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Abstract of the Thesis

Development of lodinated Graphene Nanoplatelets through Redox Reaction

for their Use as CT Contrast Agents

by
Aditi Parag Gadgil

Master of Science
in

Biomedical Engineering

Stony Brook University
2013

lodinated organic compounds currently dominate the market of contrast media for CAT
imaging. When these compounds have to be used in large quantities for multiple CAT scans, it
can result in adverse effects ranging from mild to severe. Secondly, iodine being the only
element which gives the essential optical properties to the agent, large quantity of iodine is
needed in preparing these compounds. Recently, graphene-based compounds are being
researched for their exceptional optical properties, and their compatibility with the body tissues.
If combined with iodine, they are believed to give a significant contrast with a less dose of the
agent. In this thesis work, we tried to synthesize graphene nanoplatelets incorporating iodine ions
through chemical bonding. We modified Hofmann’s method® to oxidize graphite flakes; with a
further modification of using potassium iodate in the place of potassium chlorate as an oxidizer,
in order to attach iodine ions to the graphene oxide platelets. Later, we reduced these oxidized
graphene platelets using 32.1 mM hydroiodic acid instead of the standard hydrazine. Dextran-
coating was done to make the molecules more dispersible in water and also biocompatible with
the body tissues. The efficiency of the chemical reactions was examined by different
characterization techniques like Raman Spectroscopy, UV-Vis spectroscopy and ISE. The
morphology was checked by TEM and AFM. The particle size obtained was in the range of 1 — 2
pm. Cell toxicity studies were done by the LDH and Prestoblue assay to evaluate the toxicity of
the particles on two different cell lines. CT Phantom studies showed that the contrast produced
by the composite material was more than an equivalent amount of pure iodine.
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1. INTRODUCTION

1.1  Computed Tomography

The diagnosis of soft tissue and vasculature can be done by various imaging techniques,
Computed (Axial) Tomography or CT scanning being one of the easier and cheaper ones. In this
technique, X-rays are passed through the desired part of the patient. Depending on the
characteristics of tissue in that part, some amount of X-rays is absorbed by the tissue in the
patient, and the remaining X-rays are transmitted through the body. These transmitted rays then
fall upon a detector, and a projected 2-Dimensional image is formed on the film. The images are
cross-sections, or thin slices of the person’s body that is being scanned. The individual cross-
sections are later computed to give a single compiled snap-shot of the imaged body part. These
CT images help us to identify defects or abnormalities in the body if present. In comparison to

the conventional X-ray imaging, CT gives sharper and more detailed images of the organs.

X-ray Source

X-ray Fan Beam

Detector Array

Figure 1: Computed Tomography Scanning Technique
1



Fig. 1 depicts the process of obtaining a CT scan’. The patient is placed in the center of
the equipment. A beam of X-ray which can be as thick as 1 mm up to 10 mm is irradiated on the
part of the patient’s body which has to be imaged. The detector which is placed on the opposite
side of the X-ray source captures all the radiations transmitted through the body, and different
snapshots are recorded in several rotations of the X-ray tube. These snapshots are sent to the data

acquisition system and compiled into one CT image.

1.2 Contrast Agents

Figure 2: CT images (A) without contrast agents, and (B) with contrast agent

Since hard tissues like bone, cartilage are high in density, they absorb a great amount of
X-rays, and hence produce a good contrast in the CT image. On the other hand, soft tissues like
muscles or blood vessels, cannot give a similar contrast due to less radiation absorption.
Consequently, minute details or defects in these tissues can be missed by the resultant
compromise of image quality. This problem can be solved by ‘contrast agents’. They are

essential components of the imaging process for enhancing the contrast in the images obtained.



Fig. 2 shows the difference caused by injecting a contrast media in the patient’s body. The
contrast agent (CA) traverses through the vasculature into minor body parts and thus gives
brighter images, with more clarity.

Majority of the CAs in market are iodinated organic molecules. lodine is an element
having high atomic number (Z = 53), and hence it has a high attenuation power®. Thus, iodinated
contrast media absorb a great fraction of the X-rays incident on the body. Barium-based CAs (Z
= 56) are common for Abdomen or Gl tract scans®, and are taken orally. Gold (Z = 79) is also an
emerging element used for giving contrast in CT. It is generally investigated in the form of
nanoparticles®. Gadolinium is another element which has been tested for its high contrast giving
properties, due to its high atomic number (Z = 64), however, it is more popular as a Magnetic
Resonance Imaging (MRI) contrast agent, due to its good relaxivity®. All these elements are good
attenuators of X-rays due to their high atomic numbers.

