMP-2 inhibitor screening. The AuNPs/peptide solutions
containing MMP-2 (1,000 ng/mL) and different MMP-2 inhibitors were measured after the

solutions incubated at 37°C for 1 hr.

In the presence of an efficient inhibitor in the AuNPs/peptide solution, no detectable
color change occurred, and the solutions were indefinitely stable without showing signs of
aggregation. These results could be observed from absorbance spectra (shown in Figure
4-6A), since EDTA, GM6001 and ONO-4817 could inhibit the activity of MMP-2, the
aggregation of AuNPs/peptide would become slow, and resulted in less absorption variation
(and less color' change).  Figure 4-6B displays the Ass nm/As30 nmObtained during the MMPs
inhibitors to block the MMP-2 activity.  According to the data, MMP-2 could digest
substrate on AuNPs and induce AuNPs aggregation well, while the inhibitors blocked MMP-2
activity and leaded no obvious aggregation among AuNPs. Therefore, the AuNPs-based
optical biosensing platform not only is possible to perform a colorimetric assay for peptidase

activity, but also has potential for further applications in anti-MMPs drugs screening.
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4-7 Specificity of AuNPs-based optical biosensing platform used in the
detection of MMPs activity

Excluding quantifying peptidase activity and peptidase inhibitors screening, the
specificity of AuNPs-based platform for MMPs detection also should be confirmed. The
peptide modified on AuNPs was designed as MMP=2 substrate. Thus, different kinds of
MMPs could be chosen-as examples to test the specificity of the AuNPs-based system.
MMP-1 is one kind of collagenases, which could digest six types of collagen [Kessenbrock et
al.,2010]¢  MMP-7.is belonged to one of matrilysins, which digests elastin, fibronectin and
laminin [Bourboulia and Stetler-Stevenson, 2010]. Both MMP-1 and MMP-7 were selected

as the candidates to demonstrate the specificity of AuNPs-based biosensing system.

In the presence of MMP-1"or MMP-7 in the AuNPs/peptide solution, no detectable color
change occured, and the solutions were indefinitely stable without showing signs of
aggregation. These results could be observed from absorbance spectra (shown in Figure
4-7A). Since MMP-1 and MMP-7 could not digest the peptide, the aggregation of
AuNPs/peptide would become slow, and resulted in less absorption variation (and less color
change). = Figure 4-7B shows the A5 nm/As30 nm Obtained during the MMP-1 and MMP-7
could not digest the peptide on AuNPs. According tothe data, MMP-2 could digest
substrate on AuNPs and induce AuNPs aggregation well, while MMP-1 and MMP-7 have no
activities on the peptide and lead no obvious aggregation among AuNPs. Therefore, the

AuNPs-based optical biosensing platform has high specificity for MMP-2 activity detection.

4-8 Assay of MMP-2 activity by AuNPs-based fluorescence biosensing
platform

In this part of research, the AuNPs-base optical system was changed to AuNPs-based
fluorescence system for analyzing lower peptidase activity. The AuNPs/peptide was
exchanged to peptide-FITC used as substrate modified on AuNPs, and the peptide-FITC

would be quenched by AuNPs before peptidase digestion.  After peptidase digested
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peptide-FITC, released FITC could be detected intensity by F-2700 fluorescence

spectrophotometer.

The 5 nM of AuNPs/peptide-FITC solutions were incubated with different
concentrations of MMP-2 (from 0.01 to 5 ng/mL) at 37°C for 30 min.  As the concentrations
of MMP-2 rising, the number of releasing peptide-FITC increased, which could be measured
by fluorescence intensity (excitation was 485nm, and emission was.515nm) (Figure 4-8A).
To estimate the activity of MMP-2, the delta intensity of 515 nm at 30 min after adding

MMP-2 were plotted as a function of MMP-2 concentrations (Figure 4-8B).

When plotting delta fluorescence intensity at 515 nm against the MMP-2 concentrations,
it was found that the correlation coefficients (R”) was 0.9759 for the determination of MMP-2
in the concentration ranges from 0.01 to 2 ng/mL, and the detection limit of this method could

reach to as low as 0.01 ng/mL for MMP-2.

4-9 Assay of the efficiency of MMPs inhibitors by AuNPs-based fluorescence
biosensing platform

This AuNPs-based fluorescence biosensing platform was further applied for MMP-2
inhibitor screening. « EDTA, GM6001 and ONO-4817, one broad peptidase inhibitor and two
well-known inhibitors for MMP-2, were selected as examples to demonstrate the application
in MMP-2 inhibitor screening. The AuNPs/peptide-FITC solutions containing MMP-2 (1
ng/mL) and different MMP-2 inhibitors were measured after the solutions incubated at 37°C

for 30 min.

