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CHAPTER |
INTRODUCTION

1.1 INTRODUCTION

Various scientific investigation and therapeutic works require the transport of
biomacromolecules such as antisense oligonucleotide, siRNA and peptide into cells.
There are many techniques to deliver macromolecules into the cell such as cell-
penetrating peptides (CPPs), cationic lipid, nonlipid vesicular particulate system, and
electroporation. The purpose of these techniques is to improve efficiency of
macromolecules delivery. Other advantages associated with the use of these delivering
system are improving ability of vaccine, drug solubility, organelle targeting and
prolongation of drug lifetime in the circulation system. However, lysosome trapping, low
transfection efficiency, toxicity, and limited loading are disadvantages of these methods
"® Oxidized carbon nanospheres (OCNs) prepared by oxidation of graphite under
strong acid and strong sonication condition, these materials can facilitate the
penetration of peptide nucleic acid across a cell membrane without being trapped in
lysosome "1 1t has been reported that the OCNs exhibit higher penetration ability to
phospholipid bilayer membrane than tubular and sheet shape ', However, the effect of
the size of the OCNs has never been investigated. Therefore, this research focuses on
the effect of size of the oxidized carbon particles on the induction of membrane leakage

of the cell-sized liposomes.

1.2 LITERATURE REVIEWS
1.2.1 Delivery of bio-macromolecules into the cell

Biomacromolecules including antisense oligonucleotide, small interfering RNA
(siRNAs), and peptide have many desirable therapeutic features that provide unique
opportunities to design precision medicine therapeutics to treat human disease.

However, macromolecules cannot pass through the cell membrane and enter cells due



to their sizes. The penetration of biomacromolecules is enhanced by some techniques of

the delivery system as shown below.
1.2.1.1 Cell penetrating peptide

Cell-penetrating peptides or CPPs is the relatively short cationic and/or
amphipathic peptides. CPPs have received great attention as efficient cellular delivery
vectors due to their intrinsic ability to get into cells and mediate cellular uptake of a wide
range of macromolecular cargo such as plasmid DNA (pDNA), siRNAs, drugs, and

. . . 1-2
nanoparticulate pharmaceutical carriers = .

Chen and co-workers demonstrated the electrostatic interactions
between CPPs and single-stranded DNA (ssDNA). The results showed the stronger
CPPs-ssDNA interaction than those between CPPs and double-stranded DNA (dsDNA).
In addition, they developed the ssDNA protected CPP-DNA fluorescent probe which
allowed noninvasive and efficient cellular uptake and rapid imaging of target nucleases
in living cells. The probe is highly sensitive and selective. This work represents the first
example of using CPPs=DNA conjugation for DNA fluorescent probes delivery. The
probe can be used as in situ imaging of nuclease within the cell. However, the linear

working range of the conjugated probe was from 40 to 500 U/L °
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Figure 1. 1 Schematic representation of the ssDNA assisted CPP—DNA conjugation

strategy for constructing covalent CPP—DNA fluorescent probes ’

1.2.1.2 Cationic liposome

Cationic liposome composes of positively charged amphipathic
molecules which self-assemble in water to form vesicles. The positive charged
amphipathic molecules including cationic polar head, hydrophobic chain, and a linker. It
has been reported that the cationic liposome efficiently interacts with a negative charge
of biomacromolecules (such as siRNA or DNA) by electrostatic force. This method is
fast, easy and effective to deliver macromolecules across the cell membrane. However,

their method is concerned about stability of liposome ‘

1.2.1.3 Electroporation

Electroporation technique uses the short high-voltage pulses to generate
the barrier of the cell membrane. The local transient and reversible breakdown of the
membrane can be induced by applying the external electric field to cell. The variety of
different molecules including oligonucleotide molecules can pass through the transient

pore. However, cells are probably damaged by the external electric field °
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Figure 1. 2 Electroporation phenomenon. Electric field disrupts cell membrane allowing

. 6
molecules poration

1.2.1.4 Nonlipid vesicular particulate system

It has been reported that the drug delivery system has been developed
using nanotechnology to enhance important characteristics of a drug such as
bioavailability, drug solubility and minimized side effect. Polymeric nanoparticle,
nanocrystal and nanospheres are the some types of nanotechnology for drug delivery
[7]. However, nonlipid vesicular particulate system is mostly entered the cell by
endocytosis pathway ! By this pathway, drug or interested molecules and nanoparticle
are wrapped by cell-membrane to form an endocytic vesicle. The endocytic vesicle is
transported to the cytosol of the cell and fused with a lysosome. Then, the cargo is

destroyed by lysosome or released into the cytosol ¢



1.2.2 Carrier and uptake ability
Nanomaterial has various factor of cellular penetration such as surface

chemistry, composition, shape, size and target element of nanoparticle as shown in

Figure 1.3.

Surface chemistry
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Figure 1. 3 lllustration summarizing different NPs and characteristics important for their

properties °

1.2.2.1 Shape
Many previous researches have been reported that the interaction

between cell membrane and nanoparticles is significantly affected by the shape of

nanoparticles.

Tree-Udom and co-worker prepared Lanthanide-doped NaYF,

nanoparticles with three different shapes were a sphere, elongated sphere, and



hexagonal prism. The results showed that the elongated spherical particles have higher

cellular internalization than the other shapes 10

1.2.2.2 Surface charge

The surface charge of a particle is a key parameter determining
nanoparticles which their interaction with cell membrane and adsorption property of

. . 1"
protein on nanoparticles .

Mullen and co-worker prepared positive and negative charge of gold
nanoparticles to study charge-dependent interactions of gold nanoparticles with
biological media and nanoparticle uptake by cells. The result revealed that the positively
charged gold nanoparticles are incorporated faster than the negative charge ones in

. 12
several cell lines .

1.2.2.3 Size

The size of nanoparticles controls the interaction of particles with the cell

membrane and ultimately their intracellular uptake.

