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ABSTRACT

NDs are highly promising drug delivery vehicles (DDVs) due to the materials low cytotoxicity
and biocompatibility. The advantage of these materials lies within their tunable surface chemistry
and inherent optical properties. Despite the numerous benefits, the use of NDs in biological
systems is impeded by their high aggregation propensity in polar liquid medium, a caveat from
its rich chemistry. ND particles typically aggregate into much larger groups >200 nm, which are
too large for drug delivery applications. In this work, salt assisted attrition milling was utilized to
decrease ND aggregates. After 5 hours of milling, dynamic light scattering (DLS) measurements
revealed a maximum particle distribution at 127 nm, with significant reduction in the mass
fraction of larger particle size distribution from 300-1000nm. The average size of the
nanodiamond particles was also shown to increase with an increasing concentration of chitosan
(0.25 w/v%; 142nm and 1 w/v%; 825nm). In the modification of nanodiamonds, FTIR was used
to examine the chemical composition of the nanodiamonds, both before and after
functionalization. FTIR results of the pristine nanodiamonds showed characteristic bands at
3400cm™ (-OH) 1630 cm-1 (C=0) and 1080 (-C-O). Chitosan exhibited spectral regions of

interest at 3350 cm™ (-OH), 1665 cm™ (NH,) and 1030 cm™ (C-O). Successful functionalization
iv



of the nanodiamaond surface was confirmed by the appearance of the amide band I at 1664 cm™
and presence of strong C-O stretching at 1197cm™ from the chitosan backbone. This is
indicative of the covalent binding of NH, on chitosan with COOH on the ND surface. X-ray
diffraction was performed to observe the structure and crystallinity of the NDs and showed
crystalline characteristic peaks at 20 44° (111), 75° (220), and 91° (113) for the pristine ND. The
appearance of an amorphous band at 20 22° in the analysis of ND-COOH-CS is indicative of the
surface modification of the nanodiamond with the biopolymer, CS. Zeta potential analysis show
an increase in the zeta potential with an increase in concentration of CS (pristine ND, -40mV;
0.25 w/v%, -26.7mV; and 1 w/v%; 12.9mV). This increase in zeta potential is indicative that a
more stable dispersion of nanodiamonds was created upon functionalization with the biopolymer,
CS. TGA was also used to confirm the composition of the pristine and modified NDs. Loss of
water was observed initially for all samples at 100C followed by onsets of degradation for CS
and ND-COOH-CS occurred at 212°C and 232.16 °C for CS and ND-COOH-CS, respectively.
The presence of weight loss profiles characteristic of CS in the ND-COOH-CS thermogram
confirmed modification of the ND surface when compared to the pristine ND. Morphological
investigations of the nanodiamonds using TEM showed a particle size of ~150-300nm
supporting PSA results. TEM images also showed characteristic aggregation of the NDs due to
the presence of attractive surface functional groups. This work confirms the capability of surface
functionalization of nanodiamonds using biomacromolecules and reveals the potential
application regarding the use of these materials as DDVs with enhanced permeability and

compatibility properties.
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW OF NANOTECHNOLOGY

Nanotechnology is a rapidly expanding field, dealing with the development of nano-
sized materials, along with the techniques and equipment functioning at the nano-scale. These
materials and devices can be designed to interact with cells and tissues at a molecular (i.e.
subcellular) level with high degree of functional specificity, thus allowing integration between
the device and biological system, not previously attainable.' The field of nanotechnology bridges
the discipline of physics, chemistry, and biology and manipulates the chemical physical

properties of a substance on a molecular level.

Requirements of a nanomaterial are that at least one dimension of the nanomaterial
should be from 1 through 100 nm, or the nanomaterial should show novel nano-scale
characteristic(s) of the bulk material." Since aggregation and functionalization can have a
substantial effect on the size of some of the particles to exclude them from the nano category, the
dimensions of the internal structure of particle have been included in the definition. ' For
biological applications, the size of nanomaterials usually ranges from 5 to 250 nm.'” Some
researchers and organizations such as FDA classify nanomaterials as those under the size of 1000

1-
nm. >

Today, nanotechnology is gaining importance in biomedical field due to its small size and
targeted effects. Due to their larger surface area relative to their volume, leading to an increase in
their reactivity compared to micro and macro particles. The field of technology encompasses a

1



vast range of materials, such as metals (gold, silver), metal oxides, [e.g. titanium dioxide (TiO2),
Silicon dioxide (SiO2)], inorganic materials (carbon nanotubes, quantum dots), polymeric
materials and lipids.5 "7 Nanomaterials take the forms of nanoparticles, nanofibers, nanocrystals,
cantilevers, dendrimers, nanoshells and nanowires.®’ Products made from each of these
nanomaterials can be used for diagnosis (as biomarkers) and therapy. Nanoparticles, for example
can have multiple functionalities that can provide detailed information on the progression of
disease. There is also a dominance of quantum effects at the nano-size, which affects their
optical, electrical, thermal, and magnetic behavior.’ For example, gold particles differ

considerably in their color, melting point and catalytic effects depending upon their size. >
1.2 CANCER THERAPY

Cancer is a group of diseases characterized by the uncontrolled growth and spread of
abnormal cells.'® Currently detection and diagnosis of cancer usually depends on changes in cells
and tissues which occur at the nanoscale level inside the cells and are detected either by physical
examination or imaging expertise.'’ It is of upmost importance that cancer is detected when the
earliest molecular changes occur. If the spread is not controlled, it can result in death. External
factors cause cancer, such as tobacco, infectious organisms, and an unhealthy diet, and internal

10-11 These factors

factors, such as inherited genetic mutations, hormones, and immune conditions.
may act together or in sequence to cause cancer. Treatments include surgery, radiation,

chemotherapy, hormone therapy, immune therapy, and targeted therapy (drugs that specifically

interfere with cancer cell growth).10

Surgery is the most widely used treatment available for cancer patients and is used when

there is a good chance to remove an entire tumor before it spreads.'? Surgery is rarely used as a
2



stand-alone treatment but usually combined with radiation therapy and /or chemotherapy. In
radiation therapy, the specific part of the body containing a cancerous growth is exposed to

10-12 Radiation therapy is often used to shrink

radiation energy to attack reproducing cancer cells.
a tumor so that it can be removed through surgery, or to prevent tumor growth following
surgery.'”'? However, the radiation cannot affect the cancer cells without affecting normal cells,
which can lead to several unpleasant side effects. Chemotherapy, the treatment of cancer through
drugs, is an effective treatment method for fighting cancerous cells that have spread to other

d."*'* Like radiation therapy,

parts of the body and that cannot be treated with any other metho
chemotherapy also can affect normal cells, causing adverse side effects. Hormone therapy
involves manipulating the body's hormones to treat the cancer, including administering hormones

12-14

and drugs. Immunotherapy also manipulates the body's normal functions to stimulate the

body's immune system to fight cancerous cells.'*!*

1.3 CHALLENGES IN CANCER THERAPY

Cancer is represented mostly by heterogeneous diseases which cause uncontrolled growth
and spreading of irregular cells, that lead ultimately to cell death.”® Side-effects are often
caused by the major issues that are a result of anti-cancerous drugs due to a broad uptake by

20-22

healthy cells. Many effective drugs used to treat cancer diseases are not soluble in polar
protic solvents, such as water; thus, they pose a challenge in delivery.'* Other major challenges
are the discovery of anticancer drugs concerning tumor heterogeneity, the vital and nonessential
target zones, and the focus on selective versus nonselective multi-targeting drugs used on

different patients.”> Additional limitations in the use of therapeutic drugs include multidrug

resistance (MDR) which discharges the effectiveness of the drug with chemotherapy.” As a

3



consequence of these difficulties in targeting the appropriate cancer cells, nanomedicine has

emerged.
1.4 NANOTECHNOLOGY IN BIOMEDICINE

Studies have shown, that drugs cannot effectively target endocytic surfaces.** Thus, there
is a need for technologies that can facilitate the transport drugs intracellularly. Currently, the
most promising consequence of the application of nanotechnology, with respect to medicine, is
of drug delivery. The major problem with most of the new chemical entities is their insolubility.*
Therefore, the first principal aim of nanotechnology is to improve their solubility and
bioavailability. The second is to enhance the release rate of the drug. Due to these reasons
nanotechnology has focused on targeted drug delivery and controlled drug release.'"'? A targeted
drug delivery system can convey drugs more effectively, increase patient compliance and extend

product life cycle. According to Dubin '

, drugs tend to perform more effectively in
nanoparticulate form and with fewer side-effects. Further, specific nanosized receptors present

on the surface of a cell can recognize the drug and elicit an appropriate response, by delivering

and releasing therapy exactly wherever needed.'***
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Figure 1.4 Applications of nanotechnology and parameters of drug delivery '°
1.5 NANOTECHNOLOGY AND CANCER THERAPY

Nanotechnology offers a wealth of tools that provide cancer researchers with new and
innovative ways to diagnose and treat cancer.”” For example, nanoscale devices can deliver
multiple therapeutic agents to a tumor in order to simultaneously attack multiple points in the
pathway involved in cancer.” Similarly, nanotechnology generates in vivo biosensors that have
the capability of detecting and pointing the location of tumor and metastatic changes that are

smaller than those detectable using conventional technologies.”