In the presence of an efficient inhibitor in the AuNPs/peptide-FITC solution, no obvious
fluorescence intensity change occurred, and the solutions were indefinitely stable without
showing aggregation. These results could be observed from fluorescence intensity, since
EDTA, GM6001 and ONO-4817 could inhibit the activity of MMP-2 and lead the releasing of

peptide-FITC would become slow, and resulted in less fluorescence intensity variation.
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Figure 4-9 displays the delta fluorescence intensity at 515 nm. The delta intensity obtained
during the MMPs inhibitors to block the MMP-2 activity. According to the data, MMP-2
could digest substrate on AuNPs and induce peptide-FITC releasing, while the inhibitors
blocked MMP-2 activity and leaded less peptide-FITC separating from AuNPs surface.
Therefore, the AuNPs-based fluorescence biosensing platform not only possible to perform an
assay for peptidase activity, butalso has potential for further applications in anti-MMPs drugs

screening.

4-10 Specificity of AuNPs-based fluorescence biosensing platform used in the
detection of MMPs activity

Excluding quantifying peptidase activity and peptidase inhibitors screening, the
specificity of AuNPs-based platform for MMPs detection also should be confirmed.. The
peptide-FITC modified on AuNPs was designed as MMP-2 substrate. Thus, different kinds
of MMPs could be chosen as examples to test the specificity of the AuNPs-based system.
MMP-1, -7 and -9 (gelatinase B), were selected as the candidates to demonstrate the

specificity of AuNPs-based fluorescence biosensing system.

In the presence of MMP-1_or MMP-7 in the AuNPs/peptide-FITC solution, no detectable
fluorescence intensity change occurred, and the solutions were indefinitely stable without
showing signs of aggregation. These results could be observed from fluerescence intensity,
since MMP-1 and MMP-7 could not digest the peptide, the releasing of peptide-FITC would
become slow, and resulted in less intensity variation. Figure 4-10 displays the delta
fluorescence intensity at 515 nm, which obtained during the MMP-1 and MMP-7 could not
digest the peptide-FITC on AuNPs.  As the result shown, MMP-2 and MMP-9 could digest
substrate on AuNPs and induce peptide-FITC releasing well, while MMP-1 and MMP-7 had
no activities on the peptide-FITC and leaded no obvious peptide-FITC releasing from AuNPs

surface. Therefore, the AuNPs-based fluorescence biosensing platform has high specificity
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for MMP-2 and MMP-9 activity detection.

4-11 Assay of cellular peptidase activity by AuNPs-base fluorescence system
and zymography

Excepting pure compounds analysis, AuNPs-based fluorescence system could also
apply on assay cellular peptidase activity. For demonstrating this platform, high (HCF and
HCM) and low (H9¢2 cells) MMP-2 expression cells were chosen as analytes, and their
cellular MMP=2 activity would be measured by AuNPs-based fluorescence system and
zymography as the same time. As the result shown (Figure 4-11A and 4-11B), the delta
fluorescence intensity of HCF-and-HCM extracts were much higher than H9c2 cells in the
same protein concentration, and the MMP-2 (72 kDa) band on zymography gel of HCF-and
HCM were also much strongerthan H9¢2 cells. Therefore, both assays displayed the same
trend, the expression of MMP-2 in HCF and HCM were high while H9¢2 cells were low.
This result means that AuNPs-based fluorescence system had the ability to analyze not only
pure MMP-2 and its inhibitors but also bio-samples. Additionally, AuNPs/peptide-FITC
could be used as an in-cell peptidase activity detector. Three kinds of cell (HCF, HCM, and
HO9¢?2 cells) were treated with AuNPs/peptide-FITC, and then the MMP-2 in the cells would
digest peptide-FITC leading FITC releasing, which could be-observed by confocal. © As the
pictures shown (Figure 4-11C), HCF, HCM and H9c2 cells endocyted similar number of
AuNPs-complexes (shown in red), but the intensity of FITC (shown in green) in HCF and
HCM was much stronger than in H9¢2 cells in the same detecting condition. - Thus,
AuNPs/peptide-FITC has a promising potential to become a real-time detector of MMP-2

activity in cell or in vivo.

4-12 Synthesis of AuNPs/MGITC and the SERS profile of AuNPs/MGITC

MGITC is usually used as a Raman reporter due to it had several significant Raman shift

signals after modified on metal particles surface reported in studies before [Lin ef al., 2008;
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Qian et al., 2008]. In this study, AuNPs were used as Raman enhancer according to its SPR
characteristic, which could enhance the signal intensity of analytes [Abalde-Cela et al., 2010].
Therefore, the modification of AuNPs/MGITC would be confirmed by surface enhance

Raman scattering (SERS).

The Raman shifts (cm™) of bare AuNPs, MGITC, and AuNPs/MGITC are shown in
Figure 4-12. The result shows that, bare AuNPs had no specific Raman signal, and MGITC
had few unique Raman signals with low intensity that was hard to identify. = However, after
MGITC modified on AuNPs surface through its sulphur atom of isothiocyanate group, the
AuNPs/MGITC showed several significant Raman shifts (1,169, 1,365, 1,590, and 1,615
cm™), and the intensity of these signals were amplified ten times then MGITC only. . This
data indicated the MGITC was'modified on AuNPs, and AuNPs enhanced the intensity of

MGITC Raman signal indeed.