Hamada and co-worker reported that the size of particle intensely
affected the selective association with lipid bilayer membrane. They studied the various
sizes of polystyrene particle with two types of lipid membrane (high (L,) and low (L,)
fluidity). The result showed that the small size of particle (200nm) are preferred to
interact with the low fluidity membrane. While the size of particle higher than 200 nm are

favor to interact with the high fluidity ",
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Figure 1. 4 Schematic illustration size-dependence of particle association with lipid

bilayer membrane in the different fluidity of lipid "

1.2.3 Oxidized carbon nanospheres

Arayachukeat and co-worker successfully synthesized the oxidized
carbon nanospheres (OCSs) via the oxidation of graphite. The average of particles size
is around 130 nm. OCSs can deliver small/macromolecules into the cell by endocytosis
with endosomal leakage . Subsequent, Seemork and co-worker studied the effect of
the shape of oxidized carbon particles on their ability to penetrate the phospholipid
bilayer membrane. The results indicated that the OCSs have higher ability to penetrate
phospholipid bilayer membrane than the tubular and sheet shapes . However, the
oxidized carbon nanospheres which are prepared from graphite were limited at 8%
yield. Therefore, Amornwachirabodee and co-worker synthesized oxidized carbon
nanospheres via commercially available carbon black instead of graphite. The results
showed that OCSs which are prepared from carbon black has 18%yield. These OCSs
still has ability to penetrate phospholipid bilayer membrane to induce phospholipid

. . . 17
bilayer membrane leakages on cell-sized liposome and real cells

1.2.4 Carbon nanospheres

The oxidized carbon nanospheres could be prepared from the oxidation of
spherical-shaped carbon materials. Many previous researches have been reported that

carbon nanosphere can be prepared from various techniques.



1.2.4.1 Carbon nanosphere from the petroleum industries

Carbon black is a material produced by the incomplete combustion of
heavy petroleum product such as coal, tar or ethylene cracking tar. Certainly, there are
many sizes of carbon black and they are used in tires, plastic, and paints. The size

range of carbon black is around 25-350 nm ",

1.2.4.2 Carbon nanospheres from pyrolytic carbonization

Carbonization is the pyrolytic process that converts organic substances
to pure carbon or carbon-containing residues. The synthetic carbonization strategies
towards carbon nanoparticles involve pyrolysis of organic precursor under inert

atmospheres and chemical vapor deposition technique 1

Ouyang and co-worker successfully synthesized monodisperse carbon
nanoparticles with a diameter below 500 nm. In their work, they prepared carbon
nanospheres via 3 step process as shown in Figure 1.5. Firstly, the various size of
polystyrene particles (PSs) was prepared by emulsion polymerization of styrene and
divinylboenzene monomer. To control the size of PSs, the concentration of surfactants
was adjusted. The result showed the particle size of PSs is increased when the
concentration of surfactant was increased. After that, PSs was hypercrosslinked via
Friedel-Crafts reaction. Lastly, hypercrosslinked particles were carbonized to pyrolyzed

. 20
monodisperse carbon nanospheres. .

| Emulsion

polymenzatson Hypercrossllnklng

\J" OJ

% 1. Hydrothermal
3% pretreatment
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oL

Figure 1. 5 Diagram for preparation of monodisperse microporous polymeric and

20
carbonaceous nanospheres



Lee and co-worker prepared monodispersed N-doped carbon nanospheres by
pyrolytic carbonization of polymerized polystyrene in the presence of nitrogen-enrich
molecules, melamine (1,3,5-Triazine-2,4,6-triamine). The diameter of these carbon
nanospheres was around 300 nm. In their work, they used carbon nanospheres for

supercapacitor application 2

1.2.5 Polystyrene particles

According to carbon nanosphere can be prepared by pyrolytic carbonization of
polystyrene particles (PSs). Many previous researches successfully controll the size of

polystyrene particle.

K2S;0s —» 2K' + S0

S,04% —p SO + SO

H ; R ;
so}-/—\‘ C=—C, i H-C—C.

NN H H

R ;f\‘ H _1 R ; H, ;
H-C oy — H-b—C—C—C,
H H H

= C 2
H NG AR

90,0, P+~ - 000000
e A M W 7

Polystyrene chain

Figure 1. 6 The mechanism of free radical polymerization of styrene monomer
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Jinhua and co-worker synthesized microspheres of PSs by dispersion
polymerization in the mixed solvent between ethanol and water. In their work, they used
styrene as a monomer, azobisisobutyronitrile (AIBN) as an initiator and
polyvinylpyrrolidone (PVP) as a stabilizer. The result showed that the particle size of PSs
is increase with decreasing of ethanol content. However, the monodisperse PSs were
prepared by using pure solvent (water or ethanol). PSs prepared in mixed solvent gave
polydisperse of PSs. The size of PSs which were prepared from this technique is around

0.3-5 micrometer .

Shim and co-worker prepared micro-sized monodisperse crosslinked
polystyrene bead by multistage polymerization in the absence of surfactant. This result
exhibited the particles size is increase with the increasing of concentrations of initiator
and monomer content. Their work also studied the effect of temperature on particles
size. The results indicated that at low temperature of reaction (60°C), the bigger
particles are obtained. While, at high temperature of reaction (80°C), the bigger particles

. 23
were obtained .

1.2.6 Liposome

A liposome is a spherical lipid bilayer vesicle, which forms an internal cavity
capable of carrying agueous solutions. A lipid bilayer is composed of two sheets of
tightly arranged phospholipids. These molecules have a hydrophobic tail and a
hydrophilic  head region such as POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) lipid molecule (shown in Figure 1.7). When two single membranes
come together, the hydrophobic tails attract toward each other, while the heads of both
membranes are attracted to the surrounding water. This forms a double layer of

phospholipid molecules, which exclude the internal solution from the outside.
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A Hydrophylic Hydrophobic C

@ 0.02-250 pm

Figure 1. 7 (a) The structure of one POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) lipid molecule, showing the hydrophilic head and hydrophobic tail.
POPC is a naturally-occurring lipid and is commonly used in the production of synthetic
liposomes. (b) The heads and tails of the lipid interact to self-assemble into a membrane

structure, and (c) a lipid vesicle %
Lliposomes are frequently classified based on their size, a number of bilayer and

phospholipid charge.