After diagnosis when it is time to treat cancer, nanoscale devices have the potential to
improve cancer therapy vs. existing conventional (chemotherapy, radiotherapy) techniques and to
discover new therapeutic agents . It is useful for developing ways to eradicate cancer cells
without harming healthy, neighboring cells. A major focus in the field of nanotechnology is to

create therapeutic agents that can target specific cells and deliver toxins in a controlled, time



released manner.® The goal of researchers is to find out agents of these nanoparticles which can
circulate through the body, detect cancer associated molecular changes, assist in imaging, release
a therapeutic agent and then monitor the effectiveness of the intervention.”® It can reduce the

unpalatable side-effects that accompany many current cancer therapies.””
1.6 CURRENT NANOCARRIERS

Nanotechnology incorporation with cancer research has made groundbreaking results in
the areas of detectability, biomarkers used to identify diseases, and the innovation in imaging
agents.””® Over the past decades, nanoformulation has been the focus of many nanocarrier
research to drive drugs into specific locations without causing harm. Nanocarriers are
nanomaterials used to successfully facilitate drug delivery. The family of nanocarriers include
dendrimers, nanocrystals, nanoshells, carbon nanotubes (C-NT), and nalno-liposome:s.26'30 The
dendrimer form of nanotechnology is unique due to its branching shape, which provides a vast
surface area so that therapeutic agents or other biological molecules may be attached.
Nanoshells, another recent invention, are miniscule beads coated with gold. These beads can be
designed to absorb specific wavelength of light.® The absorption of light by the nanoshells
creates an intense heat that is lethal to the cells.*® Liposomes are small spherical systems that are
synthesized from cholesterol and non-toxic phospholipids in the body.”” Liposomes are natural
materials considered as attractive, harmless drug delivery carriers that can circulate in the blood
stream for a long time.”’ The form of carbon nanotubes enables easy penetration through

2526
cells.”

The special structures on the surface of carbon nanotubes offer opportunities for either
non-covalent or covalent bonding to therapeutic agents that have poor membrane penetrability

such as: peptides, small molecule drugs, and protein drugs or DNA.?**® Common nanocarriers

6



currently in trial in the field of oncology include: PEGylated colloidal gold nanoparticles, called

Aurimune,”® AP5280, which is composed of a HMPA copolymer with a platinum complex.*®

Dendrimers Polymer micelles Manoparticles

CQuantum dots

Polymer-drug conjugates Liposomes

. . . . .. 2
Figure 1.8 Common Nanocarriers used in Biomedicine.*

1.7 CRITICAL PARAMETERS IN THE DEVELOPMENT OF DRUG DELIVERY

SYSTEMS (DDS)

There is an ever-increasing need for advanced nanotechnology with the enhanced
properties of solubility, transport, and stability. The physiochemical properties of various
nanomaterials such as size, zeta potential and aggregation have a substantial effect on the
behavior of the ideal nano drug delivery system (DDS). Therefore, these parameters should be

controlled and characterized critically, and are discussed in this work.



1.7.1 SIZE

One of the strategies for effective drug delivery is size of the carrier. Rapid clearance
from the biological system occurs when the nanomaterial is greater than 200 nm.**>°
Alternatively, if the particles are too small, less than 5 nm, they will be excreted.®?’ The size
range between 100 to 300 nm for the nanocarrier is suggested to have the highest potential for

the efficient cellular interaction, uptake, and release.”!

1.7.2 SURFACE CHARGE

Nanocarriers with highly anionic backbones suffer from poor interaction with the negatively

charged cell surfaces, resulting in poor cellular uptake.”*”'

Therefore, it is critical to design
nanomaterials with the positive charges that can neutralize the negative charges and facilitate
their interaction with the cellular surfaces.””>® Research has shown that positively charged
carrier-DNA complexes promote cellular endocytosis of the particles by altering the structural
properties and ion permeability of the cell membrane.”* The overall positive charge is an

. . . .. . . . 2934
essential requirement for the effective cellular association and subsequent internalization.**”

In addition, it has been found that the surface charge of the particle also determines the
colloidal stability of the dispersion and can be predicted by measuring the zeta potential of the
system.’*>> According to the conventional Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,
the interaction between two particles is the sum of the electrostatic repulsion and the van der
Waals attraction »°. Since the behavior of nano-scale materials in liquid medium is strongly

3

dominated by the inter-particle forces **, to achieve stable dispersion, one should consider

generating like-charged surfaces that could provide sufficient electrostatic repulsion between the



particles to maintain their dispersion stability.’* Dispersions with zeta potential below a critical
value of 20-30 mV are relatively unstable and tend to aggregate easily.” Alternatively, a
nanocarrier with an excess of positive charge can induce toxic effects by disrupting the cellular

membrane,>+>°



CHAPTER 2
LITERATURE REVIEW
2.1 NANODIAMONDS AS ANOVEL DRUG DELIEVRY SYSTEM (DDS)

In the search for advanced drug delivery systems (DDS) with the goals of improving
bioavailability, preventing premature degradation, enhancing uptake, controlling the drug release
rate and reducing side effects by only targeting the drug to the diseased site and target cells,
nanodiamonds have emerged.'” Numerous groups have exploited the surface chemistry of NDs
and investigated their potential as drug delivery vehicles (DDVs)." Significant groundbreaking
research applications in the use of NDs include: modulated release, drug delivery, biosensors and
imaging probes.'>!> NDs are excellent candidates towards the next generation of drug delivery
systems, due to their inherent biocompatibility and optical properties which have been found
extremely advantageous in the field of bioimaging and targeted delivery.”” A number of
experiments have shown that ND has the highest biocompatibility of all carbon-based
nanomaterials including those of carbon blacks, multiwalled nanotubes, single-walled nanotubes

and fullerenes.'

Nanodiamond is a term used to describe and identify a variety of structures that include
diamond crystals found within interstellar dust and meteorites, diamond particles nucleated in
gas phase or on the surface, and nanocrystalline films.’** Nanodiamond is a novel carbon
nanomaterial with useful properties including optical transparency, dimensional stability,
chemical stability, and biocompatibility *>*’. Diamond was synthesized in the 1950s from

graphite using elevated temperature/pressure conditions™. In the next decade, chemical vapor
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deposition at low pressures was used to synthesize polycrystalline films.** In the 1960s, research
teams from DuPont De Nemour & Co, synthesized diamond from shock wave compression
applied to carbon materials.***® The resultant material was polycrystalline diamond with a grain
size from 1 to 50 nm, and was used in high precision polishing applications.*® A more efficient
method to produce diamonds by detonation was perfected by Russian scientists through
independent studies carried out during the 1960s.*”** Nanodiamonds (NDs) represent a new class
of nanoparticle in the carbon family, with superb physical and chemical properties and tunable

surface functionalization.>
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Figure 2.1 Surface functional groups commonly present on nanodiamond surface. **

Less than 1 micrometer, NDs are capable of being reduced to sizes between 4 to 5 nm.
The small size of NDs yield high specific surface area and includes a chemically inert sp3 carbon
material core. The surface of the material is rich in a wide variety of surface functional groups

(Figure 2) following purification. As-produced, detonation diamond nanoparticles are
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hydrophilic and can be chemically functionalized through a myriad of methods, ionic, physical

adsorption, covalent, etc.
2.2 PRODUCTION OF NANODIAMONDS

Nanodiamonds are developed by two processes (detonation or phase transformation.
Detonation of carbon-containing explosive materials (known as nanodiamond detonation) is a
common method used to form abrasive nanodiamond materials.*** Detonation nanodiamond
(DND), is diamond that originates from a detonation. When an oxygen-deficient explosive
mixture of TNT/RDX is detonated in a closed chamber, diamond particles with a diameter of ca.
5 nm are formed at the front of the detonation wave in the span of several microseconds.” A
refinement process extracts various grades of these NDs also referred to as ultra-dispersed
diamonds or ‘UDD’ that meet technical requirements for various applications including control
of agglomeration and high suspension stability.**’ Phase transformation of the carbon
precursors under high temperature and pressure after the micron-sized materials are disintegrated

can also form nanodiamond materials.*”**
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Figure 2.2 Production of Detonation Nanodiamonds (DNDs). ¥/
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2.3 STRUCTURE OF NANODIAMONDS

Elemental carbon has six electrons with an electronic configuration of 1s2 2s2 2p2 in its
ground state.*’ The two electrons of the Is orbital are core electrons, while the other four are
valence electrons.®” The sp2 hybridization of carbon atoms leads to the formation of the two-
dimensional planar hexagonal structure of graphite.*” 1In this type of arrangement, the central
carbon is linked to three other carbon atoms by c-bonds with the remaining electron of the p z
orbital forming a delocalized cloud of m electrons over the graphitic structure.*>' The sp3
hybridization of carbon atoms forms a rigid diamond structure with tetrahedral symmetry, where
all the four valence electrons of the carbon atom each form an ¢ bond with the neighboring

49-51

carbon atoms. The general lack of free electrons in the bulk structure of diamond accounts

for their inertness ’. However, the surface structure of the material is different from the bulk, due

to the relaxation at the surface and the need to terminate the bonds.’®>?