The common iodine-based CAs can be classified according to their ionic properties, and
consequently osmolality etc. lonic compounds have high osmolality since they undergo
dissociation in solution and increase in number of moles®. Whereas, the nonionic CAs have low
osmolality since they do not dissociate in solutions. The high osmolar CAs have greater side
effects on the body, than the low osmolar. Due to the osmotic pressure created both of the high
and low osmolar CAs are retained for a longer time in the kidneys than the iso-osmolar
compounds’. Hence, they cause nephrotoxicity harming the well-functioning of the kidneys.
Table 1 shows examples of high osmolar contrast media (HOCM), low osmolar contrast media
(LOCM) and iso-osmolar contrast media (IOCM)°. The typical content of iodine in all these

contrast agents is approximately 300 to 350 mg/ml.



The non-ionic CAs have proved to be a better and comparatively safer option than the

ionic ones. However, they are also much more expensive than the ionic CAs®.

Table 1 Classification of iodine-based contrast agents according to their osmolality.

Substance Iodine content Osmolality Classification
Serum - 290 mOsm/kg -
Diatrizoate (lonic monomer) 300 mgl/ml 1570 mOsm/kg HOCM
lohexol 240 (Nonionic monomer) 350 mgl/ml 518 mOsm/kg LOCM
lodixanol 320 (Nonionic dimer) 320 mgl/ml 290 mOsm/kg IOCM

Since the advent of nanotechnology, there has been a leap of progress in the field of
biomaterials. Nanoparticles have the property of longer retention time in the body tissues, than
the molecular contrast agents. This can also help in the long-term imaging of the tissues, or for
multi-modal imaging®. If labeled with florescent proteins or radioactive elements, these
nanoparticles can be used to track molecular functions in the body™. Moreover, use of different
types of carbon nanoparticles is booming in the biomedical industry. In the case of CAs, these
carbon nanoparticles are also creating an impact with their brilliant optical properties**™*. One of

these carbon-based materials is discussed below.

1.3 Graphene: Potential use in Contrast agents

Graphene is a 2-dimensional material, whose backbone contains sp?- hybridized carbon
structure. The carbon crystals are arranged in a honeycomb lattice structures, and they are in
single-layers™. It was first explored by Novaselov and his group in 2004 for the study of electric

field created in it®.
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Figure 3 Schematic representation of a single layer graphene sheet16

Graphene possesses exceptional thermal, electrical, optical and mechanical properties, for
which it is largely researched for a variety of applications. The opacity of graphene structure has
been presented very effectively by R.R. Nair and group®’. Besides, the biocompatible properties
of graphene have triggered research in many biomedical fields*2*®%. Due to all these properties,
we hypothesize graphene-based nanomaterial to be a good competent in the CT contrast industry.

Although it has these unique optical properties, graphene alone would not be enough to
produce the desired contrast in the CT imaging because high concentrations of graphene will be
needed in that case. That would possibly turn out to be harmful to the patient’s body. However,
looking at the ability of graphene to be easily functionalized with different chemicals, it is
hypothesized that if graphene is combined with an element of high atomic weight and a high
absorption factor, it would accentuate the contrast much more. For this study, we used the model

element for CT imaging, iodine.



1.4 Redox Reaction of Graphite

For the incorporation of iodine in the graphene sheets, scientists have tried to dope
different carbon nanoparticles by various methods of physical adsorption or chemical bonding.
For the purposes of enhancing the electrical properties of carbon nanotubes, a group has
successfully tried doping them by placing the carbon nanotubes in iodine vapors® after some
chemical modification of the carbon nanotubes. Commonly, graphene films are prepared by
chemical vapor deposition, and then by exposing these films to an environment where constant
pressure of iodine vapors is maintained in a double zone furnace, | ions can be intercalated
within the graphene sheets?*?*. In one study, graphene was doped with iodine using camphor as
the carrier substance and a carbon precursor, since camphor has a boiling point (204 °C) similar
to that of iodine (184.3 °C)%.

In our study, the purpose of iodine intercalation in graphene was to make graphene sheets
as a carrier for the iodine molecules for them to go through the body. So, physical adsorption
may lead to dissociation of the ions after they enter the system or when the particles are diffusing
out of the vascular system. Moreover, the processing methods mentioned above involve extreme
conditions of pressure and temperatures, which may incur more expenses and require careful
operating measures. Production of graphene can be done by mechanical methods like exfoliating
graphite particles or cleavage of highly pyrolytic graphite®, or by chemical vapor deposition?”?.
Oxidation and then reduction of graphite is a common chemical method of producing graphene
sheets from graphite. Oxidation of graphene induces deformities in the sp? bonding of carbon
atoms on a large scale due to the binding of oxygen atoms, which results into formation of sp*

carbon bonds®®. These deformities are again restored to the original sp? alignment of carbon



structure to some extent, when the graphene oxide is reduced by strong reducing agents®. The
application of this method can be further extended to include the desired elements or compounds
in the graphene sheets by using a suitable oxidizing or reducing agent in the redox reaction. The
ions formed after the reactions using these chemicals are intercalated into the graphene sheets
through strong ionic bonds.