Suv LUV GUv Multilamellar Multivesicular
<100 nm 100-1000 nm >1pum

200

Figure 1. 8 The common vesicle size and lamellarity classification system often used

with liposome. Small unilamellar vesicles (SUV) are less than 100 nm in diameter; large
unilamellar vesicles (LUV) are between 100 and 1000 nm, and giant unilamellar vesicles
(GUV) are larger than 1 micron. Multilamellar vesicles have many membrane layers, and

. . . . 24
multivesicular vesicles encapsulate smaller vesicles
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Giant unilamellar vesicles (GUVs) are well-established model systems for
studying membrane structure and dynamics because their size is easy to observe.
GUVs are prepared by hydration or electroformation methods. The hydration method
contains deposition of phospholipids, from a solution in an organic solvent such as
chloroform or ethanol, onto a substrate. The film consisting of stacked phospholipid
bilayers is subsequently hydrated over a couple of days in the absence of

25 .
. Electroformation

hydrodynamic flow to obtain an aqgueous suspension of GUVs
method, the phospholipid film is deposited on electrodes and subsequently hydrated for
a couple of hours in the presence of an electric field. However, GUVs are formed by the
application of both alternating and direct current, DC fields are not preferred as they
lead to bubbling due to electrolysis of water. It has been reported that 80% often
electroformed vesicle population is unilamellar *® Moreover, Lee and co-worker showed
that the liposome were prepared by electroformation were strong enough to survive

. 26
electroporation =

1.3 Objective

As mentioned above the information on the interesting ability to penetrate
phospholipid bilayer membrane of oxidized carbon nanospheres (OCNs). However, the
effect of size of the OCNs has never been investigated. Therefore, this research focused
on the synthesis of the various sizes of oxidized carbon particles. The effect of size of
oxidized carbon particles on the induction of membrane leakage of the cell-sized

liposomes will be studied by sugar leak experiment.
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CHAPTER I
EXPERIMENTAL

2.1 Materials and chemicals

Styrene monomer and dialysis cellulose membrane (MWCO= 12-14 kDa) were
purchased from Sigma Aldrich (St. Louis, USA). Aluminium trichloride, potassium
persulfate, divinylbenzene, 37% hydrochloric acid and 30% hydrogen peroxide solution
were purchased  from Merck  KGaA  (Darmstadt, Germany). Sodium
dodecylbenzenesulfonate was purchased from Union Chemical 1986 (Bangkok,
Thailand). Potassium permanganate, sodium nitrate, and crucible were purchased from
the Office of the Welfare Promotion Commission for Teachers and Education Personnel
(Bangkok, Thailand). Melamine monomer was purchased from TCI (Tokyo, Japan). 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar Lipid
(Alabama, USA). Chlorofrom, acetone, and ethanol were purchased from RCI Labscan
(Bangkok, Thailand). All chemicals used were analytical grade and were used without

further purification.

Freeze-drying was carried out by Freeze-dry/Shell Freeze System Model
7753501 (Labconco Corporation, Kansas, MI, USA). Functional groups on the particle
surface were evaluated by AXIS-ULTRA DLD XSAMS800 type x-ray photoelectron
spectrometer (Shimadzu/Kratos, ATR-FTIR (Nicolet 6700, Thermo Electron Corporation,
Madison, WI, USA) and DXR Raman microscope [(Thermo Electron Corporation,
Madison, WI, USA) with a 10X objective and 5mW diode laser (7» = 780 nm) excitation
source]. Scanning electron microscopic image of particles was obtained by JSM-7610
scanning electron microscope (JEOL, Tokyo, Japan). Zeta potential was evaluated by
dynamic light scattering (DLS) with Zetasizer nano series instrument (Zs, Malvern
Instruments, United Kingdom). Thermal analysis of particles was obtained by

thermogravimetric analysis (Netzsch STA 449 F1, Germany).
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2.2 Synthesis and characterization of polystyrene particles (PSs)

The polystyrene particles were prepared via emulsion polymerization by
adjusting the ratios of sodium dodecylbenzenesulfonate (SDBS), styrene monomer,

divinyloenzene monomer (DVB) and reaction temperature as shown in Table 2.1

Table 2. 1 The amount of reagents for the preparation of polystyrene particles

Sample SDBS Styrene DvB Temperature
Names (mg) (mL) (mL) (°C)
PSs1 100 2.5 0.5 75
PSs2 25.0 2.5 0.5 75
PSs3 12.5 2.5 0.5 75
PSs4 6.25 2.5 0.5 75
PSs5 6.25 25 5.0 75
PSs6 0.00 5.0 0.5 60
PSs7 0.00 10 1.0 60

The SDBS (amount as shown in Table 2.1) was dissolved in 50 mL of deionized
water under nitrogen atmosphere. The SDBS solution was stirred at the room
temperature, 100 rom for 15 min. The styrene monomer and DVB (Table 2.1) were
added into the stirring solution at the specific temperature (Table 2.1) and stirring was
continued for another 5 min at the same temperature. After that, 100 mg of potassium
persulfate (K,S,0,) in 50 mL of deionized water was added. After stirring 8 hr at the
reaction temperature, the reaction was terminated by adding 150 ml of ethanol. After
that, the sample was dialyzed using dialysis cellulose membrane (MWCO = 12-14 kDa)
against deionized water. After that, the suspension in the dialysis bag was collected and

dried via freeze-drying technique to obtained polystyrene particles.
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2.3 Synthesis and characterization of hyper crosslink-polystyrene particles (HC-PSs)

The hyper crosslink-polystyrene particles (HC-PSs) were prepared from the
obtained polystyrene particles (PSs, from 2.2). Firstly, the PSs (1.0 g) was dispersed in
30 mL of chloroform and stirred for 5 minutes. After that, the suspension was sonicated
at 40 kHz at room temperature for 30 minutes until white milky suspension was obtained.
The obtained suspension was heated to 75 °C. Then, aluminum trichloride (AICI,, 2.809)
was added into suspension. The mixture was refluxed for specific time (Table 2.2). To
stop the reaction, 25 ml of 1 molar of hydrochloric (1M HCI, aq.) and 25 ml of acetone
were slowly added into reaction. Then, the mixture was evaporated to remove CHCI,, the
products were then washed by 1M HCI (aqg.), deionized water and acetone respectively.

The obtained HC-PSs were kept in a desiccator.

Table 2. 2 The specific experiment time for hyper crosslink-polystyrene reaction.