Thus, the terminating
structure on diamond surfaces involves univalent species such as H or OH or any terminating

groups for both nano- and larger forms (synthetic and natural).”
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Figure 2.3 Nanodiamond internal core sp° structure and surface functional groups (sp%, sp”).”"

Although the size, shape, and surface properties of NDs are determined by the nature of
explosion and purification conditions, their basic structure follows a core and shell model.*® The
diamond carbon forms the inert core and the surface shell is partially comprised of graphitic
structures. ~**>*® In addition, a wide variety of functional groups such as carboxyl, hydroxyl,
lactone, anhydride, ketone, and ether can be present on the surface of these ND particles.45 7 The
acid purification treatment increases the density of carboxylic and hydroxylic groups on the

surface of NDs, resulting in their hydrophilicity.’*>?
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2.3.1 NITROGEN VACANCY CENTER (NV™)

In contrast to other nanocarriers, such as nano-liposomes, gold nanoparticles, and
nanotubes, nanodiamonds offer an attractive alternative in the field of biomedical research.””>’
Particularly, due to their optical properties making these materials invaluable in the areas of
bioimaging. Studies show that NDs are easily detected in vivo based upon optic research
evaluated at specific wavelengths.’® Applying a magnetic field, light or other sharp resonances in
the intensity and wavelength of photoluminescence, it is applicable to view these materials in

vivo. >

One of the major advantages of NDs is their inherent fluorescence at certain
wavelengths due to nitrogen vacancy centers (NV™"). Nitrogen vacancy is a term referring to the
lone pair electrons because of a missing atom located outside its origin.””>’ A NV is
a fluorescent point defect in diamond lattice that can respond by emitting wavelengths.
Vaijayanthimala et al. described that some radiation-damaged NDs could emit durable and
constant photoluminescence (red or green) that comes from the NV'.>" NDs exhibit a major
benefit to conventional probes, due to the NDs ability to display photoluminescence, low
cytotoxicity without photobleaching, as well as a fluorescent lifetime of ~20ns, as opposed to
conventional fluorescent probes which have a fluorescence lifetime of ~4ns; thereby enabling

long term tracking within cells.”®

Figure 5, shown below, displays an image showing the
fluorescent point defect that is responsible for the photoluminescence at a specific wavelength of

energy.

15



Figure 2.3.1.1 ND sp3 perfect crystal carbon pattern along with a nitrogen vacancy center

capable of emitting a point fluorescent defect at a specific wavelength of energy.®’

Within the nanodiamond structure, nitrogen exists as a trace impurity, along with Si and
other certain types of transitions metals.®’ This is mostly due to the vacancies of the centers that
yields the color that is given off once the nanodiamonds have been excited at the proper

h.5%% The photostability of nanodiamonds is often the most commonly utilized feature

wavelengt
of the material along with the ease of conjugation to biomolecules that allow nanodiamonds to
act as biosensors, biolabels, and biomarkers within the field of life science.®! Another benefit of
the color defects, is that it is embedded in the depths of the diamond matrix meaning that surface
modification of the nanodiamonds does not directly affect the fluorescence of the nanodiamonds

61-63

display.

Based upon the presence or lack of nitrogen impurities in the crystal lattice structure, natural

diamonds are classified as type I or type II, respectively.” The arrangement of nitrogen
16



impurities is used to sub-classify type I diamonds into type Ia and type Ib.*> While type Ib
contains atomically dispersed single substitutional nitrogen impurities (C-centers), type Ia
diamonds comprise an aggregated form of nitrogen.®® The latter are categorized further into type
IaA, having two aggregated nitrogen atoms (A-center), type IaB, having platelets and four
aggregated nitrogen atoms surrounding the nearest lattice vacancy (B-center), and type 1aA/B,

possessing the characteristics of both type IaA and type IaB.%

Synthetic diamonds manufactured under high-pressure high-temperature conditions are

6365 The natural

also known to contain a high amount of nitrogen in the form of impurities.
diamonds have mainly aggregated nitrogen defects (type Ia), while synthetic high-pressure high-
temperature diamonds are predominantly embellished with single substitutional nitrogen centers
(type 1b).*"® Irradiation damage of type Ib diamond crystals creates intrinsic defects such as

vacancies, which upon thermal annealing move towards nitrogen centers (N), and get trapped

within to form nitrogen vacancy (N-V) color defect centers.®

Generally, irradiation of these diamond particles is carried out by high energy electron
(~2-MeV) “%or proton (~3-MeV) 6365 beam using Van de Graaff or tandem particle
accelerators, respectively. These sources generate vacancies but are difficult to install in usual
pharmaceutical or biomedical laboratory settings due to their high cost, complicated setup, and
safety issues.”® Hence, to increase the feasibility of the production of fluorescent NDs on a wider
scale, a moderate scale energy helium ion (40-keV) beam emanating from a radio frequency
positive ion source was proposed.”® Even though a much lower energy source was used in this
irradiation process, none of the essential fluorescence spectral features were lost apart from a

decrease in fluorescence intensity, when compared to the fluorescence spectra generated by 3-
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MeV energy proton beam irradiated particles.”® This method not only benefited the laboratories
having ordinary infrastructure in producing fluorescent NDs, but also increased the yield of
fluorescent NDs by creating a higher number of vacancies compared to electron and proton beam

irradiated NDs %7,

Irradiated synthetic type Ib NDs, after 2 hours of annealing at 800°C, generated mainly
two types of N-V defect centers, neutral nitrogen vacancy (N-V)” with zero phonon line at 575
nm and negatively charged nitrogen vacancy (N-V) with zero phonon line at 638 nm.**®®
Among all the color centers, (N-V) dominate the fluorescence spectra of type Ib diamonds.*®
This defect center absorbs light photons at ~560 nm and fluoresces brightly at ~700 nm with a
quantum efficiency close to 1.°°°® Therefore, these centers offer characteristically bright red

63

fluorescence to diamond particles upon excitation with green-yellow light > and hence have

found applications for high-pressure high-temperature NDs in imaging studies.®*

Extreme photostability of (N-V) defect centers 65-68

provides a greater advantage to NDs
to emerge as an excellent candidate for long-term cellular imaging over commonly used
fluorophores. Red fluorescent NDs (100 nm) have been studied and were found to be stable with
no observed photobleaching, upon continuous exposure to a 100 W lamp power for 480 minutes,
whereas similarly sized red fluorescent polystyrene nanospheres photobleached within 30
minutes of photoexcitation.®” In another instance, no photobleaching occurred in both 100 and 35
nm sized red fluorescent NDs when photoexcited with 8 kW/cm2 power density of light for 5
minutes.®® On the other hand, under the same photoexcitation conditions, the fluorescence of

Alexa Fluor 546 conjugated to DNA faded completely in 12 seconds.”” Additionally, the

fluorescence of red NDs was found to be significantly brighter than that emitted by Alexa Fluor

18



546 dye.”” The evidence of photostability has also been determined for a 7 nm sized red
fluorescent diamond nanocrystal that did not show any sign of photobleaching over a time period
of 30 seconds.®’ In addition to resistance to photobleaching, the fluorescence of NDs (35 and 100
nm in size) was also found to be immune to photoblinking on a time scale of 1 ms.”® Moreover,

70-73 , the fluorescence

due to the deep location of (N-V) centers in the lattice structure of NDs
remains unaffected by surface alterations, as evidenced by NDs functionalized with carboxylic

acid *, polylysine ® and transferrin ’' groups.

~
o N\
L) & i \
N \
|
40 200 v
3 . . M
= |
Z 30.000
— 30,000 "y
= i
v -
. -_.'
10.000
| N
o —
o0 o ro0 30 »0
W e wbengmn e )

Figure 2.3.1.2 Fluorescent nanodiamond particles that contain nitrogen vacancy centers taken by
an inverted fluorescent microscope, and the photoluminescence emission spectrum of the 100 nm
ND that were dispersed into deionized water containing an excitation wavelength of 532 nm

while containing a red/near-infrared emission between the wavelengths of 635-800 nm.”’

As previously noted, the average fluorescence lifetime of NDs is ~17 ns, which is
considerably longer than the lifetime of fluorescent organic dyes (<5 ns) and most of the cellular
endogenous fluorophores (<6 ns).”7° Table 1 lists the advantages of using red fluorescent NDs

as a fluorescent tag for in vitro or in vivo tracking applications. As of result of these
19



characteristics, the intrinsic photostability of NDs opens avenues for carrying out chemical

modification of their surface for specific imaging applications.