4-13 The SERS profile of AuNPs/MGITC and AuNPs/hGH-MGITC treated
HepG2 cells

In the previous results, the process-of the modification and the SERS characteristic of
AuNPs/MGITC had been confirmed. To apply the modified AuNPs into cell, hGH protein
was-used as the target tag on AuNPs in this study. As the results shown, the intensity of
SERS signals of HepG?2 cells treated with AuNPs/hGH-MGITC for 24 hr.was four times
higher than the cells treated with AuNPs/ MGITC (Figure 4-13). In addition, the main
Raman signal of MGITC on AuNPs (1,169, 1,365, 1,590 and 1,615 cm'l) had no obvious
shifting whether hGH modified on AuNPs. This meant the hGH would not influence the

SERS property of MGITC.
4-14 The cytotoxicity of AuNPs/hGH in HepG2 cells

For applying AuNPs-based platform as drug delivery system in cell, the cytotoxicity of

AuNPs-complex (AuNPs/hGH) was tested first. As the result shown, the viability ratio of
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HepG2 cells treated with different concentrations AuNPs/hGH were almost around 100%.
This meant AuNPs/hGH would not affect HepG2 cells growth or survive in 24 hr (Figure

4-14).

4-15 The viability of HepG?2 cells treated with AuNPs/hGH-doxorubicin, and
doxorubicin

In previous study, AuNPs/hGH was proved.to be no cytotoxicity for HepG2 cells in
short time interval. ~ This indicated that AuNPs-based platform would not affect HepG2 cells
viability. For demonstrating AuNPs-based drug delivery system, doxorubicin was chose as
the candidate. - Doxorubicin-is-one kind of anticancer drug and could interact with DNA
through intercalation and inhibit the progression of topoisomerase I1.  Therefore, after
HepG2 cells treated with- AuNPs/hGH-doxorubicin or free doxorubicin, the cell viability of
HepG?2 cells would decrease.  As the result shown (Figure 4-15), the viability of HepG2
cells treated with doxorubicin was higher than AuNPs/hGH-doxorubicin in the same
doxorubicin concentrations (from 0.01 uM to 100.uM). In addition,
AuNPs/hGH-doxorubicin decreased the viability of HepG2 cells 30% than doxorubicin
treatment. = This result shows that AuNPs/hGH-doxorubicin could inhibit HepG2 cells

growth-more efficient than doxorubicin only.
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Figure 4-1. The MALDI-TOF profile of peptide and AuNPs/peptide. The mass-to-charge
ratio of peptide and AuNPs/peptide was measured by MALDI-TOF inpositive mode. (A) The
mass-to-charge ratio (m/z) of original peptide (Cys-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Hyp-Cys)
was about 1,954. After MMP-2 digestion, the peptide would separate to two parts that were
Cys-Gly-Pro-Leu-Gly and Leu-Ala-Gly-Hyp-Cys. (B) The m/z of Cys-Gly-Pro-Leu-Gly was
about 972 and the m/z of Leu-Ala-Gly-Hyp-Cys was about 994. (C)-and (D) was bare AuNPs
and AuNPs/peptide, respectively.
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Figure 4-2. Investigation of the size change of modified-AuNPs by DLS. The average
particle size of modified/ bare-AuNPs were investigated by DLS and analyzed at 20°C. The
bare-AuNPs (A) was estimated-about 24.03 nm, and the AuNPs/peptide (B) was estimated
about34.55nm. The AuNPs/peptide treated with MMP-2 (C) was measured about 260.53 nm.
X-axis represents the diameter of particles on a diameter scale. Y-axis represents the relative

number of collected particles.

62



(A) Bare AuNPs (B) AuNPs/peptide

NCTU SEI 15.0kV  X50,000 100nm WD 8.1mm NCTU SEI 15.0kV  X50,000 100nm WD 8.0mm

(C) AuNPs/peptide digested
by MMP-2

y. Bare-AuNPs (A);
i are-AuNPs we
d repe Om cat
bare-Au * I

decreasing repulsive effect uNPs. After MMP-2 digestion, AuNPs/pept
ously aggregation.

shutter anc

63



Absorbance (OD)

06
05 t
04

02 r
0.1

——0min ——10 min
—20 min ——30 min
——40 min ——50 min

——60 min

03 [ e—— \\

0 1 1 1 1 1 1 1

400 425 450 475 500 525 550 575 600 625 650 675 700

Wavelength (nm)

=}k

UJSUII-

ime-de
platform
er MMP-2

A’

a at 530

1g time.

ion. Because of the
n ratio (As2s nm/ A

64

epltide we
inder i

ed op
or 60 min

V was CO

F wit
AuNPs/peptide be
biosensing platform,

juantify the peptidas




(A) o5

0ng/mL ~——100 ng/mL
05 | —200 ng/mL ——400 ng/mL
a —600 ng/mL ——3800 ng/mL
C sl <\ ——1000 ngimt
@ . —
<
© 0.3 F
0
o
* 0.2 }
Q
< 01 } -
0 n n I n L L L L L n I
400 425 450 475 500 525 550 575 600 625 650 675 700
Wavelength (nm)
(B) 14
1.2 * ® 3
1
£ 08
< 0.6
y = 0.0006x + 0.2764
04
4 R?2 =0.9703
0.2
O 1 1 | ] | | | 1 1 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000