PS particles used as starting | Products Names Reaction time (hr.)
material
PSs1 HC-PSs1 24
PSs2 HC-PSs2 24
PSs3 HC-PSs3 24
PSs4 HC-PSs4 52
PSs5 HC-PSs5 52
PSs6 HC-PSs6 52
PSs7 HC-PSs7 90
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2.4 Synthesis and characterization of carbon nanosphere particle (C)

Melamine powder (1,3,5-Triazine-2,4,6,-triamine, 15.0g) was mixed with 3.0 g of
HC-PS particles (from 2.3) and placed in the chamber of the furnace. Then, the mixture
was heated at 300°C for 20 minutes and the temperature was increased to 700°C for 160
minutes under nitrogen atmosphere [22]. The resulting carbon (C) was kept in a

desiccator.

2.5 Synthesis and characterization of oxidized carbon particles (OPs)

The oxidized carbon particles (OPs) were prepared using modified

g . . 14-15, 17
exfoliation/oxidation process

. The conditions of oxidization were optimized by
adjusting the ratio between oxidizing agent and carbon particles (from 2.3). Firstly,
carbon particles were mixed with sodium nitrate (NaNO,, amount as shown in Table
2.4). Then, the mixture was dispersed in 18 M sulfuric acid (H,SO,, amount as shown in
Table 2.3). After that, the mixture was sonicated at 40 kHz at room temperature
(sonication time as shown in Table 2.3). Then, potassium permanganate (KMnO,) was
slowly added into the mixture and the mixture was stirred for 90 min. Next, 50 mL of
distilled water was added and stirred for another 90 min. After that, 150 mL of distilled
water and 5% (w/v) of hydrogen peroxide (50 mL) was added respectively and stirred at
room temperature for another 30 min. Finally, the obtained products were washed 3
times with water using centrifugation at 37,600 g (20,000 rpm). The pellet was collected,

re-dispersed in water and dialyzed against deionized water with dialysis cellulose

membrane (MWCO = 12-14 kDa) until pH 5.5.



Table 2. 3 The amount of reagent for the oxidation reaction of carbon particles

Selected Conditions
carbon as Products
Sarting | Garbon | NaNOy | oot | oM | o, | Names
mateial | | @ | TN g
(min.) (mL)

0.5 0.5 60 25 3 OoP1.1°

0.5 0 0 12.5 0.75 OP1.2

C1 0.5 0 60 12.5 0.375 OP1.3
0.5 0.0625 60 12.5 0.375 OP1.4

C3 0.5 0.5 60 25 3 OoP3.1°
C7 0.5 0.5 60 25 3 OP7.1°

? Referent condition ™

2.6 Effect of particles size of oxidized carbon particles on their ability to induce a

leakage on lipid bilayer membrane

TOP VIEW

SIDE VIEW

Lipid thin film —»

Silicone chamber —»
Lipid thin film —»

Silicone chamber —»
Lipid thin film —»

ITO glass
«— (upper surface is coated)

ITO glass
«— (uppersurface is coated)

ITO glass
«— (lowersurface is coated)

ITO glass
<+ (uppersurface is coated)
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Figure 2. 1 The layer of the lipid film, chamber, and ITO-glass for liposome preparation

by electroformation method
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Cell-sized liposomes were prepared by electroformation method * form 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC). Firstly, 50uL of 20 mM lipid solution in
chloroform was coated on the conducting face of an indium tin oxide-slide glass (ITO-
glass) which electrical resistance of ITO-glass was 30-40 Q) as shown in Figure 2.1, a.
After that, the film was heated at 50°C for 5 min. Then, 30 uL chloroform was added to
spread the thin to obtain a thin film and dried in a vacuum pump for 2 hr. Next, the
sample glass was cover with silicone chamber (Figure 2.1, b) and another conducting
face of ITO-glass as shown in Figure 2.1, c. After that, 300uL of 100mM sucrose solution
was injected into the chamber. Then, an alternating current of 1 volt and 10Hz (AFG-
2005, Good Will Instrument Co., Ltd., Taiwan) was applied with a function generator at
50°C for 2 hr. Next, the obtained liposome suspension was carefully extracted from the

chamber using a plastic syringe.

To observe the interaction between OPs and cell-sized liposome, the 20 L of
prepared liposome suspension in water was mixed with 10 yL of 200mM glucose
solution and 30 pL of 60 ug/ml of oxidized carbon particles. Then, the 20 pL of the
mixture was dropped on a glass slide with a silicone chamber and observed using
phase contrast microscope. To investigate the effect of incubation time on the
interaction between OPs and cell-sized liposome, the phase contrast and number of

liposomes were observed at 0, 30, 60, 120 and 240 min after mixing
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CHAPTER llI
RESULTS AND DISCUSSIONS

3.1 Synthesis and characterization of polystyrene particles (PSs)

The polystyrene particles were synthesized via emulsion polymerization. In this
work, we used surfactant sodium dodecylbenzenesulfonate (SDBS) and monomer
styrene and divinylbenzene (DVB).The white milky solid of sample (PSs1-PSs7) were
obtained. The morphology and diameter size of PSs1-PSs7 were investigated by

Scanning Electron Microscope (SEM).

Figure 3. 1 Morphology of all PSs were prepared under different conditions
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Table 3. 1 Size of PSs were prepared under different conditions

Sample SDBS Styrene DvB Temperature SEM size

Names (mg) (mL) (mL) (°c) (nm)®
PSs1 100 2.5 0.5 75 59+9.1
PSs2 25 2.5 0.5 75 147£16.7
PSs3 12.5 2.5 0.5 75 200+20.0
PSs4 6.25 2.5 0.5 75 273+26.0
PSs5 6.25 25 5 75 415+24.7
PSs6 0 5 0.5 60 643+39.8
PSs7 0 10 1 60 811+91.0

® An average particles size was obtained by ImageJ analysis of SEM image

The SEM images show that all 7 PS products are spherical (Figure 3.1). The
particles size of the PSs increased with decreased concentration of surfactant (PSs1-
PSs4, Table 3.1) or increased concentration of monomer (comparing between PSs4 and
PSs5) during the polymerization reaction. PSs6 and PSs7 were prepared in an absence
of SDBS. They show a larger size of PS particles comparing with PSs1-PSs5. PSs1-PSs6

show monodisperse of polystyrene particles but PSs7 shows polydisperse.