Table 2.3.1 Properties and Advantages of Nanodiamonds

Properties Advantages

High quantum efficiency Bright fluorescence

Photostability over longer time periods Long term tracking of nanodiamonds in
cells

Emission wavelength >690nm Sharp contrast imaging of nanodiamonds

Longer fluorescence lifetime High contract imaging of nanodiamonds

Deeper location of nitrogen vacancy | No alteration in fluorescence due to

centers surface modification

2.3.2 NVN

Like the N-V defect centers of type Ib synthetic diamonds, the nitrogen-vacancy-
nitrogen (N-V-N) or H3 defects centers™ in natural type Ia diamond nanocrystals can be created
by irradiating them with a high energy (3-MeV) proton or a medium energy (40-keV) helium ion
beam followed by annealing at 800°C.”* H3 defect centers have a zero phonon line at 503 nm,
with absorption and fluorescence emission at 470 and 530 nm, respectively.’* Therefore, type Ia

NDs with H3 centers are known as green fluorescent NDs.>
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Other than the natural and high-pressure high-temperature NDs containing nitrogen
impurities, researchers are also trying to understand the fluorescence characteristics of detonation
NDs. However, considering the actual composition of the explosive mixture (~20 mass% of
nitrogen) used to synthesize these particles, they might contain a high concentration of nitrogen
3053 either in their core structure or in the form of surface defects. At first, these nanoparticles
were suggested to be devoid of C-centers and were believed to be unsuitable for imaging
applications.”’ The absence of zero phonon lines corresponding to the nitrogen vacancy centers
in irradiated and annealed detonation NDs suggested structural defects to be the origin of their
fluorescence.”' ™ Z-contrast scanning transmission microscopy, high-resolution transmission

electron microscopy and electron energy loss spectroscopy identified nitrogen in the core

structure of detonation NDs.>’

Recently, Vlasov et al detected stable (N-V) color centers in detonation NDs having a
size greater 30 nm after their irradiation and thermal annealing treatment.’*’ While the
occurrence of (N-V) color centers in the bulk structure of detonation NDs of less than 10 nm size
has been questioned in various studies >>*°, Smith et al showed the presence of these centers in
single-digit-sized irradiation damaged and annealed NDs.”> Moreover, (N-V) color centers have
also been discovered in non-irradiated, 5 nm sized detonation NDs.”®> The NDs synthesized by

detonation technique are shown to possess up to 3 at.% of nitrogen impurities.’' >’
q p p g p
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Figure 2.3.2 Fluorescent nanodiamond particles that contain nitrogen vacancy nitrogen (NVN)
centers (H3 centers) taken by the inverted fluorescent microscope and the photoluminescence

emission spectrum of 70 nm NDs. NDs were dispersed in a Img/L solution of water and they

contain an excitation spectra of 432 nm.”’

2.4 AGGREGATION PHENOMENA
Nanoparticles in dry powder state tend to form agglomerates; thereby reducing their high

surface energy.'' This property represents a significant obstacle for certain applications.

Detonation nanodiamond particles are particularly known to form agglomerates that cannot be

destroyed by traditional means such as sonication, milling, etc.”'> The rich surface chemistry of

ND generally explains this. The presence of diverse functional groups on ND surface, such as
carboxyl, hydroxyl, lactone, etc., may result in formation of multiple hydrogen and even covalent

bonds between the adjacent ND particles. Thus, strong agglomeration severely limits potential of

NDs in many applications.
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Extreme conditions caused from the surface functional groups reaction causes formation
of strong inter-particle covalent bonding otherwise known as graphitic cells.'” As the surface
area to volume ratio of the particles increases with the decrease in the size, the Van der Waals
forces along with electrostatic interactions and chemical bonding dominate '’, leading to a

significant aggregation of nanoparticles.””"’

Systemic administration of aggregating
nanoparticles can result in the blockage of the blood flow in the blood vessels.'”"> Aggregated
particles could also accumulate in various organs of the body, leading to severe consequences
such as stroke.'* Furthermore, agglomeration can also initiate an immune response.” "> As
evidence, aggregated carbon nanotubes have shown higher in vitro toxic effects compared to
their dispersed state 2. Aggregation of nanoparticles has also been shown to adversely affect

cellular interactions ultimately influencing cellular uptake.'>"">"

Maintaining nano-scale particle size necessitates the use of mechanochemical treatment
that not only leads to disaggregation but also prevents the re-aggregation of particles.””
Mechanical treatment such as sonication can break the aggregates without affecting the surface
properties of particles, and then chemical functionalization can sterically and/or electrostatically
stabilize the dispersion.”” Therefore, mechanochemical treatment has a potential to reduce the

size of aggregated particles and maintain their dispersion stability.
2.4.1 CURRENT METHODS OF DEAGGREGATION

The dispersibility of nanodiamonds in aqueous solutions is an extremely important
criterion for biological applications. Traditional techniques of disaggregation to assist in the
dispersion of nanodiamonds have consisted of milling, emulsification, and low power

sonication.”””® All of which have been ineffective in breaking down the tightly bound core
23



aggregates of NDs to less than 10 nm.” To achieve primary-sized NDs, milling has been studied
using 100-pm silica beads.” Single-digit-sized NDs were obtained after an hour of sonication of
the diluted milled suspension and the stability of the resulting aqueous colloid was maintained
for a year.”” However, reconstitution with water after drying the nanodispersion resulted in
reaggregation with 2.3 pm size aggregates.” Bead assisted sonic disintegration using zirconia
beads has also gained interest for breaking the ND aggregates into single-digit-sized particles.”
This mechanical technique involves the combination of shear forces induced by beads with their
acceleration during cavitation created by intense ultrasonic waves.’® These primary sized NDs
exhibited very good colloidal stability in polar solvents such as water and DMSO.”® However,
contamination from the beads "> and from the sonicator itself have proved to an obstacle for these

technologies.”” "

Mechanochemical treatment, which involves the breaking of ND aggregates by
mechanical energy using surfactants was also explored to achieve stable dispersions with a
noticeable size reduction.”””” However, a primary dispersed particle size of less than 10 nm was
not achieved.” Ultracentrifugation, a contamination-free procedure, resulted in 4 nm size NDs
that formed a stable colloidal dispersion in water””®* but suffered from low yields of single- ND
particles. Hence there is still a need for development of easy, feasible, contamination-free

techniques that can result in disaggregation of NDs at the laboratory scale.

In 2005, Osawa et al. achieved nanodiamond disintegration into primary particles through
stirred media milling.*” Nanodiamond were milled using 30 pm diameter zirconia beads in the
presence of water in a vertical stirred mill for three hours. The beads were separated by filtration,

and the slurry was diluted and sonicated to obtain a colloidal solution of disaggregated
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nanodiamond.*”® The author proposes that the disaggregation may be caused by a shearing
action of beads in the turbulent flow of slurry rather than head-on collisions between beads and
nanodiamond aggregates.*> Wet media milling often results in contamination of nanodiamond
slurries with fragments of zirconia beads, which are difficult to remove by filtration or
centrifugation techniques. Osawa et al. improved upon stirred media milling and reported the
dispersion behavior of nanodiamond in organic solvents. ¥ It was established that smaller
zirconia beads (20 um) resulted in improved efficiency of the milling process. However, the
procedure breaks down the components of the milling apparatus. Furthermore, it has been
observed that higher peripheral speed and longer milling time increase levels of zirconia
contamination®. The group proposed using high power sonication of nanodiamond aggregates

along with zirconia beads to disintegrate aggregates.”'

In this work, a simple and efficient deagglomeration technique to mill nanodiamond into
primary particles using sodium chloride as milling media is explored. The hardness of the dry
media renders it capable of decreasing the size of nanodiamond agglomerates.®” Furthermore, the
media surrounds the milled nanodiamond and isolates individual particles, preventing
reagglomeration.*” The media can be easily removed after milling leaving no contamination in

nanodiamond.
2.4.2 SALT ASSISTED BALL MILLING

Nanodiamond disaggregation is a notoriously challenging task. Existing protocols, as

previously discussed, make use of zirconia microbeads propelled by mechanical energy or

79-81

cavitation’ . These materials are expensive and leave behind difficult-to-remove debris of

zirconia. Salt assisted ball milling is a facile, inexpensive, and contaminant-free technique of
25



deaggregation™. The technique utilizes salt slurry in contrast to current disaggregation
techniques, which introduce zirconia contaminants. The nanodiamonds produced by this
technique have no toxic or difficult-to-remove impurities and are well-suited to produce

nanodiamonds for numerous applications.
2.5 CHITOSAN

Chitosan (CS) is a natural, linear polysaccharide polymer composed of glucosamine and
N-acetyl glucosamine units linked by B (1-4) glycosidic bonds.?®® Chitosan is produced from
the deacetylation of chitin, a polysaccharide most often present in crustacean shells.®®® Chitosan
is biocompatible, biodegradable, hydrophilic, non-toxic and displays antimicrobial properties all

of which are important in biomedical applications.®*®
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Figure 2.5 Deacetylation of chitin to chitosan.
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2.6 SURFACE MODIFICATION OF NANODIAMONDS

The features of nanodiamonds such as the nano-size, the larger surface area, and potential
for purification with oxidizing agents, make NDs a viable candidate for surface
functionalization.””*® The functionalization of NDs is critical in making DNDs suitable for
commercial applications. Figure 9 summarizes approaches used in the past to introduce various
functionalities on the surface of NDs.* One of the earliest modifications of the ND surface
involved the generation of surface radicals, which then acted as substrates for synthesizing

carboxylic’® and dicarboxylic acid”’ functionalized NDs. For a high surface loading, it is

78,79 81

essential to achieve surface uniformity. Reactions with hydrogen , chlorine *, and fluorine
have been explored to attain surface homogeneity as well as reactivity enhancement. The
surfaces of chlorinated NDs were further modified with hydroxyl, amine, and carbon fluoride

groups.® Finally, reactions of NDs with alkyl lithium, ethylenediamine and glycine ethyl ester

hydrochloride generated alkyl, amino and glycine substituted NDs, respectively.®!