Graphene oxide was first prepared by B. Brodie in 1859 using potassium chlorate and
nitric acid as oxidizing agents®. Then later, a series of changes were brought about in the
methods and materials used to achieve a more efficient process of oxidizing graphite*2.
Hummer’s method is considered to be a standard procedure®, which people use for oxidation of
graphite and modify it according to their needs***". In this study, since the purpose was to

incorporate iodine ions, we used Hofmann’s method in which we replaced the potassium chlorate

by potassium iodate.

1.5  Potassium lodate
Potassium iodate is an ionic compound consisting of the two ions K" and 103" in equal
ratios. It is a strong oxidizing agent. The typical oxidative reactions that take place in the

presence of potassium iodate can be represented as follows™.
103+ 6H" + 6e ﬁ I+ 3H,0

|05 + 51+ 6H" ﬁ 3l + 3H,0

lodine (I,) being an halogen like chlorine (Cly) and falls in the same column in the
periodic table, the iodine in potassium iodate (KIO3) is expected to have the oxidation number

same as that of chlorine in potassium chlorate (KCIOs) during an oxidizing reaction®*. The
7



Material Safety Data Sheet (MSDS) of potassium iodate describes the possible hazards and the

safety measures that have to be undertaken while handling of this chemical.

1.6 Dextran

After the preparation of the reduced graphene oxide, it is observed that they do not form a
stable solution in aqueous solvents. They tend to aggregate in distilled water and other inorganic
solutions. In order to prevent this, the particles need to be coated with a hydrophilic compound
that lends stability to the agent in a solution form. It should also be readily acceptable by the

body.

Figure 4 Structure of Dextran (http://en.wikipedia.org/wiki/File:Dextran_ball-and-
stick.png)

Dextran is a hydrophilic and complex polysaccharide and has many biomedical
applications®. It is used as an anti-thrombotic factor since it reduces the blood viscosity and it
also acts a volume expander in anemia*'. Because of its high solubility in aqueous phase, it is
used to functionalize many biomaterials or nanoparticles, in specific, to improve their stability in
aqueous solutions. Graphene-oxide has been coated with Dextran, in which case Dextran acts
like a reducing agent on graphene-oxide*?. Another advantage of attaching Dextran molecules to
the graphene sheets, is that it provides scope to formulate a targeted delivery system*. The
ligands of the receptors, specific to the cells of the targeted tissue, can be attached to the dextran

molecules through the hydroxyl groups*. These functionalized particles can then travel through



the blood vessels, and get diffused into the desired tissue. This would help in driving most of the
injected contrast media, to the affected tissue to be imaged and hence, preventing it from being

distributed in the unwanted organs.

Thus, in this researach project, we have tried to formulate a system of Graphene
NanoPlatelets (GNPs) which incorporate iodine ions by the mode of chemical reactions
involving oxidation and reduction by strong iodine compounds. The experimental study design
includes potassium iodate as the oxidizing agent. The efficiency of this method of synthesis is
compared to that using non-iodine based oxidizing agent used by Hummer (potassium
permanganate) for oxidation of graphene. In both the cases of oxidation, the graphene oxide
produced was reduced by a strong iodic acid (hydrogen iodide or HI)**%®. To make this system
more feasible for being used in a biological environment, we coated it with dextran. Then we
used these dextran-functionalized particles to test its effect in vitro on cells, and also to test their

contrast giving capacity while imaging.

1.7  Characterization studies:
For any biomaterial to be tested for its application, characterization of that material is
very necessary in order to predict its efficiency in terms of its functionability. The requirements

of a CT contrast agent in general are as follows:

1. Biocompatible material — It should not induce adverse reactions (chronic or acute)
2. Optical properties — The material should have enough absorptivity for X-rays, to produce a

considerable contrast in the CT scans.



3. Iso-osmolality — To be able to flow along with the fluids in the blood vessels, the contrast
media should be in the same range of osmolality, as that of the serum in the blood. High
osmotic or very low osmotic can cause more side effects than the iso-osmolar contrast agents.