In case of PSs1-PSs5 which were prepared in the presence of SDBS as a
surfactant, the SDBS was mixed with water. After that, the monomers were added. In this
step, the surfactants self-assembled into micelles by turning hydrophobic head inside
the micelle and turning hydrophilic head outside to contain with water. The hydrophobic
styrene and divinylbenzene mixtures stayed inside the micelles because of their
hydrophobicity. After that, the added water-soluble initiator (K,S,0,) diffused into to
interfaces of micelles and water, and initiated the polymerization through the generation
of free radicals as shown in Figure 3.2. In the presence of higher concentration of
surfactant as used for PSs1-PSs4 preparation, a large number of smaller micelles were

generated. As a result, the smaller size of particles were generated. The larger size of



21

PSs4 were obtained when decrease the ratio between surfactant to monomer. For
explanation, when increased the concentration of monomer while the amount of
surfactant was constant effected to reducing in solvate area of surfactant around
monomer droplets. This system generated the larger size of micelles and after that the
bigger of particles were obtained. The emulsion polymerization could give only the
particles size around 50-400 nm. To prepare the bigger PS particles, PSs6 and PSs7
particles were obtained by multistage seeded polymerization in an absence of SDBS
was used *°. Here, during the stirring of monomer and hot water, some monomer can get
into the water and reacted with initiator. This resulted in oligomeric radical which appear
as particle nucleation. When more monomer come from oil phase into water, they
directly reacted these particle nucleation. This resulted in the growing from particle
surface. The particles continue to grow until no more monomer come into the water
phase. In this process of PSs7, we then added initiator and monomer the next day.
These monomer diffuse into the water phase and react to the surface the exciting
particle making them bigger. However, some monomer and initiator started the new
particle nucleation. These new particles nucleation then grow into smaller particle
comparing to those bigger particles. As a result, this multistate polymerization process

. . . . 23
give particle of diverse sizes ™.
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All PSs were characterized by Fourier-Transform Infrared Spectroscopy (FT-IR)

and Thermogravimetric Analysis (TGA)
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Figure 3. 3 The Fourier transform infrared (FT-IR) spectra of all PSs
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Figure 3. 4 The Thermogravimetric analysis of all PSs
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FT-IR spectra of all PSs show the same pattern at 3059 and 3025 which
correspond to C-H stretching of unsaturated carbon. The peak at 2912 and 1600
correspond to C-H stretching of saturated carbon and C=C stretching, respectively. The
peak at 1492 and 1451 cm’ correspond to C-H bending on aromatic ring. (Figure 3.3.)
The thermal stability of all PSs was characterized by thermogravimetric analysis as
shown in Figure 3.4. PSs1-7 show only one degradation temperature at 409°C, 424°C,
409°C, 410°C, 409°C, 407°C and 409°C, respectively and accounted for 99.79%,
92.99%, 97.12%, 98.75%, 99.47%, 99.50%, 409°C and 99.98% weight loss,
respectively. All results indicated that there is one major component in the particles. The
FT-IR result are a qualitative and confirmed that vibration position belongs to Polystyrene

which further confirmed by reviewed literature R

3.2 Synthesis and characterization of the hyper crosslink-polystyrene particles (HC-PSs)

After, polystyrene particles were reacted with AICI, in chloroform (see method
2.3), the yellow solid particles (HC-PSs) was obtained. The morphology and diameter

size of all HC-PSs were examined by SEM.
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Figure 3. 5 Morphology characterization of HC-PSs prepared under different conditions

Table 3. 2 Size of HC-PSs prepared from PSs as starting material under a specific time.

SEM size of
SEM size of the
Starting material | starting material Product Names
product (nm)®
(nm)*
PSs1 59+9.1 HC-PSs1 59+7.3
PSs2 147+16.7 HC-PSs2 158+14.3
PSs3 200£20.0 HC-PSs3 176+15.2
PSs4 273+26.0 HC-PSs4 240+16.1
PSs5 415+24.7 HC-PSs5 635+55.1
PSs6 643+39.8 HC-PSs6 639+171
PSs7 811+91.0 HC-PSs7 831+137

°An average particles size were obtained by ImageJ analysis of SEM image
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The SEM images show that the morphology of HC-PSs is spherical shaped, and

their sizes are similar to their corresponding PSs starting materials (Table 3.2 and Figure

3.5).
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All HC-PSs were characterized by FT-IR and TGA.
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Figure 3. 6 The Fourier transform infrared (FT-IR) spectra of all HC-PSs.
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Figure 3. 7 The Thermogravimetric analysis of all HC-PSs.

FT-IR spectra of all PSs show the same pattern at 3059 and 3025 which
correspond to C-H stretching of unsaturated carbon. The peak at 2912 and 1600
correspond to C-H stretching of saturated carbon and C=C stretching, respectively. The
peak at 1492 and 1451 cm™' correspond to C-H bending on aromatic ring as shown in
Figure 3.5. The thermal stability of all HC-PSs were characterized by thermogravimetric
analysis. HC-PSs1 shows degradation temperature at 374°C and 604°C accounted for
44.99% and 51.95% weight loss. HC-PSs2 shows degradation temperature at 132°C
and 442°C accounted for 25.51% and 42.13% weight loss. HC-PSs 3-5 show only one
degradation temperature at 423°C, 432°C, and 440°C, respectively and accounted for
92.97%, 75.52% and 46.74% weight loss, respectively HC-PSs6 shows degradation
temperature at 387°C and 577°C accounted for 16.55% and 57.85% weight loss. HC-

PSs7 shows degradation temperature at 406°C and 601°C accounted for 15.01% and

36.51% weight loss.

FT-IR spectra of the obtained HC-PSs are similar to those of the un-crosslinked

PS particles (Figure 3.3). The degradation temperature shifts of HC-PSs to a higher
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temperature as compared to their parent PSs. The peak shifting of HC-PSs indicated the
chemical modification of HC-PSs. The degradation temperature at 374, 387 and 406°C
which are HC-PSs1, HC-PSs6 and HC-PSs7, respectively probably are excess
polystyrene particles. The result agrees to the crosslinking among polymer chains via
Friedel-Craft alkylation ' The mechanism is proposed as following: 1) Chloroform
(CHCI,) reacts with Lewis acid (AICI,) to form a carbocation on the benzene ring, 2) the
loss of the halide leaving group to give the electrophilic alkyl carbocation and the pi
electrons of the aromatic C=C act as a nucleophile and attack the electrophilic
carbocation, 4) the aromaticity is destroyed in this step giving the cyclohexadienyl
cation intermediate, 5) rearomatization of cyclohexadienyl cation to obtain an aromatic

system (Figure 3.8).
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Figure 3. 8 The mechanism of hyper crosslink-polystyrene particles via Friedel-Craft

alkylation
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3.3 Synthesis and characterization of carbon nanosphere particles (C)

From pyrolysis HC-PSs in the presence of melamine (see 2.1). Power black solid
product there are name C1-C7 were obtained. The morphology of all the products were

examined by SEM.