Pristi et al. devised a new method for the functionalization of detonation nanodiamonds
(DNDs), based on surface modification with phosphonic dichloride derivatives. DNDs were first
modified by phenylphosphonic dichloride, and the grafting modes and hydrolytic stability under
neutral conditions were investigated using 'H, °C, and *'P solid state NMR spectroscopy,
Fourier transform infrared spectroscopy, as well as elemental analysis. Then, to illustrate the
possibilities offered by this method, DNDs functionalized by mesityl imidazolium groups were
obtained by post-modification of DNDs modified by 12-bromododecylphosphonic dichloride.
The oxidative thermal stability of the functionalized DNDs was greatly enhanced and provided

promising results for application in nanocomposite materials.
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Mona et al. reported modifications in structural and surface properties of carboxylated
nanodiamond (cND) due to thermal annealing from 150 °C to 900 °C and gas treatments
(hydrogen/argon) at 650 °C. Significant enhancement of photoluminescence intensity and
transformation of the shape of luminescence band were observed for gas treated cNDs and for
thermally annealed NDs at 850 °C. FTIR results showed notable change in absorption frequency
of carboxyl group (C=0). The results from these findings indicate modifying NDs surface

improves the luminescence of ND, justifying their role in bio-labeling.

Surface functionalization has also emerged as a novel treatment for reducing aggregate
sizes of NDs. Functionalization with long alkyl chains reduced the particle size from 15-pm to
150-450 nm.* The long alkyl chain-modified NDs showed an enhanced dispersibility in organic

82 Similarly, surface modification with fluorine

solvents compared to their pristine form.
contributed to size reduction from 1930 to 160 nm.*' A noticeable size reduction of the
micrometer-sized pristine NDs to ~ 50-nm was also achieved upon reduction of the ND surface
groups with borane, which, after being grafted with alkyl silane, were used to synthesize
biotinylated NDs with a surface loading of 1.45 mmol/g.** Nanodiamond functionalization using
biomacromolecules has also been investigated using proteins, hormones, enzymes, DNA, or

drugs attached via electrostatic interaction or covalent bonding.**™*
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Figure 2.6 Distinct ways to modify the Surfaces of the Nanodiamond Functional Groups.*
2.7 BIOCOMPATIBILITY OF NANODIAMONDS

The intrinsic biocompatibility of detonation NDs has been supported by the results of
several studies *"°%, however, some studies have refuted this claim by arguing that NDs can

9092 1n 2016, Wasowicz studied the interactions

induce toxic responses under certain conditions.
of modified nanodiamond particles in vitro with human blood. Modifications performed on the
nanodiamond particles included oxygenation and hydrogenation upon chemical vapor deposition
(CVD) plasma treatment. NDs were incubated in whole human blood for different time intervals.

The morphology of red blood cells was assessed along with spectral measurements. These results

showed that no more than 3% of cells were affected by the nanodiamonds and that NDs were
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biocompatible with human blood. This work formed the basis for the development of nanoscale

biomarkers.

Numerous studies have demonstrated that the toxicity of NDs can vary depending upon

97-99 98-107

their surface chemistry , type of cell line and the treatment medium ** composition. The
amine terminated NDs exhibited a higher toxicity (~22% cell death) than hydroxyl (~11%) and
carboxyl group (~7%) terminated NDs in human kidney cells at a concentration of up to 200
ng/mL.” The carboxylated NDs did not show any significant toxic effects in mice °°, but induced
DNA damage in stem cells °, although to a lesser extent than that occurred with multi-walled
carbon nanotubes. In another instance, a 100% viability of human cervical cancer (Hela) cells
was observed after incubating them with 0.1-100 pg/mL NDs in a medium containing serum for
24 hours.'”'%? In the absence of serum, this viability dropped dramatically to almost 0% within

6 hours of dosage with 50 pg/mL NDs.'??

Another study found that nanoparticles could adsorb the essential micronutrients from the

medium and hence indirectly produce cytotoxic effects by depleting the cellular structures of

103

essential nutrients. - In this work, NDs did not show significant toxicity, even when incubated

103

with cells in medium lacking serum. ™ In addition to cellular studies, some in vivo studies have

also been conducted to evaluate the toxicity of NDs. Intravenous administration of 125 mg of

103 Neither the red blood cell count nor the

modified NDs did not cause any death in rabbits.
hemoglobin level of rabbits decreased after 15 minutes of administering 50 mg of modified NDs,

intravenously.'” However, after 48 hours of injection, the levels of biochemical molecules

altered significantly.'®
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In another study, an oral administration of 0.002 to 0.05 wt.% of ND hydrosols to mice,
in place of water, for 6 months showed no significant abnormalities in growth or organs

104

weight. " The NDs exhibited low toxicity and were cleared from the lungs after 90 days in

104

mice.  Furthermore, the clearance of XenoFluor 750 labeled NDs from all the body organs of

mice occurred in 3 to 10 days after injection at a dose of 120 pg.'®*

In summary, NDs have shown biocompatibility in various cell lines and some animal
models with minimal or no cytotoxicity, demonstrating their potential for biomedical
applications. However, it is well documented that the purity, surface chemistry and dimensions of
particles should be considered carefully. More comprehensive and long term animal studies need

to be conducted to verify the safety of NDs.

2.7.1 INTRACELLULAR UPTAKE OF NANODIAMONDS

Several studies have demonstrated the ability of NDs to internalize into cells '*'%.

Faklaris et al demonstrated that NDs having an average size of 46 nm were transported into Hela
cells after 2 hours of incubation. '° In addition, 100 nm sized NDs were also found to be
internalized by cancer and stem cells after 4 hours of incubation '*®. The intracellular presence of
the NDs suggests that these nanoparticles have a potential to be employed for the intracellular
delivery of therapeutic molecules. This intracellular transport of NDs into cells has been shown

106-110

to be dependent upon their surface characteristics , 1incubation time, and other

physiochemical parameters such as size, shape, aggregation etc. Intracellular delivery of NDs

opens perspectives for their use as delivery agents for chemotherapeutic agents.''>"'**
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2.7.2 NANODIAMONDS IN THE DELIVERY OF DRUGS

In 2007, the suitability of NDs to act as a delivery agent of doxorubicin hydrochloride
(DOX) was evaluated.”’™*!'"? The investigation was based on the rationale that the surface
carboxylic and hydroxylic groups of detonations NDs can interact efficiently with the amine
groups of DOX via ionic forces when dispersed in aqueous medium.'*' The surface loading of
DOX on NDs increased from 0.5 to 10 wt.% upon addition of 1% sodium chloride solution to
their aqueous dispersion, and the removal of salt favored the release of DOX.'*' NDs loaded with
DOX were suggested to assemble in the form of loose clusters, such that a certain amount of
DOX adsorbed on the NDs surface resides within the cavity of the complex.'?' This strategy of
drug entrapment in loose aggregates of NDs could provide an advantage by minimizing the

systemic adverse effects of the naked DOX."!

Thus, ND-based delivery systems could overcome
the limitation to the use of high concentrations of chemotherapeutic drugs " in cancer

treatments. In addition, the lower cytotoxicity of the ND-DOX composite in mice compared to

bare DOX in a 48-hour period could be beneficial in sustained drug release.'*’

32



~
3 Drug efflux e — Nanodiamond-drug

) . complex

B

5 ABC

transporter

2 Passive diffusion ™

Free drug molecules 1 Particle uptake

Figure 2.7.2.1 Transport of the Nanodiamond-drug complex through particle uptake releasing

drug for an effective treatment.®

Another study, published in 2010, proposed NDs as efficient multifunctional delivery
agents for the chemotherapeutic drug, 10-hydroxycamptothecin (HCPT).**!''* Like the previous

69,92
1%

study by Huang et a , NDs could adsorb the drug onto their surfaces via simple physical

69,92
forces.”™

However, in this case, the surface loading of HCPT was considerably enhanced to 50
wt.% from 0.4 wt.% with an increase in pH of the HCPT solution from 7 to 8.2, rather than by
means of salination.”” NDs released HCPT slowly into the PBS medium over a period of 5 days,
with only 38% release observed in the first 24 hours.” In addition, the ND-HCPT complex
showed almost 2.5 times higher cytotoxicity in Hela cells compared to the chemotherapeutic

activity of HCPT alone, credited to the ND triggered intracellular delivery of HCPT.®” Bovine

serum albumin adsorbed on the surface of NDs rapidly (< 1 hour) while HCPT showed a gradual
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adsorption (> 120 hours).®” A model was proposed suggesting porous clusters of NDs in which
small molecules diffused inside the clusters and the large molecules adsorb only on the outer
surface of NDs.” Hence, NDs have been found to facilitate the intracellular delivery of both

small molecule drugs and large therapeutic biomolecules.