4. Appropriate size — The size of the material should be small enough to be able to diffuse out of
the vasculature into the target tissue to be imaged.

5. Least side effects — The CA should produce least chronic or acute adverse effects on the body
organs, particularly on the kidneys.

6. Proper biodistribution and safe excretion out of the body — The information on biodistribution
IS necessary to know if there is concentration of the material in any body part. It mainly helps
in tracking the metabolism or excretion after a stipulated time in the body.

For the validation of all these properties, some preliminary studies should be
carried out using different characterization techniques. Some of the characterization techniques

which can be used to analyze different properties of the material are mentioned below*:

1.7.1 Morphological studies:

To check the size and shape of the micro/nanostructure, some of the microscopy
techniques mentioned below are used. These studies are necessary to see the integrity and
uniformity of the synthesized material.

a) Scanning Electron Microscopy (SEM)
b) Transmission Electron Microscopy (TEM)

c) Atomic Force Microscopy (AFM)

10



1.7.2 Chemical structure studies

The following spectroscopic methods help to obtain information about chemistry or the
crystal structure of the sample being analyzed. It is generally based upon the different vibrations
present in a chemical bond, or the emissions and absorption spectra giving out by a compound
after photon irradiations.
a) Raman Spectroscopy
b) UV/Visible Spectroscopy
c) X-ray Photoelectron Spectroscopy (XPS)
d) Energy-dispersive X-ray spectroscopy (EDX)
e) X-ray Diffraction (XRD)

f) Qualitative High Performance Liquid Chromatography (HPLC)

1.7.3 Quantification studies

These studies help to quantify of certain components in the given samples, or the size
distribution of the particles. This information is necessary to decide about the dosage or the
formulation of the final product, and also to analyze the productivity of the synthesis process.
a) lon Selective Electrode (ISE)
b) Dynamic Light Scattering (DLS)
¢) Quantitative HPLC

d) Osmolality

11



1.7.4 Biocompatibility

These studies are needed to show that the material in consideration does not produce any
side effects, or least effects. After being introduced in the body, they should not trigger any
immune response, or harm the body tissues. Following are some of the tests carried out to
evaluate the chances of occurrence of such cases.
a) Cytotoxicity
b) Immunogenicity

c) Complement activation/ RBC aggregation tests etc.

12



2. SYNTHESIS AND CHARACTERIZATION: METHODS

2.1 Materials used

There were mainly four steps which were followed during the whole process of the
synthesis of Dextran coated-HI reduced Graphene Nanoplatelets (Dex-HI-GNPs). The materials
required can be listed based on these four steps of the process as follows:

a) Pre-oxidation of Graphite flakes
Graphite flakes - Sigma Aldrich, (<45 microns) > 99.99%
Formic acid - Sigma Aldrich, >95%
DI water — obtained from RO filter
b) Oxidation of Graphite by modified Hummer’s method
Nitric acid - J.T Baker; 69.0 - 70.0 %
Sulphuric acid — Pharmco AAPER; 95 — 98%
Potassium Permanganate — Sigma Aldrich; > 99.0%
Potassium lodate — Acros Organics; 99.4 + %; M.\W. = 214
Acetone - J.T Baker; 99.5 %
c) Reduction of Graphene oxide using hydriodic acid (HI)
Hydrogen iodide (HI) — Sigma Aldrich; 57 wt% solution in H,O, 99.95%
d) Coating of the reduced particles with dextran.
Dextran — Pharmacosmos, Technical grade T10 (M.W. = 10,000 Da)

Ammonium hydroxide — Acros Organics; 28 — 30% solution of NH3 in water, d =0.91
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2.2 Methods

2.2.1 Pre-oxidation of Graphite flakes:

2 g of graphite flakes were taken into a round bottom flask, and 50 ml of formic acid was
added to the flask. The solution was stirred for 2 h at room temperature on a magnetic stirring
plate. After the stirring is completed, the solution is poured into 50 ml Falcon tubes, and
centrifuged at 3000 rpm for 25 min. The supernatant is discarded and the pellet is washed by
suspending it once into water, and then into acetone, and repeating the centrifuging step after
each wash. The washes are required in order to remove the formic acid from the particles. This
pre-treatment helps in the exfoliation of the graphite sheets, increasing the surface area for
interaction with the oxidizing agents. This in turn increases the efficiency of the oxidation

method®.