MMP-2 concentration (ng/mL)

Figure 4-5. The absorption spectra changes of AuNPs/peptide treated with MMP-2.
The solution was composed of AuNPs/peptide (100 uL) and different concentrations of
MMP-2 (from 100 to 2,000 ng/mL). (A) The absorption spectra were measured after
AuNPs/peptide treated with MMP-2. (B) Plot of absorption ratio (Ag2s nm/As30 nm) Of
AuNPs/peptide against MMP-2 concentration. The samples were incubated in 37 °C for 60
min before measurement. The leaner relationship of MMP-2 concentration is ranged from 100
to 1,500 ng/mL with regression equation, y = 0.0006x + 0.2764, R* = 0.9703. The detection
limit is determined as 100 ng/mL. The S.D. (error bars) were calculated based on three
independent detections (n = 3).
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Figure 4-6. Using the AuNPs-based optical platform to assay different MMPs inhibitors.
The solution was composed of AuNPs/peptide (100 uL), MMP-2 (1,000 ng/mL), and MMPs
inhibitors (EDTA, ONO-4817, and GM6001). (A) The absorption spectra were analyzed after
AuNPs/peptide treated with MMP-2 and its inhibitor in 37 °C, 60 min. (B) Plot of absorption
ratio (Ae2s nm/As30nm) Of AuNPs/peptide against MMP-2 and its inhibitors. The values (Asys
nm/As30nm) Of AuNPs/peptide treated with MMP-2 only and MMP-2 inhibited by EDTA,
ONO-4817 and GM6001 were 1.07, 0.37, 0.49 and 0.50, respectively. The S.D. (error bars)
were calculated based on three independent detections (n = 3). Asterisk (**) indicates P <
0.01.
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Figure 4-7. Specificity of AuNPs-based optical platform used in the detection of MMPs
activity. The solution was composed of AuNPs/peptide (100 uL) and different MMPs
(MMP-2, -1, and -7). (A) The absorption spectra were analyzed after AuNPs/peptide treated
with different MMPs in 37 °C, 60 min. (B) Plot of absorption ratio (As2s nm/As30 nm) Of
AuNPs/peptide against MMP-2, -1, and -7. The values (Ag25 nm/As30nm) 0f AuNPs/peptide
treated with MMP-2, -1, -7 and AuNPs/peptide only were 0.94, 0.29, 0.36 and 0.28
respectively. The S.D. (error bars) were calculated based on three independent detections

(n =3). Asterisk (**) indicates P < 0.01.
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Figure 4-8. The fluorescence intensity change of AuNPs/peptide-FITC treated with
MMP-2. The solution was composed of AuNPs/peptide-FITC (100 pL) and different
concentrations of MMP-2 (from 0.01 to 5 ng/mL). (A) The fluorescence intensity was
measured after AuNPs/peptide-FITC treated with MMP-2. (B) Plot of delta intensity (at 515
nm) of AuNPs/peptide-FITC against MMP-2 concentrations. The samples were incubated in
37 °C for 30 min before measurement. The leaner relationship of MMP-2 concentration is
ranged from 0.01 to 2 ng/mL with regression equation, y = 67.297x + 31.95, R’ = 0.9759. The
detection limit is determined as 0.01 ng/mL. The S.D. (error bars) were calculated based on
three independent detections (7 = 3).
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Figure 4-9. Using the AuNPs-based fluorescence platform to assay different MMPs
inhibitors. The solution was composed of AuNPs/peptide-FITC (100 pL), MMP-2 (1 ng/mL),
and MMPs inhibitors (ONO-4817, GM6001, and EDTA). The fluorescence intensity was
analyzed after AuNPs/peptide-FITC treated with MMP-2 and its inhibitor in 37 °C, 30 min.
Here shows the plot of delta intensity (at 515 nm) of AuNPs/peptide-FITC against MMP-2
and.its inhibitors. The values of AuNPs/peptide-FITC treated with MMP-2 only and MMP-2
mhibited by ONO-4817, GM6001and EDTA were 87.68, 14.10, 30.70 and 30.18, respectively.

The S.D. (error bars) were calculated based on three independent detections (n =3). Asterisk
(**) indicates P < 0.01.
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Figure 4-10. Specificity of AuNPs-based optical platform used in the detection of MMPs
activity. The solution was composed of AuNPs/peptide-FITC (100 uL) and different MMPs
(MMP-2, -9, -1, and -7). The fluorescence intensity was analyzed after AuNPs/peptide-FITC
treated with different MMPs in 37 °C, 30 min. Here shows the plot of delta fluorescence
intensity of AuNPs/peptide-FITC against MMP-2, -9, -1, and -7. The values of
AuNPs/peptide-FITC treated with MMP-2, -9, -1 and -7 were 121.4, 124.6, 65.7 and 16.3,
respectively. The S.D. (error bars) were calculated based on three independent detections (n =
3). Asterisk (**) indicates P <0.01.