Detonation NDs have also been utilized to increase the aqueous dispersibility of
hydrophobic drugs. Poorly-water soluble chemotherapeutic drugs such as, Purvalanol A with

therapeutic activity against liver cancer,®*

and 4-hydroxytamoxifen with a high potential to
treat breast cancer,69 are soluble in the polar, organic solvents DMSO and ethanol, respectively.69
The use of non-aqueous solvents limits the administration of these formulations. However, when
formulated with NDs, the aqueous dispersibility of Purvalanol A and 4-hydroxytamoxifen
enhanced markedly.®*® By adsorbing the drug on their surfaces, NDs considerably reduced
particle size and increased the zeta potential of these drugs in water, promoting their
dispersibility and, potentially, cellular uptake.'°'" Like the previous studies, NDs preserved the

therapeutic activity of the drugs. These findings suggest that NDs could play an important role in

designing nano formulations of water insoluble drugs.

Recently, it was discovered that the absorption of the sodium ions, helps to draw a deeper

116,122
L

understanding on ND release and cellular response, Zhu et. a In this work, metal ions were

attached to the nanodiamond aggregates and released into the living cell triggering

116

cytotoxicity. ~ Zhu et al investigated the biomolecular interactions to elucidate the potential of

nanoparticle-ions.''®
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Figure 2.7.2.2 The adsorption of metal ions attached to NDs as composites released into the

living cell.''®

. . 2+ 2+ 2+ 3t
In this work, nanodiamonds were exposed to Cu”, Ni", Cd™, and Cr” to assess

toxicity.116 plasma mass spectrometry determined the mean absorption of each transitional metal.

Cu”" was determined as the most effective metal in the assessment of cytotoxicity and cellular

response. From these findings, Zhu utilized cell viability assessments of human bronchial

epithelial (BEAS-2B) cells and human keratinocyte cells (HaCaT) to further explore cellular

116
response.
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Figure 2.7.2.3 An interaction between the ND and Cu®" complex to determine their
internalization. A figure displaying the distribution of copper of a control cell (L929) (Top left)
Cells after the incubation process (top right), cells after their incubation in NDS (Bottom right)
copper (bottom left) via scanning transmission X-ray microscopy. b: Comparison of copper vs.
zinc distribution using MicroXRF. c: ICP-MS intracellular measurement of copper with and

without NDs. !¢
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The efficacy of NDs to deliver chemotherapeutic drugs was examined recently in animal
models for the first time. In addition to generalized toxicity, large particle size and poor water
solubility, chemotherapeutic drugs also suffer from acquired and chemo resistance of tumor cells
"5 This challenge could be addressed by using a delivery system that not only enhances the
uptake of the chemotherapeutic drugs but also retains them in the cancer cells for a longer
period.”*"” The study revealed that DOX bound to the ND surface was significantly more toxic
towards DOX resistant mice compared to bare DOX.” The high chemotherapeutic efficacy of
the ND-DOX composite was attributed to ND mediated DOX retention in tumor cells as
determined by fluorescence microscopy and quantitative analysis.”* Moreover, long term
treatment showed superiority of the DOX bound to ND over the bare DOX in preventing tumor
growth.”* NDs not only circumvented the premature efflux of DOX from tumor cells, but also
improved the adverse effects of naked DOX, by significantly reducing death.” In addition, NDs

increased the circulation half time of DOX from 0.83 to 8.43 hours.’*

In summary, the finding of Dean Ho et. al proved nanodiamonds (1) to be less expensive
to produce in copious quantities. The nanodiamonds lattice structure possesses electrical charges,
which allows tumor drugs to attach to nanodiamond surfaces developing a more effective method
for drug delivery as shown in Figure 10. The nanodiamonds capability to be loaded with both

drug and agent help target the cancer cells; thereby reducing the cytotoxicity of drugs.
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Figure 2.7.2.4 A Confocal Microscope image displaying the fluorescent NDs acting as cellular

Biomarkers and drug transporters.'*

The formulation of chemotherapeutic drugs with NDs improves the pharmaceutical properties of
the agents by high surface loading, improved aqueous dispersibility, sustained release, and
enhanced retention in chemo-resistant cells. These properties are due to the hydrophilic
functional group-enriched surface, large surface to volume ratio, ability to form complexes,

improved cellular delivery, and biocompatibility of the NDs.'>"*

Hence, NDs are suitable
platforms to build nanoparticles for overcoming some of the major deficiencies of the
chemotherapeutic drugs. In addition to small molecules, NDs have also shown potential as
delivery agents for protein, DNA, and RNA. To date, there are limited studies regarding the
applications of NDs as drug delivery agents. More studies are needed to verify their potential and
to translate their use as a delivery agent into clinical applications. Chow et al., presents a study to

demonstrate NDs failure to display any inflammatory responses in figure 2.7.2.5, as well as NDs

ability to demonstrate an apoptotic effect as these nanomaterials increase the exposure of DOX
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to the liver cells than the DOX does solely, furthermore, demonstrating NDs potential in

. . . 121
biomedicine.
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Figure 2.7.2.5 Graphs demonstrating NDs failure to induce elevated sera interleukin-6 (IL-6)

concentrations, which is indicative of a lack of systemic inflammatory responses.
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Figure 2.7.2.6 Increase in the drug tumor cell retention, allow for killing of tumor cells

by sustain release of the NDX particles. (Delivery to murine liver cells).'*!
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2.8 SIGNIFICANCE OF WORK, SPECIFIC AIMS, RESEARCH STRATEGY

2.8.1 RESEARCH STRATEGY

Pristine carboxylated nanodiamonds (pNDs) commonly assemble to form micron-sized
aggregates. Therefore, the primary aim of this work was to develop an approach that could lead
to a considerable disaggregation of NDs. The second aim is to functionalize the resulting
disaggregated NDs using the biopolymer CS in the development of potential nanocarriers of

chemotherapeutic agents.

To serve the purposes of disaggregation and generation of positive charge on NDs,
functionalization of NDs with chitosan, accompanied by mechanical disaggregation, will be
studied. It is anticipated that the combined techniques will yield disaggregation of ND aggregate
diamond particles, based upon the rationale that mechanical treatment by salt assisted milling
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will disaggregate the agglomerates and the subsequent chitosan functionalization on the NDs
surfaces will generate inter-particle steric hindrances, thereby circumventing their re-
aggregation. As a result, zeta potential measurements should indicate a more positive and stable
dispersion. Moreover, the presence of positive charges on the surfaces of the CS functionalized
NDs would contribute largely to longer term dispersion stability generated by inter-particle

repulsive behavior.

To verify the successful functionalization of ND-COOH with CS, X-ray Diffraction (XRD),
Fourier Transform Infrared spectroscopy (FTIR). Thermogravimetric Analysis (TGA) was
performed to quantitate the surface loading on the ND surfaces. To determine if the current
approach of salt assisted milling was effective in inducing disaggregation of the ND aggregates,
dynamic light scattering (DLS), zeta potential, Particle Size Analysis (PSA), and transmission
electron microscopy (TEM) measurements were carried out. Dynamic light scattering measures
the hydrodynamic diameter of the material, hence useful in determining the actual size of the
particles; whereas transmission electron microscopy will assist in visualization of particles,
hence suitable to provide a visual evidence of disaggregation. In addition, the zeta potential of
the functionalized nanodiamonds (ND-COOH-CS) will be measured to assess surface charge and
stability because the surface of the complex should possess positive charge for effective

interaction with the cell surface to enable cellular uptake.

2.8.2 SIGNIFICANCE OF WORK

The significance of this work lies in the generation of next generation drug delivery
systems (DDS) utilizing nanodiamond as the vehicle. Therefore, the aim of this work was to

develop a methodology to generate a disaggregated population of NDs functionalized with the
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biopolymer CS that could serve as vectors to deliver chemotherapeutic agents across the cellular

membranes.
2.8.3 SPECIFIC AIMS

Mechanical salt assisted ball milling of detonation nanodiamonds will lead to their significant

disaggregation.

The resulting nanodiamond particles will bind to the chitosan biopolymer via covalent boding

forming nano-sized complexes
2.8.4 OBJECTIVES
The main objectives of this work are as follows:

(1) To investigate the use of salt assisted ball milling to minimize aggregation and decrease

size distribution of the nanodiamond agglomerates.

(2) To synthesize and fully characterize the physicochemical properties of the ND-COOH
system to confirm successful functionalization of the nanodiamond-chitosan composite

(ND-COOH-CS)

To study the optical properties of nanodiamonds and assure the optical properties are maintained

after functionalization.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

Carboxylated Nanodiamonds (ND-COOH) (> 98% purity, cubic phase) with a particle
size between 4-5 nm and 90 nm aggregate size were purchased from International Technology
Center and used as the main concentration for the study of surface modification. Medium
Molecular Weight Chitosan (p-1,4-linked N-acetyl-D-glucosamine (GlcNAc)) was purchased
from Sigma Aldrich and used to modify the surfaces of the ND-COOH materials. Fluorescent
ND >500 NV / particle, 90 nm average particle size diluted in a solution of 1 mg/mL of
deionized water was used in comparison to ND-COOH. 500 mL Trifluoroacetic acid was
purchased from Fisher Scientific. Using Cui et al. experiment, Amine NDs (N-NDs) (>98%
purity, cubic phase) with a particle size of 4-5 nm and 60-80 nm aggregate size was used
concerning the electrostatic attraction phenomenon. Sodium Chloride (NaCl) and Alginate were

both purchased from Sigma Aldrich to reconstruct the experiment similarly to this experiment.