Figure 3. 9 Morphology characterization of all products prepared from pyrolytic

carbonization



30

Table 3. 3 Size of all products prepared by pyrolytic carbonization under different time

conditions.

Starting material Products SEM size (nm)?
HC-PSs1 C1 56+10
HC-PSs2 C2 140+17.8
HC-PSs3 C3 156+£12.4
HC-PSs4 C4 246+16.2
HC-PSs5 C5 538+32.0
HC-PSs6 C6 556+44.3
HC-PSs7 C7 820+49.7

® An average particles size were obtained by ImagedJ analysis of SEM image
The SEM images of C1-C7 which was pyrolyzed at 700°C in the presence of
melamine show spherical shape of particles and the sizes of the obtained particles are

not significantly different from the HC-PSs and PSs particles. (Table 3.3 and Figure 3.9)
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Figure 3. 10 The Thermogravimetric analysis of all products prepared from pyrolytic

carbonization
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TGA of C1-C7 are shown in Figure 3.10, the C1-C7 degraded at 637.7-708.0 °C.
The degradation temperature of the products which are significantly higher than the
degradation temperature of their corresponding HC-PSs. The degradation temperature

of melamine monomers (392.5°C) is not observed in thermogram of carbon samples.

The TGA results indicated the products prepared from pyrolytic carbonization
has no excess melamine monomers after pyrolytic process. The thermal degradation

shifting of products confirm the chemical modification of carbon.

Here, the chemical functional group of all carbon samples were analyzed by the

following techniques.

1.) The Fourier transform infrared (FT-IR) spectroscopy

ia o _ TN

o)

3

| \-h..‘__‘_‘\ /,/"fﬂ‘\‘\\
| cs
‘e B I ,/--'-""'\
T R
1 T " T—
i c7
3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™1)
Figure 3. 11 The FT-IR spectra of all products prepared from pyrolytic carbonization
From their FT-IR result, C1-C7 have no peaks at 3059, 3025,2912, 1600, 1492

and 1451 cm” which correspond to C-H stretching of saturated carbon, C-H stretching

of unsaturated carbon, C=C stretching and C-H bending, respectively in their spectrum.
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These indicated that possible successful pyrolysis. The resulting particle no amount of
hydrogen atom. Their FT-IR also show peaks at 2359, 1550, and 1200 cm” which

correspond to C=N, C=C and C-N, respectively (Figure 3.11).

2.) Raman spectroscopy
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Figure 3. 12 The Raman spectrums of all products prepared from pyrolytic

carbonization

The Raman spectrum also agree well with their carbon network as their main
structure, i.e., their spectrum show peaks at 1,360 and 1,590 cm’ corresponding to D-
band which indicate structural defects and partially disordered structure of sp2 carbon,
and G-band which associated with the first-order scattering of spZCarbon (graphite
peak), respectively. The intensity of the D-band peak is higher than that of the G-band,

indicating the majority of sp2 carbons are disorder state. We speculated that nitrogen
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atom (from melamine monomer) probably incorperate themselves into the sp2 carbon

network.
3.) X-ray photoelectron spectroscopy (XPS)

The XPS is a surface-sensitive quantitative spectroscopic technique that
measures the elemental composition using binding energy value. Each functional group
produced a characteristic set of XPS peaks at characteristic binding energy value. To

characterized functional group on the surface of all carbon samples, XPS was used.
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Figure 3. 13 The XPS spectrum of all carbon samples, survey scan spectra (a) and

deconvolutes C1s, O1s and N1s fitting spectra (b and c)

The survey scan XPS spectra of carbon samples show C1s, O1s, and N1s
absorption peaks (Figure 3.13, a). Deconvolution of C1s peak (Figure 3.13, b and c)
reveal components which corresponded to the binding energy of 284.7, 285.5, 286.7

and 288.99 eV which can be related to C-C, C=C, C-N, and C=N bonding, respectively.
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Deconvolution of O1s peak reveal components which corresponded to the binding
energy of 530.9 and 532.8 eV. which can be related to the C=0 in the COOH and C-O-
C/C-OH bonding, respectively. The deconvolution of N1s peak (Figure 3.13, b and c)
reveal components which corresponded to the binding energy of at 398.3, 399.0, 400.0
and 400.79 eV which can be related to pyridinic nitrogen, where the N has sp2
hybridization with two C atom (N-6), the pyrrolic nitrogen where N in five-membered ring
of C atom (N-5), the quaternary nitrogen which substitutes carbon atom in graphene

layer (N-Q) and the pyridine oxide, respectively 2

The presence of C-N, C=N, N-6, N-5 and N-Q in the carbon particle structure
implied from their XPS spectra, agreed well with our previous speculation on the
incorporation of N atom into the sp2 carbon network. It is likely that when being heated
carbon nitride species were generated from melamine monomer. The nitride species

were further decomposed into nitrogen atoms which then diffused into carbon networks

21
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3.4 Synthesis and characterization of oxidized carbon particles (OPs)

The C1, C3, and C7 were selected as starting materials for further oxidation

process using the mixture of KMnO,, H,SO, and NaNO,.