70



(A)110

100 b
90
80
70
60
50
40
30
20
10

0 -

MMP-2

(C)

<«— MMP-2

A intensity

HCF HCM

H9c2

H9c2

HCF

HCM

Figure 4-11. Using AuNPs-based fluorescence system and zymography to assay cellular
MMP-2 activity. For demonstrating the platform; HCF, HCM and H9¢c2 cells were chose as
analytes. The delta fluorescence intensity of HCF and HCM extracts were higher than H9¢2
cells (A), and the MMP-2 band on zymography gel of HCF and HCM were also much broad
than H9¢2 cells (B). In addition, HCF, HCM and H9c¢2 cells endocyted similar number of
AuNPs-complexes (displayed in red), but the intensity of FITC (shown as green) in HCF and
HCM was much stronger than H9¢2 cells in the same confocal detecting condition (C). The
white bar represents 10 um in (C). The S.D. (error bars) were calculated based on three

independent detections (7 = 3).
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Figure 4-12. The surface enhance Raman shift of AuNPs, MGITC and AuNPs/MGITC.
MGITC is a Raman reporter which has several meaningful peaks, and these peaks would be
enhanced after modified on AuNPs during surface enhance effect. To-measure AuNPs,
MGITC and AuNPs/MGITC, the condition of the confocal is:described as following: 633 nm
laser, 600 optical gratin, and integrating 10 seconds. The results show that AuNPs has no
significant Raman shift signal, and MGITC has weakly specific Raman shift: After modifying
MGITC on AuNPS surface, there are four obvious MGITC Raman signals amplified 10 times
by AuNPs (1,169, 1,365, 1,590 and 1,615 cm'l). Thus, AuNPs/MGITC would use in further
experiment.

72



(A)

3000 - 1171cm’ p
4 1365cm’” _«» 1615cm
4= 2500
c
T
“—’
>
= 2000 1
g 1582cm’
2 \
£ v
— — g
1500 - \HY N /w/
v
M‘”‘“«"\«
1000 W gy,
I ! I ! I ! 1
1200 1400 1600 1800
Raman shift (cm-1)
(B) ] . 1614cm’”
16000 - 1169cm 1364cm” p
14000 — /
= \
-E 12000 - \
o 1 1
; aon 1580cm’
-
£ (ool / ‘
S 8000~ 2VS \/\/
wd i Vaca an
E 6000
i -
| MNMW
4000

1100 | 12[00 | 13IOO | 14IOO | 15I00 | 1GIOO | 17IOO | 18I00
Raman shift (cm-)

Figure 4-13. The surface enhance Raman shift of modified-AuNPs treated in HepG2
cells. The HepG2 cells were detected Raman shift intensity after treated with AuNPs/MGITC
and AuNPs/MGITC-hGH for 24 hr. The Raman shift of MGITC in HepG2 cells was weaker
when HepG2 cells only treated with AuNPs/MGITC (A) than both MGITC and hGH (B).
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Figure 4-14. The cell viability of HepG2 cells after treated with AuNPs/hGH. The
viability of HepG2 cells was detected by the MTT assay after treated with different
concentrations of AuNPs/hGH for 24 hr. The HepG2 cells were detected the cell'survival ratio
after treated with AuNPs/hGH (from 0 to 37.5 nM). The cell survival ratio of HepG2 cells
under different condition was.-similar, which meant there was no obvious effect of
AuNPs/hGH to the growth of HepG2 cells. The S.D. (error bars) were calculated based on
three independent detections (n = 3).
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Figure 4-15. The cell viability of HepG2 cells after treated with doxorubicin and
AuNPs/hGH-doxorubicin. The viability of HepG2 cells were detected by the MTT assay
after treated with AuNPs/hGH-doxorubicin and free doxorubicin in various concentrations
(from 0.01 to 100 uM) for 24 hr. According to the result, the cell survival ratio of HepG2
cells treated with AuNPs/hGH-doxorubicin was lower than doxorubicin treatment in
concentration from 0.1 to 100 uM, which shows that AuNPs/hGH-doxorubicin has the better
cytotoxicity than free doxorubicin. The S.D. (error bars) were calculated based on three

mdependent detections (z = 3).
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V. Discussion

5-1 Establishment of AuNPs-based optical biosensing system for peptidase
activity detection

5-1-1 Synthesis of AuNPs and AuNPs/peptide

Because of the optical property of AuNPs (SPR), the synthesis and modification (size
and shape) of AuNPs could be confirmed by spectrophotometer [Jena and Raj, 2008].
According to the result of absorption spectra of 20 nm AuNPs, after appropriate curve fitting
and subtraction of the spectrum from the AuNPs absorption, the concentrations of AuNPs

could be calculate from the absorbance by used the Beer—Lambert law:
Absorbance = ebc

Here, ¢ is represented molar extinction coefficient, b is the path length of the sample, and ¢ is
molar concentration.  The & of 20 nm AuNPs at Asys is8.78 x 10°/M cm [Liu et al., 2007].
By using the Beer—Lambert law, the concentration of modified-AuNPs were also calculated,

and modified-AuNPs was adjusted to 5.nM for the further assay of peptidase activity.