3.2 PREPARATION OF CHITOSAN ND COMPLEX (ND-COOH-CS)

0.1 M TFA solution was added into 100 mL of Millipore water and mixed thoroughly. 0.1
mg of CS was then added per mL of TFA/water solution, mixed and then stored into a beaker.
The CS solution was then sonicated in the beaker for up to two hours and then stored in the
refrigerator. 0.250 mg of ND-COOH was then added into a scintillation vial, and 4 mL of the CS
solution was then added into the scintillation vial. The ND solution was then placed inside of the
sonicator for two hours, and mixed thoroughly to make the ND-COOH-CS composites.
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Furthermore, an Erlenmeyer flask was used to excrete the liquid byproduct. A stir bar was then
placed in the suspended ND mixture, and the scintillation vial was placed on the hot plate at 100

°C for 10 hours until the remaining solution was evaporated and the product was formed.

Figure 3.2 The Protonation of the CS Bioconjugate attached to the Surface of the ND-COOH.
3.3 Experimental
3.3.1 SALT-ASSISTED ATTRITION BALL MILLING

The attrition mill is Union Process Model HDO1 and the steel balls are AISI 440-C (1/4").
Nanodiamond materials were measured at a 1:7 ratio with salt inside of a beaker. The salt (NaCl)
grains were helpful in the de-agglomeration process of the nanodiamond particles as
mentioned."" " Titanium carbide ball milling beads were considered in this experiment and
placed after the milling media was placed in the ball milling apparatus. Studies show, that the

collision impact on the particles improves the efficacy of the ball milling method. The
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optimization of ball milling took place as the machine was set for 2 h after setting up the series
of experiments. After ball milling the ND-COOH with the media, the ND-COOH were then
washed using Millipore water to separate the salt from the ND-COOH. ND-COOH pellets were
then placed inside of centrifuge tubes, washed (x5) for five minutes each at 13,000 rpm. After the
milling media solution was separated on the fifth ball milling attempt the supernatant was

separated from the pellet and tested using AgNOj to see if any salt was left in the solution.

3.3.2 Dynamic Light Scattering (DLS)

DLS was measured using the Malvern Zetasizer Nano ZS. Nanodiamonds were filtrated
and re-dispersed and sonicated in distilled water for up to 30 minutes. After nanodiamonds were
sonicated, they were then diluted into a cuvette and placed into the DLS machine for the laser to
penetrate through the clear side to gather accurate results for the intensity distributive curve of

the Carboxylated nanodiamonds after ball milling took place.

3.3.3 ZETA POTENTIAL ANALYSIS (ZPA)

Zeta Potential analysis (ZPA) was measured using the Malvern Zetasizer Nano ZS. ZPA
was used to confirm the stability within the surface chemistry of nanodiamond materials. The
significance in zeta potential was to keep the particles suspended within the solution without
causing them to crash into a stage of sedimentation known as phase separation. One of the major
ways to keep the particles in a stable condition is by having charged particles that repel when
dispersed into solutions. Uncharged particles have the tendency to get close enough to form
aggregates. Disposable plastic cells were initially filled about three quarters and placed into the

sample holder to tare the zeta potential analyzer. A dip cell was inserted into the disposable cell
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so that the electrode was used to look at the motion of the particles due to the electric field. NDs
were ball milled and sonicated for thirty mins and 1 mg was dispensed into a 1 mL cuvette.
Once the solution was suspended a reading was taken to collect the data for the Carboxylated
Nanodiamonds (ND-COOH) and the Carboxylated Nanodiamonds attached to the amide

formation of the chitosan.

3.3.4 ATTENUATED TOTAL REFLECTION INFRARED SPECTROSCOPY (ATR-IR)

The Bruker Tensor 27 ATR-IR spectrometer was used to confirm the surface modification
displayed on the ND-COOH structures using the chitosan. Prior to starting Using a spatula, a
small sample was used to guide the probe containing the laser into the material used to identify
surface functionality present within the ND-COOH, the ND-COOH-CS, and the CS material.

The intensity was recorded in ATR spectra with wavenumber values ranging from 600-4000 nm

1

3.3.5 TRANSMISSION ELECTRON MICROSCOPY (TEM)

The TEM is a Zeiss Libra 120, and it was operated at 120kV. The camera used to acquire
the images is a Gatan Ultrascan 1000 CCD. The Fluorescent Nanodiamonds were measured
using the TEM instrument located in Cincinnati, Ohio in the National Risk Management
Research Laboratory supported by the Environmental Protection Agency under the supervision
of Dr. Sahle Demessie and Dr. Changseok Han. A TEM electron beam is produced, and it passes
through the sample to imprint the image which is magnified by other lenses down to atomic
sizes. The imprinted image is then recorded as an accurate measurement used to observe the

materials on a nanoscale as the instrument can airlock and use its focusing mechanism for the
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best results. TEM is used to give the identity of surface topology, and morphology of the

materials.

3.3.6 X-RAY DIFFRACTION (XRD) ANALYSIS

The Bruker D8 XRD analyzer measured the crystallinity of materials in our experiments.
XRD was used to measure the thermal degradation of the biopolymers and the pristine ND-
COOH materials in comparison the modified ND-COOH-CS. Given that the NDs are abrasive
materials we demonstrate the change in the degradation phase once the biopolymer is added to
the surface of the pristine ND-COOH. Using this characterization technique, we can identify the
point at which the temperature begins to degrade the samples to help us analyze how the

modified ND-COOH-CS were modified.

3.3.7 THERMOGRAVIMETRIC ANALYSIS (TGA)

To determine the thermal degradation of the raw ND-COOH, raw CS, and modified ND-
COOH, the TGA-DSC (Q600 Simultaneous TGA-DSC) was used to measure the point at which
the temperature began degrading. Given that the NDs are abrasive materials, we demonstrate the
change of the degradation phase is effected in the modified NDs as the thermal temperature

decreases in comparison to the results of the raw ND-COOH.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 DLS OF PRISTINE ND-COOH VS. SALT ASSISTED ATTRITION BALL MILLED
ND-COOH

Nanodiamonds were filtrated and re-dispersed and sonicated in distilled water for up to
30 minutes. After nanodiamonds were sonicated, they were then diluted into a cuvette and placed
into the DLS machine for the laser to penetrate through the clear side to gather accurate results
for the intensity distributive curve of the Carboxylated nanodiamonds after ball milling took
place. The results show ND-COOH reaching a 127.875 = 1.1 nm from a 202-nm size giving
evidence that the ball milling technique was indeed effective in terms of disaggregating the ND
materials. The diameter size between the ND-COOH as supplied material in comparison to the 5
h ball milled ND-COOH have a 36.06% decrease again emphasizing the effective strategy for the
salt attrition ball milling experiment. During this experiment, as the particle size decreases, no
contamination is shown in the recorded data to further emphasize the elite ability and strategy

oriented in the ball milling process.

The 5 h ball milling process demonstrates an effective decrease in diameter as viewed
between the sizes of approximately (>555 nm). There is a decrease in intensity observed in
comparison to the as supplied ND-COOH, supporting the theory that ball milling effectively
decreases the size-ability of the ND particles. PDI of 5 h ball milled ND-COOH is ~ 0.241 nm +
0.007 in comparison to the PDI confirming that there was also a decrease between the two

molecular masses because of the salt assisted attrition ball milling process.
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Figure 4.1 A comparison of as supplied ND-COOH vs. the 5-hr. ball milled ND-COOH DLS

Size Distribution by Intensity plot.
4.1.1 DLS OF SURFACE MODIFIED PRISTINE NDs

To define the quantitative characteristics of the resulting suspensions DLS was used. In
Figure 4.1.1, the analysis of the data allows the conclusion that most particles in the pristine ND
suspension have an average diameter of size ~106 nm. However, upon increasing concentration
of the CS concentration (0.25-1 w/v%), the particle size distribution increases due to an
increasing hydrodynamic diameter of approximately 122.6 nm. At 1 w/v% concentration, the
particle size distribution exceedingly approaches 1000nm. In consideration of zeta potential

shown below, it can be observed that the stability advantageously increases with increase in
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concentration. This was attributed to the ability of chitosan chains to compensate for the negative
charges existing on the ND surface as well as ability to repel neighboring ND particles with the
extension of chitosan chains on the surfaces of NDs. The CS being soluble in the TFA solution is

a case for explaining the binding of the CS to the ND-COOH electrostatically and covalently.
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Figure 4.1.1 Size and zeta potential data were obtained on three different samples of each

particle preparation (n = 3 per particle type). Size and zeta potential were measured in triplicate

in each sample (triplicate analyses).