2.2.2 Oxidation of Graphite:

400 mg pre-treated Graphite flakes were taken into a flask. 20 ml of nitric acid was added
to the flask, and the mixture was stirred on an ice-bath for 30 min. Next, 30 ml sulfuric acid and
3 g potassium iodate were added to this mixture and the flask was transferred to an oil bath
maintained at 35° C. Here, Hofmann’s and Hummer’s methods of Graphene oxide production
are combined. The potassium iodate which is used as a catalyst is a variation from the Hummer’s
modified method, where potassium permanganate is used; and in the Hofmann’s method where
potassium chlorate is used*. This protocol was repeated with the use of KMnO,, as in the
Hummer’s modified method, for comparative studies. The oxidation process was carried out for
3 h. Then the solution was let to cool down, and 150 ml DI water was added until a brown

colloidal solution was obtained. The contents of the flask were poured out into Falcon tubes.
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They were washed with DI water by centrifuging at 3000 rpm for 25 min, till a clear supernatant
was obtained, and for every wash, the pellet was equally dispersed in the water, so that all the
unwanted ions and chemicals will be washed out. All the particles were then again suspended
into DI water and then dialyzed in a dialysis bag for 2 days (Fig. 5). Dialysis is needed to diffuse

out all the ions and impurities formed from the acid treatments in the oxidation process.

Figure 5 Picture of the dialysis process being carried out

2.2.3 Reduction of the oxidized Graphene Particles using Hydriodic acid:

200 mg of the dried oxidized particles were dissolved in 200 ml of DI water, and this
suspension was bath-sonicated for 2 h. The ultrasonication is supposed to exfoliate all the
graphene sheets that have aggregated in the solution. After sonication, 2 ml of 32.1 mM HI acid
was added to the solution and this mixture was stirred on a hot plate stirrer, in an oil bath which
was maintained at 85 to 90° C. The flask which contains the solution is connected to a
condenser, so that all the evaporating vapors will be condensed and the volume of the experiment
solution will be maintained. The condenser is constantly supplied with ice cold water. This setup
(Fig. 6) was let to stand overnight for 24 h. After the completion of the reaction, the temperature

was let to cool down, and the 200 ml of solution was poured out into four 50 ml Falcon tubes.
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These tubes were centrifuged at 3000 rpm for 20 min, the supernatant was discarded and then the
pellet was washed several times with DI water by centrifuging, till the supernatant was clear. The

pellet obtained after the last wash was dried in a hot oven at 60° C under vacuum, overnight.

Figure 6 Picture of the reduction reaction is being carried out

2.2.4 Dextran-coating:

This step of the process was not carried out in the synthesis of first batch of HI red-GNPs.
Functionalizing with dextran was mainly done to make the HI-reduced graphene nanoplatelets
(HI red-GNP)s stable in solutions, and also to increase the biocompatibility of particles. For
dextran coating, the flask containing 200 ml solution of HI reduced GNPs was taken as is, after
the 24 h reaction set up, and bath-sonicated again for 2 hours. 2 g of dextran powder (10: 1 ratio
of dextran: graphene) was added to the flask in the last 15 min of the sonication. The medium
needs to be acidic for the functionalization to take place. Hence, 90 pl of ammonium hydroxide
was added to the reaction flask after addition of dextran in 3 steps (30 pl at one time) at an

interval of 5 min. Then the flask was transferred from the bath sonicator to the hot plate stirrer,
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and the temperature was maintained at around 90° C. The mouth of the flask was again
connected to a condenser as in the previous step, and the stirring was allowed to continue for 3 h.
Later, the reaction mixture was made to cool down, and then poured into Falcon tubes. The tubes
were centrifuged at 1000 rpm for 5 min, so that all the particles coated with dextran will remain
in solution, in the supernatant, while those which are non-coated will settle down. Here, the
supernatant was collected into new Falcon tubes and frozen at - 80° C. The frozen tubes were

then lyophilized to give dry, dextran coated graphene nanoparticles (Dex- HI red- GNPs)

2.3 Characterization Methods

2.3.1 Raman Spectroscopy

Particles at different stages of the synthesis process, namely pre-treated graphite flakes,
O-GNPs and HI-red GNPs, were dissolved into isopropanol at around 1 mg/ml concentration,
and drop-casted on to silicon wafers. The ProRaman-L —Enwave was the instrument used for the
spectroscopy. The CCD detector was cooled to - 52 °© C. The sample was excited with a 785nm
frequency stabilized narrow line width diode excitation laser. Enwave Optronics software was

used to view and retrieve the data.