Except using spectrophotometer, DLS and SEM were also used as tools to investigate the
size and morphology of AuNPs, and the MALDI-TOF was used to provide the evidence that
peptide were modified on AuNPs surface [Nimptsch ez al., 2011].  As the data shown
(Figure 4-1 and 4-2), after AuNPs modified with peptide, the mass profile showed the peak of
peptide, and the diameter of the particles was increased; that indicated the increasing diameter
of modified AuNPs was due to the peptide conjugated on AuNPs instead of the aggregation
among AuNPs. In addition, the peptide was become a monolayer on AuNPs surface
according to the data of DLS and SEM (Figure 4-2 and 4-3). Both results display the
uniform morphology and almost unit average diameter. Nevertheless, the size of AuNPs

samples measured by DLS would larger than that obtained from SEM study, that was mainly
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because DLS measures the hydrodynamic radius, while SEM provided a more precise

measurement of the hard AuNPs cores [Chen et al., 2009].

5-1-2 Assay of MMP-2 activity by AulNPs-based optical biosensing platform

For estimating the peptidase activity by AuNPs=based optical biosensing system, MMP-2
was choose as candidate, and the peptide modified on AuNPs was also-designed as MMP-2
substrate. After MMP-2 adding in AuNPs/peptide solution, MMP-2 digested the peptide,
AuNPs lost the shelter (peptide) [Seltzer ef al., 1990], and the absorption value of 530 nm
decreased, while 625 nm raised by the increasing reaction time. It was caused by the
diminished suspending free AuNPs/peptide and raised aggregated AuNPs [Chuang et al.,
2010]. Thus, through time-dependent spectra measuring (Figure 4-4), the value of 530 nm
spectrum was stood for the quantity of AuNPs/peptide, the value of 625 nm spectrum was the
degree of the aggregation among AuNPs, and the ratio of spectra (As2s nm/As30 nm) Was
represented as the ratio of aggregation versus free AuNPs/peptide. This absorption spectra

ratio was then used to determine the activity of MMP-2.

The value of Ag2s nm/As3onm Was increased due to not only the longer reaction time but
also the raising concentration of MMP-2.  As the absorption spectra shown (Figure 4-5A),
when AuNPs/peptide treated with lower concentrations (100 to 400 ng/mL) of MMP-2, there
was no obvious value increased at Agys nm but apparent decreasing at As3o pm.  Lhis result
represents that the some peptide around AuNPs was digested by MMP-2, but only decreasing
less repulsion effect among AuNPs leaded no AuNPs aggregation [Adamczyk et al., 2011].
However, when AuNPs/peptide treated with 600 to 1,000 ng/mL MMP-2, not only As30 nm
decreased but also Agys nm Increased obviously. It indicated these concentrations of MMP-2
digested sufficient peptide, and AuNPs lost their shelter becoming aggregation [Segets et al.,
2011]. Additionally, adding more than 1,000 ng/mL MMP-2 in AuNPs/peptide would lead

fast and critical aggregation among AuNPs leading blue or black precipitation, and it let both
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Ag2snm and Aszonmdecrease. Therefore, according to the inference above and the plot
(Figure 4-5B), the detection range of AuNPs-based optical biosensing system were from 100

to 1,500 ng/mL of MMP-2, and the detection limit was 100 ng/mL MMP-2.

5-1-3 Assay of the efficiency of MMPs inhibitors and confirm the specificity by
AuNPs-based optical biosensing platform

Excluding adding pure MMP-2 in AuNPs/peptide to demonstrate the ability of
AuNPs-based optical biosensing system, the specificity and the inhibitor assaying should also
be confirmed. For testing the AuNPs-based platform, EDTA, ONO-4817, and GM6001were
chosen as candidates to-block-MMP-2-activity. After adding the inhibitors mixed with
MMP-2 in AuNPs/peptide, the value of Aszs nm/As30 nm Was no obvious different from
AuNPs/peptide only (Figure 4-6)." It meant that inhibitors blocked the activity of MMP-2
[Ro et al., 2007; Suzuki et al., 2007], and peptide maintained its original sequence leading no
aggregation among AuNPs. This result also proves that the aggregation of AuNPs/peptide
was due to MMP-2 digestion peptide and reducing the repulsion effect [Schneider et al.,

2011], not because of changing buffer condition.

On the other hand, MMP- 1, -2, and -7 were used to demonstrate the specificity of the
AuNPs-based system.  After MMP-1 and MMP-7 added in AuNPs/peptide, the value of A¢s
nm/ As3onm Was almost the same as AuNPs/peptide only (Figure 4-7). This indicated the
peptide had high specificity of MMP-2 [Chuang ef al., 2010], and the AuNPs/peptide would

not aggregation without reacting with the target peptidase.
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5-2 Establishment of AuNPs-based fluorescence biosensing system for
peptidase activity detection

5-2-1 Assay of MMP-2 activity by AulNPs-based fluorescence biosensing platform

In spite of the AuNPs-based optical biosensing system is low cost and convenient, its
detected range and limitation arestill too high to analyze other kinds of MMPs activity (such
as MMP-9) in normal human or patients [Ramos-Fernandez et al., 2011]. _ It represents the
AuNPs-based could be improved its measurement ability. Due to this concept, the peptide
modified on AuNPs was exchanged with peptide-FITC, which would be quenched by AuNPs
before peptidase digestion[Huang-and-Ren, 2011].  After peptidase digested peptide-FITC,
released FITC was detected intensity by fluorescence spectrophotometer (Figure 4-8).