3.4.1 Oxidized carbon particles from C1

The amounts of oxidizing agents are optimized in oxidation reaction of C1 as

shown in Table 3.4

Table 3. 4 The amount of reagent for the oxidation reaction of C1 (carbon particles)

Selected Conditions
carbon as Products
starting Carbon | NaNO, R 8 M KMno, | Names
material (@ @ " M | @
(min.) (mL)
0.5 0.5 60 25 3 OP1.1°
0.5 0 0 12.5 0.75 OP1.2
“ 0.5 0 60 12.5 0.375 OP1.3
0.5 0.0625 60 12.5 0.375 OP1.4

oy 14
? Reference condition

After the C1 oxidation process, the brown suspension of oxidized carbon
particles (OP1) was obtained. The morphology of all oxidized carbon particles from C1

was observed by SEM.
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Figure 3. 14 The SEM images of oxidized carbon particles which are prepared from C1

in different conditions

The SEM image of OP1.1 shows tight aggregation of spherical particles (Figure
3.14, a). These particles probably come from the over oxidation of the spherical C1
particles. The SEM image of OP1.2, prepared with no NaNO, and sonication step
(Figure 3.14, b) shows similar result with OP1.1, e.g., tight aggregation of spherical
particles. With the reduced amount of KMnO, and still no NaNO,, the OP1.3 morphology
shows less aggregation of ~50 nm oxidized carbon particle comparing with OP1.1 and
OP1.2 (Figure 3.14, c). By modified preparation OP1.3 through the addition NaNO,, the
OP1.4 morphology shows less aggregation of ~50 nm oxidized carbon particle
comparing with OP1.1, OP1.2 and OP1.3 (Figure 3.14, d). In order to get completely
non-aggregated oxidized carbon particles with the size 50 nm, we centrifuged
suspension of OP1.4 at 37,600 g (20,000 rpm) for 30 min. The pellet was discarded, and
the supernatant was collected and named OP1.5. The SEM image of OP1.5 (Figure
3.14, e) indeed show non-aggerated 50 nm spherical particle (Table 3.6). OP1.5 are

well dispersed in water comparing with parent carbon particles (Figure 3.16). These
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indicated successful functionalization by oxidation process. These OP1.5 particles were
later used in membrane penetration experiment.

From the above results, it is noticeable that sonication process and NaNO,
important to separate the particles. It probably destroyed the interactions between each
carbon particles, that the OP1.4 condition was used to prepare the oxidized carbon
particles from C1.

3.4.2 Oxidized carbon particles from C3
The amount of oxidizing agent for the oxidation reaction of C3 is shown in Table

3.5

Table 3. 5 The amount of reagent for the oxidation reaction of C3 and C7 (carbon

particles)
Conditions
Selected carbon
_ Products
as starting Sonication | 18 M Names
; Carbon NaNO KMnO
material 3 . 4
Time H,SO,
(9) (9) , (9)
(min.) (mL)
C3 0.5 0.5 60 25 3 OP3.1°
c7 0.5 0.5 60 25 3 OoP7.1°

oy 14
? Reference condition

100nm

Figure 3. 15 The SEM image of the OP3.1 (a) and OP7.1 (b)




41

The SEM image of the OP3.1 (Figure 3.15, a) shows non-aggregated spherical

particles diameter around 140 nm (Table 3.6). OP3.1 are well dispersed in water

comparing with parent carbon particles (Figure 3.16). The OP3.1 was selected for

further study.

3.4.3 Oxidized carbon particles from C7

The amount of oxidizing agent used during the oxidation reaction of C7 is shown

in Table 3.6.

The SEM image of the OP7.1 (Figure 3.15, b) shows spherical shape and non-

agglomerated particles with diameter around 700 nm (Table 3.6). OP7.1 are well

dispersed in water comparing with parent carbon particles (Figure 3.16). The OP7.1 was

selected for further study.

Table 3. 6 The sizes and zeta potentials of the three selected oxidized carbon particles

Selected carbon as starting material

Products

SEM size Zeta potential
Names Names SEM size (nm)?
(nm)® (mV)
C1 56+10 OP1.5 57 + 11 -15.2 +1.41
C3 156+12.4 OP3.1 137 £ 9.49 -30.8 £ 7.07
C7 820+49.7 OP71 716 = 113 -17.5+2.13

* An average particles size were obtained by ImageJ analysis of SEM image
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Figure 3. 16 Water dispersibility of carbon particles (top) and oxidized carbon particles

(bottom)

The results show that the size of oxidized carbon particles is not significantly
changed from their parent carbon particles. The optimized oxidation condition (OP1.5,
OP3.1 and OP7.1) was just right that their surfaces were oxidized whereas their
spherical morphology and size were preserved. The zeta potentials of oxidized carbon

particles results show the negatively charged surface.

Here, the chemical functional group of selected oxidized carbon particles was

analyzed by following techniques.
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1.) The Fourier transform infrared (FT-IR) spectroscopy
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Figure 3. 17 The FT-IR spectra of all oxidized carbon particles

FT-IR spectra of OP1.5 (Figure 3.17, blue line) shows peak at 3210, 1596, 1412
and 1069 cm” which correspond to -OH stretching, C=C stretching, -OH bending of
alcohol and C-O stretching of alcohol, respectively. FT-IR spectra of OP3.1 (Figure 3.17,
green line) shows peak at 3300, 1732, 1599 and 1248 cm’ which correspond to -OH
stretching, C=0 stretching, C=C stretching and C-N stretching, respectively. The FT-IR
spectra of OP7.1 (Figure 3.17, black line) shows peak at 3285, 1732, 1614 and 1324
cm” which correspond to -OH stretching, C=0 stretching, C=C stretching and C-O

stretching of alcohol, respectively.
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2.) Raman spectroscopy
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Figure 3. 18 The Raman spectra of oxidized carbon particles (red) comparing with their

parent carbon particles (blue)
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The Raman spectrum also agree well with their carbon network as their main

structure, i.e., their spectrum show peaks at 1,360 and 1,590 cm’ corresponding to D-

band which indicate structural defects and partially disordered structure of sp2 carbon,

and G-band which associated with the first-order scattering of sp” carbon (graphite

peak), respectively. In addition, the D band to G band peak area ratio decrease from

4.80 for the parent C1 to 2.15 for the OP1.5, from 4.86 for the parent C3 to 4.41 for the

OP3.1 and from 4.71 for the parent C7 to 2.03 for the OP7.1.

The changes indicate the structural deformation of the planar carbon (sp2

carbon) upon oxidation of carbon particles (C) into oxidized carbon particles (OP).