2.3.2 Transmission Electron Microscopy and Scanning Electron Microscopy

Sample preparation for TEM: A solution of 1 mg/ml of the samples was made in
eppendorf tubes using (1:1) DI water: ethanol mixture as solvent. The tubes were bath sonicated
form 15 min, then probe sonicated for 1 min, and finally centrifuged for 5000 rpm for 5 min. 1 or
2 drops of the supernatant from each of the tube was taken and drop-casted onto 3 separate TEM

grids (300-mesh size, holey lacey carbon grids (Ted Pella, USA)). The grids were set to air dry
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overnight in the hood. TEM was then performed on these grids at the Center for Functional
Nanomaterials (CFN) department in Brookhaven National Laboratory(NY, USA). The
equipment used was JEOL 2100F high-resolution analytical transmission electron microscope.
For SEM, the HI-red GNPs were placed on a conductive, double-sided carbon adhesive
tab (PELCO, Ted Pella). The SEM was performed on the JOEL 7600F Analytical high resolution
SEM at the Center for Functional Nanomaterials (CFN), Brookhaven National Laboratory, NY.

The samples were imaged at 5 kV using a secondary electron imaging (SEI) detector.

2.3.3 UV-Visible Spectroscopy

Concentrations ranging from 100 pug/ml to 1 mg/ml of the solutions of graphite flakes, O-
GNPs and HI-red GNPs were made in aqueous solutions. A Thermo Scientific Evolution 300
UV-Vis spectrometer was used to measure the absorbance readings. VISION software was used
from which we imported and analyzed the data in Excel. A reference of distilled water was used
in this experiment.

To evaluate the efficiency of the dextran-coating, UV-Vis was performed using pure
dextran solution as a reference on a HR 4000 spectrometer in the Material Science Engineering
Department. After subtracting the absorbance of dextran from the UV-Vis spectra of the Dex-HI
red GNPs, the remainder absorbance was extrapolated on the standard curve obtained for pure

Hl-red GNPs’ solutions.

2.3.4 Atomic Force Microscopy
The samples for AFM were prepared at very low concentrations so as to prevent damage
of the microscope tip. 10 pg/ml solutions of different samples were prepared in isopropanol, and

drop-casted on a silicon wafer. This wafer was allowed to dry, and care was taken that the
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prepared samples are covered, so that the surface may not get contaminated with other material.
The Microscopy was performed using the Nanosurf Easyscan 2 Flex. The images were obtained
in a tapping mode operation using a V-shaped cantilever (APP Nano ACL — 10, L =225 pum, W

=40 um, frequency f. = 145-230 kHz, spring constant k = 2095 N/m, tip radius < 10 nm).

2.3.5 Osmolality measurement

To check the osmolality of the prepared Dex-HI red GNPs, solutions of different
concentrations of the lyophilized powder were prepared. The concentrations ranging from
Img/ml to 100mg/ml were used. The instrument used to measure the osmolality of these
particles was Advanced Model 3250. Cooling liquid was poured in each time, beneath the

sample holder, to facilitate freezing of the sample solution.

2.3.6 lon Selective Electrode

In order to analyze the amount of lodine incorporated in the prepared nanoparticles, they
were sent to Galbraith Laboratories (TN, USA). There, the scientists had to first extract the
iodine out from the graphene sheets by a method called as Oxidative Flask Combustion. This
method is typically used as a preparatory step in the determination of halogens and other
elements like selenium and sulfur*’. The apparatus consists of a heavy-walled conical flask,
generally of 500 ml volume, which is fitted with a glass stopper. A test specimen carrier is fused
to this stopper, which has a heavy-gauge platinum wire and a piece of welded platinum gauze.
Safety measures are necessary while handling the instrument. The solid sample powder is
weighed in a filter paper, and together with a fuse-strip, it is placed in the platinum gauze
specimen holder. An absorbing liquid, specific for the element to be isolated, is placed in the

flask. Air is flushed from the flask with a rapidly flowing stream of oxygen. After the liquid is
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saturated with oxygen, the fuse-strip is ignited by appropriate methods. After combustion is
complete, the liquid is ready to be processed for the further analysis.

lon selective electrode is a transducer which converts the activity of a certain ion
dissolved in a solution into an electrical potential*®. This potential is then in turn measured by a
voltmeter or pH meter. The transducer or sensor is generally an ion-specific membrane and

comes with a reference electrode.

2.4 Cell toxicity studies

LDH assay and Prestoblue reagent assay were selected for the toxicity studies on cells.
Human kidney cancer cells, A498, and mouse fibroblast cells, NIH-3T3, were selected for the
toxicity studies. Due to the nephrotoxicity concerns of the CAs, it is essential to know about the
effects of the CAs on the nephritic tissue. Studies have been reported where kidney cells are used
for the cytotoxicity studies of CAs***°, A human cell line was used to simulate the human body
environment as far as possible. NIH 3T3 are commonly used for transfections and for cultivation
of keratinocytes. Here, they were selected for their non-cancerous nature.