Using AuNPs-based fluorescence method to analyze MMP-2 activity, the detected range and
limitation were much lower than AuNPs-based optical method (comparing Figure 4-8 with

Figure 4-5) because of the higher sensitivity of fluorescence detection [Wang et al., 2010].

Additionally, AuNPs-based fluorescence system could also apply in inhibitors screening
and has high specificity (Figure 4-9 and Figure 4-10). The peptide-FITC would not release
critically from AuNPs by adding inhibitors (dissolved in DMSO), but most of peptide-FITC
was.displacement after adding 100 uM DTT reagent (data not shown). This meant that the
AuNPs/peptide-FITC was stable in ion or organic buffer without strong thiol groups solution
[Lee et al.,2008].  However, AuNPs/peptide-FITC could be digested well by MMP-9, which
is one kind of gelatinase and has most substrates same as MMP-2. = After comparing the
peptide sequence with MMP-9 cleavage site specificity on MEROPS
(http://merops.sanger.ac.uk), the MMP-9 favorite cutting sequence was almost the same as the
peptide designed for MMP-2 substrate, which explained the reason why MMP-9 could digest

AuNPs/peptide-FITC (Figure 4-10).
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5-2-2 Assay of cellular MMP-2 activity by AuNPs-base fluorescence system and
zymography

AuNPs-based fluorescence system could not only analyze pure MMP-2 concentrations
but also measure cellular MMP-2 activity. High MMP-2 expression cells (HCF and HCM)
and low MMP-2 expression cells (H9c2 cells) were chosen as candidates for demonstrating
in-cell biosensing platform. Through using zymography [Snock-van Beurden and Von den
Hoff, 2005] and AuNPs/peptide-FITC to detect MMP-2 activity of these cells (Figure 4-11),
no matterthe result of zymography, fluorescence method or confocal image had the similar
trade. This indicated that AuNPs/peptide-FITC had the ability to analyze cellular MMP-2

activity and a possible potential to apply in in vivo MMP-2 activity tracing.

Moreover, comparing AuNPs-based optical and AuNPs-based fluorescence platforms
with zymograpgy (Table 5-1), high surface-to-volume area of AuNPs provided more space
that could not only enhance the immobilization density of peptide or peptide-FITC, but also
raised the chance for MMP-2 to digest the substrate [Giljohann ez a/., 2009]. "Additionally,
because AuNPs-based fluorescence platform used peptide-FITC as substrate that could be
detected in slight quantity, it had more sensitive analyzing ability than AuNPs-based optical
systemand zymography. The detection time for zymography of MMP-2 needs 24 hr at least
[Kupaiet al., 2010]; however, the AuNPs-based platforms can shorten detection time to.1 hr.
On the other hand, when zymography was used to analyze the activity of MMP-2, the SDS
would active MMP-2 and original activity of MMP-2 would change [Snoek-van Beurden and
Von den Hoff, 2005], but the activity of MMP-2 would not be changed when AuNPs-based
platforms were used [Song ef al., 2010]." Therefore, the AuNPs-based platforms not only are
possible to perform the assay for MMPs activity, but also have potential for further

applications in anti-MMPs drugs screening and apply for in-cell MMPs activity analysis.
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5-3 Establishmet of AuNPs-based delivery system
5-3-1 The SERS profile of AuNPs-complexes

Because AuNPs has SPR property induced by laser excitationthat would increase the
electric field around the AuNPs, and the Raman shift intensity is correlated with the strength
of electric field, AuNPs-could enhance the Raman signal of Raman reporter at most 10" times
[Jeanmaire and-van Duyne, 1977].  According to the data (Figure 4-12), Raman signals of
MGITC was amplified about 10” times by AuNPs, and the characteristic peaks of
AuNPs/MGITC were 1,169, 1,365, 1,590 and 1,615 cm!  These signals were assigned to
phenyl-N stretching, ring breathing and stretching of the aromatic ring [Qian ef al., 2008;

Biswas et al., 2010].

For applying Raman detection in cell, hGH was chosen as the target modified on
AuNPs/MGITC to improve cell uptaking the particles. When hGH modified on
AuNPs/MGITC (AuNPs/hGH-MGITC), the Raman profile and intensity of
AuNPs/hGH-MGITC were as the same as AuNPs-MGITC (data not shown). This indicated
that modifying hGH on AuNPs/MGITC would not influence its Raman property. /After
HepG2 cells incubated with AuNPs-complexes (Figure 4-13), HepG?2 cells endocyted more
AuNPs/hGH-MGITC than AuNPs/MGITC revealed on the Raman intensity. Because the
high expression.of hGH receptors on HepG2 cell membrane, HepG2 cells could easily
up-take the colloids (AuNPs/hGH-MGITC) leading high-intensity of AuNPs/hGH-MGITC

[Wang and Thanou, 2010].
5-3-2 The cytotoxicity of AuNPs-complexes

For establishing AuNPs-based platform as drug delivery system in cell, the cytotoxicity
of AuNPs/hGH needed to be tested. As the result shown (Figure 4-14), the viability ratio of

HepG2 cells treated with different concentrations AuNPs/hGH were almost around 100%.