3.) X-ray photoelectron spectroscopy (XPS)
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Figure 3. 19 C1s, O1s, and N1s of XPS spectra of OP1.5, OP3.1, and OP7.1
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Deconvolution of C1s peak of OP1.5 reveal components which corresponded to
the binding energy of 284.9, 286.7 and 288.6 eV which can be related to C=C, C-0O, and
C-N bonding, respectively. Deconvolution of C1s peak of OP3.1 reveal component
which corresponded to the binding energy of 283.9, 285.5 and 286.7 eV which can be
related to C-C, C=0, and C-O bonding, respectively. And Deconvolution of C1s peak of
OP7.1 reveal component which corresponded to the binding energy of 284.5, 285.8,
287.5 and 288.8 eV which can be related to C-C, C=C, C=N, and C-N bonding,
respectively. Deconvolution of O1s peak of OP1.5 reveal components which
corresponded to the binding energy of 532.1 and 533.9 eV. which can be related to the
C-0O and C=0 bonding, respectively. Deconvolution of O1s peak of OP3.1 and OP7.1
reveal component which corresponded to the binding energy of 529.1 and 531.1 eV.
which can be related to the C=0 in COOH and C-OH bonding, respectively.
Deconvolution of N1s peak of OP3.1 reveal component which corresponded to the
binding energy of at 393.3 and 399 eV which can be related to pyridinic nitrogen and
quaternary nitrogen, respectively. The deconvolution of N1s peak of OP7.1 reveal
components which corresponded to the binding energy of at 398.2, 399 and 402 eV
which can be related to pyridinic nitrogen, quaternary nitrogen and oxidized nitrogen,

respectively (Figure 3.19).

From these above results, we propose that under an appreciate oxidation
condition, aggerated spherical carbon particles of C1, C3 and C7 could be dimociated
and surface oxidized simultaneously. Various hydrophilic functional groups such as
C=0, -COOH, -OH arise from surface oxidation and enable the particles to disperse well

in water.
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Figure 3. 20 A shortened scheme of the proposed mechanism of oxidation of carbon

particles

3.5 Effect of particles size of oxidized carbon particles on their ability to induce a
leakage on lipid bilayer membrane

The effect of particles size of oxidized carbon particles on the ability to induce
lipid membrane leakage was investigated by incubating oxidized carbon particles with
the artificial cell (cell-sized liposome) constructed from phospholipids that commonly
found in the membrane of living cells ® The experiment was started by adding glucose
solution with liposome suspension under an observation by phase contrast microscope

at 10X (Olympus IX71, Tokyo, Japan) observation (Figure3.21).
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60 um

liposome liposome after adding
glucose solution

Figure 3. 21 The untreated liposome (a) and liposome after glucose adding (b)

Liposome in sucrose solution was prepared by electroformation (Figure 3.21, a).
Under phase contrast mode, the same color between the inside and the outside of
liposome was observed. After that, the glucose solution was added to the outside of
liposome suspension. Under phase contrast mode, the different color between the
inside and the outside of liposome was observed due to the difference in density of

solution inside and outside of liposomes (Figure 3.21, b).

These differences will be disappeared when the liposome leaks. Then, introduce
oxidized carbon particle into the prepared liposome suspension and observed the
difference between the color of the inside and the color outside of liposome. Among the
three sizes of oxidized carbon particle study 50, 140 and 700 nm, only 140 nm of
oxidized carbon particle (OP3.1) could induce liposome leakage. In the presence of 50
nm oxidized carbon particles, the difference between the color of the inside and the
color outside of liposome was preserved for all liposome even after being incubated with
the particle for 240 nm. In contrast, when the 140 nm of oxidized carbon particle were
into liposome suspension, the difference between the color of the inside and the color

outside of liposome start to disappear after 60 min of incubation. As a result, we conduct



that oxidized carbon with the size of 140 nm can induce lipid bilayer membrane
leakage, whereas the smaller size (50 nm) and the bigger size (700 nm) cannot (Figure
3.22). In this result agree with previous studies in which oxidized carbon particle of 130
nm prepared from oxidation/exploration of graphite [14-16] or from direct oxidation of

carbon black [17] could effectively induce lipid bilayer membrane leakage.

30 min 60 min 120 min 240 min

OP1.5

60 um

o ———

OP7.1

60 um

Figure 3. 22 Phase contrast image of liposome after being incubated with oxidized

carbon particles for 30, 60, 120 and 240 min.
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Sugar Leak Experiment
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Figure 3. 23 The percentage of phase contrast changed of liposome after incubated

with oxidized carbon particles for 30, 60, 120 and 240 min.

The number of liposome that their interior show similar color to the medium color,
are counted as a function of incubation. The percentage of the same color between the
inside and the outside of liposome are 0, 23, 30 and 47% due to are incubated with

OP3.1 at 30, 60,120 and 240 min, respectively as shown in Figure 3.23.

These results indicate that only OP3.1 could induce membrane leakage of the
liposome. Thus, the solution between inside and outside could be exchanged until

balance, probably through the transient pore formation on lipid bilayer membrane.
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CHAPER IV
CONCLUSION

Our objective here is to investigate the effect of the size of oxidized carbon
particles on lipid bilayer membrane leak induction. Our challenge is the preparation of
oxidized carbon of various sizes. We have successfully prepared three different sizes,
50, 140 and 700 nm, oxidized carbon particles by 4 steps process. Step1: polystyrene
particle could be prepared via emulsion polymerization and their sizes could be
controlled to adjusting the concentration of surfactant and monomer. Step 2. we
successfully hypercrosslink the obtained PSs by Friedel Craft alkylation reaction. Step 3:
we successfully prepared carbon particles by pyrolytic the hypercrosslink particles.
Step 4: The water immiscible particles were oxidized into oxidized carbon particles.
Through, the use of cell-sized liposome, we have demonstrated that the among 50, 140
and 700 nm oxidized carbon particle, only 140 nm oxidized carbon particle could

induce lipid bilayer membrane leakage.

HO

T COOH
PS HC-PS Oxidized 4 ‘ g

Carbon

Figure 4. 1 lllusion for preparation of various sized of oxidized carbon nanosphere and

study their ability to induce a leakage on lipid bilayer membrane



Table 4. 1 Summary of particle size in each step of oxidized carbon nanosphere

preparation and their ability to induce a leakage on lipid bilayer membrane.

Conditions | Size of Size of HC- Size of Size of OPs | Membrane

PSs PSs CARBON (nm.) leakage
(nm) (nm.) (nm.)

1 59+9.1 59+7.3 56+10 57+11 nm X

2 147+16.7 158+14.3 140+17.8 N/A N/A

3 200+20.0 176+15.2 156+12.4 13749.49nm v

4 273+26.0 240£16.1 246£16.2 N/A N/A

5 415+24.7 | 635%55.1 538+32.0 N/A N/A

6 643+39.8 639+171 556+44.3 N/A N/A

7 811£91.0 831137 820+49.7 716£113nm X

52
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