4.2 ZPA OF SURFACE MODIFIED PRISTINE NDS

The successful functionalization of NDs with CS was also confirmed by the zeta potential
measurements. The pristine NDs showed a negative zeta potential of —40 mV, suggesting that
negatively charged surface functional groups such as carboxylate were present. After

functionalization with CS at 0.25w/v%, the mean zeta potential shifted to —26.7 mV, indicating
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an increase in the density of positively charged surface groups. As expected, further
functionalization at 1 w/v% of CS showed a positive zeta potential of +12.9 mV, demonstrating

the predominance of a larger number of positively charged (amine) groups on their surfaces.

Zeta Potential of Pristine NDs vs. Modified CS-ND-
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Figure 4.2 Zeta Potential data to illustrate the relationship of the Distributive Particle Size in

Comparison to the Charge to emphasize electrostatic attraction between NDs and biopolymer.
4.3 XRD ANALYSIS OF SURFACE MODIFIED NDs vs. RAW MATERIALS

XRD proves the diamond structure of the particles. The observed peaks at 44, 75.5, and
91.5 represent signals from the diamond lattice. Upon modification of ND-COOH, we see the
appearance of a diffuse band ~25 indicative of successful modification of the ND surface with
CS. It is reported that nitrogen impurities (up to 2—3 wt.%), can form complexes in the core of

nanodiamond particles, and the presence of twins and grain boundaries in the crystallites may
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contribute to the broadening of the X-ray diffraction peaks that was earlier attributed to

disordered sp® carbon as shown in the figure.

XRD Analysis for Surface Modified NDs
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Figure 4.3 XRD Analysis used to illustrate the Surface Modification present on the NDs using

the CS.
4.4 FTIR OF PRISTINE NDs IN COMPARISON TO RAW MATERIALS

FTIR of pristine ND showed characteristic bands at 1045 cm™ and 1262 cm™ due to
vibrations of ether-like groups [43] are surmised to be generated from the covalent bonding of
inter-carboxylic and/or hydroxyl groups, as well as bands in the C-H stretching region at 2900
cm™ due to vibrations arising from the C-H bonds present on the surface of the NDs. It is
reported that NDs exhibit a broad “fingerprint region” in literature ranging from 1000 to 1500

cm’' [42]. It is important to note that the pristine ND were found to have features in the carbonyl
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region (1760 cm™), suggesting that the raw material was already somewhat oxidized. The peaks
at 1630 cm™ (O-H bending) and 3400 cm™ (O-H stretching) may have originated because of
either the water adsorbed onto the NDs or the presence of covalently bonded hydroxyl functional
groups on the surface of the NDs. Comparing the spectra of the ND-COOH-CS with those of
pristine ND, it is evident from both the peak height and shape of the band located at 1630 cm™
that the functionalization reaction was successful. The presence of an amide I band from 1640 to
1690 cm™ and an amide II shoulder from 1510 to 1580 cm™ in the ND-COOH- CS spectrum

provide further evidence of functionalization.

Table 4.4 A Table Displaying the Spectral Features of ND-COOH & CS vs. Modified NDs.
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FTIR Display of Surface Modification of ND-COOH.
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Figure 4.4 ATR-IR spectra of Carboxylated Nanodiamonds (ND-COOH), Chitosan (CS) Surface

Modified ND-COOH (ND-COOH-CS).
4.5 TGA OF PRISTINE AND CS MODIFIED ND-COOH

Thermogravimetric analyses were performed to provide quantitative estimates of the
surface loading of functional groups attached to the NDs. The thermograms of the pristine NDs
and ND-COOH-CS showed initial weight loss at 100 ‘C due to loss of water. The thermogram of
the ND-COOH-CS showed no appreciable weight loss from 100-250C indicating thermal
stability of the functionalized NDs. The surface loading of the ND-COOH-CS was calculated
from the thermogram. If the surfaces of NDs are dominated by carboxylate groups, the estimated
surface coverage was. The high surface functionalization confers high CS binding capacity to the

nanomaterial.
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TGA of Pristine ND-COOH and RAW CS
compared to Modified ND-COOH
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Figure 4.5 TGA of ND-COOH and Raw CS compared to the modified ND-COOH-CS used to

demonstrate the surface modification of the pristine ND-COOH.
4.6 CROSS CORRELATION SPECTROPHOTOMETRY (CCS)

Figure 4.6.1 shows emission spectra (Amax = 578 nm) of FNDs and ND-COOH. The FND
spectrum, acquired for particles suspended in water and excited with a continuous-wave (cw)
488-nm laser, reveals the N-V centres existing inside the material: (N-V) with a phonon line at
576.1nm and 637nm. Likewise, the emission spectra of ND-COOH (Figure 4.6.2) shows the N-V
centres inside the material at ~576nm. Comparing it with the spectrum of the control FND,
indicates that the fluorescence spectra of the ND-COOH are essentially the same. The
fluorescence intensities of these NDs are bulk-dependent, little affected by their surface

characteristics and, therefore, their environments. Notably, the excellent photostability (that is,
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no photobleaching or photoblinking) of the material is preserved. This application may
demonstrate that there is an optical application that may be considered in the future for

examining these ND particles for in vitro studies.

- -} 3 4

Fluorescent NDs

Intensity

Emission Wavelength (nm)

Figure 4.6.1 The Cross-Correlation Emission Spectrum of the Red Fluorescent NDs
(commercially purchased) demonstrating the emission spectra given a 488-nm lens at the

wavelength 576.1-nm and ~695-nm.
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Figure 4.6.2 The Cross-Correlation Emission Spectrum of the ND-COOH demonstrating the

emission spectra using a 488-nm lens giving the wavelength 576.1 nm.

Figure 4.6.3 Evos Microscopic Imaging of Sigma Aldrich Red Fluorescent NDs (Left) compared

to as supplied ND-COOH (Right). Evos Microscopy demonstrates the Red Fluorescent the
uniformity of the Red fluorescent NDs in comparison to ND-COOH which have more

aggregation.
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4.7 TRANSMISSION ELECTRON MICROSCOPY (TEM) OF Red fNDs vs. ND-COOH

and ND-COOH-CS

Figure 4.7.1 TEM images of the Red Fluorescent Nanodiamonds. a. Fluorescent ND. Measure at

1000 nm b. Fluorescent NDs measured at 100 nm.

Figure 4.7.2 TEM images of the pristine ND-COOH (/eff), 0.25 wt./vol% ND-COOH-CS

(center), 1 wt./vol% of ND-COOH-CS (right). (All measured on a 20-nm scale)
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Observations by transmission electron microscopy show that pristine nanodiamond
particles are overcome by aggregation, which show particles with lateral dimensions ranging up
to several hundred nanometers but with flattened, plate-like structures, which appear to aggregate
in stacks. The lateral dimensions of the individual particles are somewhat larger than the mass-
weighted size determined by DLS; however, this presumably reflects the very nonspherical
particle shapes. This aggregation may be due to partial coatings of graphitic shell or amorphous
carbon with dangling bonds terminated by functional groups. TEM imaging showed that NDs
have a polygonal shape. In addition to the ND size indicated by dynamic light scattering
analysis, very small mfNDs (a few nm) were detected within the ND aggregates by TEM. The 1
um scale bar images focus on one of the large particles, which is shown to be an aggregate of

many NDs.

TEM images of the 0.25 w/v% CS-ND-COOH show more dispersed and smaller size
aggregates with more evidence of individual single particle ND. Thereby, providing further
evidence that modification of NDs with the biopolymer chitosan facilitates dispersion and

stability of NDs as observed in zeta potential analysis.
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CHAPTER 5
CONCLUSION
5.1 CONCLUSION

In this work, ND-COOH were functionalized with the biopolymer, CS. Favorable
interactions developed between the surface of NDs and chitosan polymer chains were attributed
to the presence of numerous carboxyl groups on the ND surfaces facilitating covalent bonding
between the COOH and NH; on chitosan. The chains synthesized at the surface of ND-COOH-
CS were observed to be adsorbed strongly at the surface of NDs with the formation of amide
bonds between carboxyl groups and NH,. Stability of functionalized ND dispersions as
determined though zeta potential analysis is attributed to the extension of these polymer chains
creating repulsion from neighboring ND particles. Although electrostatic interactions due to
opposite zeta potential values between NDs and chitosan cannot be completely excluded, the
contribution of this repulsion between functionalized NDs to the stability of the complex can also
serve as facilitating the charge screening effect. TEM displays modified NDs not interacting with
pristine NDs due to the repulsive effect because of the ND-COOH hypothetically binding to the
backbone structure of the Chitosan’s NH, group. FTIR and TGA confirms the surface
modification of the ND-COOH structure as there are more intense bands displayed in the FTIR
spectra, and there is more thermal degradation seen in TGA because of the biopolymer binding to
the NDs. NDs were successfully functionalized with chitosan producing surface loading of mmol
g of ND. These modified NDs formed highly stable aqueous dispersions with an optimal zeta

potential of ~+12.9mV at 1 w/v%.
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5.2 FUTURE WORK

Based on promising results, further work is recommended in the following areas:

(1) Investigating the loading capacity of NDs for optimal biocompatibility.

(2) Exploring the drug loading and the release studies (possibly doxorubicin (DOX) or

cisplatin (DDP).

(3) Exploring the ex vivo analysis of ND interaction with MCF-7 cells

(4) Finding the optical properties and intracellular transport of the ND-COOH-CS using

CLSM and cross correlation photospectrometry.
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