The A498 cells were cultured in EMEM medium, and NIH-3T3 cells were cultured in
DMEM medium. The cells were seeded into 96-well BD Falcon plates with a number of 10™
cells per well. Following day, these cells were treated with the Dextran-coated HI-red GNPs of
concentration 5 mg/ml to 50 mg/ml. 50 pl of the particle solution were added to 200 ul of the
culture medium in the wells, so that the final concentrations of the particles was diluted 5 times.

The assays were carried out at 2 time points: 24 h and 48 h.
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LDH assay: After 24 h of the particle treatment, the 96 well- plates were centrifuged at
2000 rpm for 5 min, so that all the dead cells and impurities would settle at the bottom of the
wells. Then 50 pl of the media from the top of each well was pipetted out into a new 96 well-
plate. 100 pl of LDH reagent (LDH substrate + dye solution + co-factor in 1:1:1 ratio) was added
to the wells in the new plate. The plate was incubated for 45 min and then, the absorbance
reading at a wavelength of 490 nm was recorded in a plate-reader.

Prestoblue assay: The medium from each well of the particle-treated plates was removed
after the completion of the 24 h time point and 100 pl of Phosphate Buffered Saline (PBS) was
added to all the wells to give them a wash. Then PBS was also removed from the wells and 100
pl of new media was added to the wells. Next, 10 ul of Prestoblue reagent was added to each
well, and the plate was incubated for about 30 to 40 mins. The absorbance was measured at a
wavelength of 570 nm, and the reference absorbance values were taken at 600 nm. The
difference of values at these two wavelengths was taken as the final reading of the assay.

The sample size for each group of wells was taken as 8. Statistical analysis was

performed on the assays in Microsoft Excel using one-way ANOVA test and the Student’s t-test.

2.5  CT phantom studies

The phantom studies were performed at the Medical Center of the Stony Brook
University. A General Electric (GE) CAT scanner was used to take images of the phantoms. The
CT phantom is a big glass cylinder, filled with water. Essentially, it is used to validate or analyze
the performance of an imaging modality and it is generally water- based. Phantoms are used in
place of living things to be imaged for studies, and they are designed in such a way that they will
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have optical properties similar to a real organ or tissue. The images were taken at a 120 kV and
800 mA. This dose was higher than what is usually prescribed for patients to get a good contrast

of the samples.

Figure 7 Picture of a CT phantom

22



3. Results and Discussions

3.1  Raman Spectroscopy
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Figure 8 Raman spectra for graphite flakes (top), O-GNPs (center) and HI-red GNPs (bottom)
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Raman Spectroscopy is a reliable way to detect the deformations occurring in the uniform
sp? hybridized structure of pure graphite. Normally, a pure graphite structure gives a single peak
in the spectra at ~ 1560 t01580 cm™ wavenumber®®. This peak is called as ‘G band’. When
deformities are introduced in this structure in the form of sp® hybridization, a new peak starts
appearing in the Raman spectra at ~ 1350 cm™ called as the ‘D band’. The ratio of intensities of
D band to G band (D: G ratio) gives an estimate of the extent of the deformities formed in the

structure.

In the Fig. 8 above, the spectra for all the three samples are showing the G band at ~ 1577
cm™ The pre-treated graphite is showing a small band at 1336, which should be due to the
formic acid treatment. After oxidation, the D band is further increased in intensity due to the
oxidizing deformations formed in the structure. The D: G ratio for this sample is 0.5618, and

after reduction, this ratio got reduced to 0.549
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Figure 9 Raman spectra for GNPs oxidized with KIOj; (left) and with KMnO,
(right)

24



The Fig. 9 shows the effect of oxidization of the graphite flakes using two different
oxidizing agents. The oxidized particles made using potassium permanganate are showing a
much higher D: G ratio (1.169) as compared to that of the oxidized particles made using
potassium iodate (0.5618). This tells us that the efficiency of KMnQO, to oxidize graphite is much
more than that of KIO3. The high intensity and less noise in the spectra shown on left also prove

the purity of the graphene oxide.

3.2 SEMand TEM
SEM images at different magnifications are shown in Fig. 10 are taken only for Hl-red
GNPs. They show a large size distribution over the range of a few hundreds of nanometers to 10

to 20 um, and they all show a 2 dimensional sheet like structure.