81



This result displays low cytotoxicity of AuNPs/hGH for HepG2 cells and means HepG2 could
endure AuNPs in cell for at least 24 hr [Bhattacharya and Mukherjee, 2008]. Based on this
result, the anticancer drug, doxorubicin, was modified on AuNPs/hGH, and using

AuNPs/hGH-doxorubicin and free doxorubicin to treat HepG2 cells.  As the result shown

(Figure 4-15), the cell viability.c 2 cells was lo when treated with
AuNPs/hGH-doxorubicin .,.nmi-.-.
trade as Figu 1p d that chemical compounds or biomole
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Table 5-1. Comparisons of the AuNPs-based platform and zymography used to assay

MMP-2 activity.

Method Zymography* AuNPs optical AuNPs fluorescence
platform platform

Condition AuNPs/peptide) (AuNPs/peptide-FITC)

Detection time 0 min

Detection ran 100 - 1,500 ng

Signal detect Densitometric anal
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VI1. Conclusions

In this study, the AuNPs-based optical platform, the AuNPs/peptide was synthesized by
combining 20 nm AuNPs and peptide. Moreover, the AuNPs/peptide was used to establish a
simple and specific AuNPs-based optical biosensing platform for real-time and rapid assay of
peptide activity and inhibitor screening. The key technology for this platform is using
specific peptides as the bi-functions of peptidase substrate and AuNPs blocker.. When
AuNPs/peptide surface substrate digested by peptidase, AuNPs/peptide lost the steric stability
and the interparticle distance shortened, followed by a rapid gathering phenomenon.  The
aggregation of AuNPs would change their optical property, i.€., plasmon resonance, and could
be detected by UV-Vis spectroscopy to quantify accurately the concentration of peptidase:
Using this low-cost platform of AuNPs, the detecting range of MMP-2 activity was from 100
to 1,500 ng/mL with linear correlation, and with a detection limit of 100 ng/mL.

Furthermore, this AuNPs-based optical system could be also applied on inhibitor screening

because the optical system possessesa high specificity.

On the other hand, the AuNPs-based fluorescence platform, the AuNPs/peptide-FITC
was synthesized by combining 20 nm AuNPs and peptide-FITC. In addition, the
AuNPs/peptide-FITC was used to establish a highly sensitive AuNPs-based fluorescence
biosensing platform for real-time and rapid assay of peptidase activity, inhibitor screening,
and cellular bio-image. The key technology for this platform is using peptide-FITC as the
substrate of peptidase and using AuNPs as the quencher. When peptide-FITC modified on
AuNPs, the fluorescence of FITC was quenched by AuNPs. However, after
AuNPs/peptide-FITC digested by peptidase, AuNPs/peptide-FITC lost the steric stability and
the interparticle distance shortened, followed by a rapid gathering phenomenon.
Additionally, the peptide-FITC would release from AuNPs surface and the unquenched

fluorescence intensity of FITC was detected by fluorescence spectrophotometer to quantify
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the concentration of peptidase accurately. Using this fluorescence platform of AuNPs, the
detecting range of MMP-2 activity was from 0.01 to 2 ng/mL with linear correlation, and with
a detection limit 0f 0.01 ng/mL. Furthermore, this AuNPs-based fluorescence system could
also apply on inhibitor screening with high specificity and utilize in cell level confocal image.
Accordingly, the two simple AulNPs-based screening methods not only offer alternative
platforms to assay of peptidase activity, also.can be application in high-throughput screening

of MMPs inhibitors and the activity assay of cellular peptidase.

Finally, in the AuNPs-based delivery system, the AuNPs-complexes were synthesized by
combining AuNPs, hGH, MGITC, or doxorubicin. These AuNPs-complexes were used to
demonstrate a targeting, tagging,-and low cytotoxic AuNPs-based delivery platform for drug
delivery and tracing. =~ The key technology for this platform is using various biomolecule
(hGH) or chemical compounds (MGITC and doxorubicin) to functionalize AuNPs. When
hGH modified on AuNPs, the AuNPs/hGH could target the HepG2 cells and improve the
cells endocyting the particles. In addition, after AuNPs conjugated with MGITC,
AuNPs/MGITC was traced by Raman confocal through SERS method. Moreover, HepG2
cells had lower cell viability afterincubated with AuNPs/hGH-doxorubicin than treated with
free doxorubicin that revealed the drug delivering and targeting ability of AuNPs.
Consequently, the AuNPs-based delivery system has promising potential to‘apply in in vitro

or in vivo drug delivering.
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