EM WD 7.1mm 05 X 4,000 5.0kV SEI

Fire 1OEM images at a cale of 10 um (a) and 1 m (b)
Fig. 11 (a) below shows the TEM images of the micro-graphite flakes after pre-
treatment. They are up to a size of 10 microns. It can be also seen that the graphene sheets are
stacked together, due to which the image is looking darker. Oxidized GNPs can be seen in 11

(B), where the graphene sheets appear to be separated than the graphite flakes. We can see single
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sheets, even folded up in one corner. 9 (C) again show the reduced GNPs. They again look
stacked up as compared to the oxidized ones. Both the O-GNPs and HI-red GNPs seem to have
reduced 8 to 10 times in size, but this reduction in size is less as compared to that of the standard

graphene oxide particle size, which is ~ 200 nm.
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Figure 11 TEM images of the samples at different stages of synthesis: (A) Pre-treated
Graphite flakes; (B) Oxidized Graphene; (C) Reduced Graphene platelets

Ideally, nanoparticles should be in the range of 100 to 500 nm, for them to be able to
enter the tissue, and cells easily. But, particles which are larger than 1 micron, face a difficulty in

diffusing out of the blood vessels, into the tissue and cells.
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3.3  UV-Vis spectroscopy

Fig. 12 shows the UV-Vis spectra of the samples in its 3 stages of the synthesis protocol.
All the spectra shown in the figure are in 200 pg/ml concentrations of the GNPs. As reported
earlier, the maximum absorbance of the O-GNPs is around a wavelength of 227 nm and that for
the Hi-red GNPs has been red shifted to around 254 nm®". The pretreated graphite is showing a

plane standard curve with no particular peak.
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Figure 12 UV-Vis spectra of O-GNPs, HI-GNPs and pretreated graphite
flakes

Dextran-coating efficiency: After dextran-coating the HI-red GNPs, it was again
subjected to UV-Vis, in order to know how much of the lyophilized powder contains actual
GNPs. Pure dextran solutions corresponding to the concentration of the dex-coated HI-red GNPs
were used as reference solution for the observations. A standard curve was obtained for the non-
coated HI-red GNPs of increasing concentrations. The readings of the dex-coated particles were
then extrapolated on this standard curve. Dextran was added 10 folds of the GNPs amount during
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the functionalizing step in the synthesis. According to the UV-Vis reading (Table 2), 5mg of
Dex-coated GNPs contain only 257.933 ug of the HI-red GNPs. Similarly, 15 mg of Dex-coated
particles contain 797.266 pg of GNPs. Hence, on average, only 52.35 % of the graphene

nanoplatelets remained in the solution after the centrifugation of the dex-coating solution.

Table 2 Calculation of dextran coating efficiency from UV-Vis spectrometry data

Dex-coated GNPs  Absorbance HI-red GNPs Coating

efficiency
5 mg/ml 0.391 257.933 pg/ml 51.6%
15 mg/ml 1.2 797.266 pg/ml 53.1%

3.4 AFM
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Figure 13 AFM of HI-red GNPs in a color map (a), 3-D map (b) and a cross section of one particle
()
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Fig 13 shows the AFM images of HI-red GNPs as a color map, a 3 Dimensional map
with a mean fit and a line map of cross section of one the particles seen in the color image. The
window scale was 10 microns. Line map of the cross-section shows that the particle is ~ 1.37
microns. The height of the cross-section shows that it is about 110 nm thick, which tells us that
this might be the representation of a stack of reduced graphene sheets. Whereas, the structures
pointed out by arrows in 12(a), showing considerably less contrast, have a height of only about 4

nm. That indicates the presence of single sheets of HI-red GNPs.
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Figure 14 AFM of the O-GNPs with a line fit data.

AFM images of oxidized GNP-s are shown in Fig 14. The 3-D image shows height of the

particles around 2.65 nm, and the width varying from 400 nm to 1.3 microns.

3.5  Osmolality
For the two times when this study was carried out, solutions were prepared new from the
lyophilized Dex-HI red GNPs. The readings obtained both the times are considerably consistent

(Table 3). The 100 mg/ml solution showed an osmolality of average 36 milliosmoles. This is

29



quite low than that of the serum. If injected as is, it would cause hypo-osmotic pressure in the
blood system, which would lead to eruption of the blood cells due to excessive inflow of solvent
into them. Consequently, it becomes necessary to compliment the solution to increase the
osmolality of the contrast agent up to that of the serum (290 mOsm). The possible solutions are

discussed in the next chapter.

Table 3 Osmolality readings of the Dex-coated samples

Concentrations (mg/ml) | 1% Readings (mOsm) | 2" Readings (mOsm)
1 1 0
10 5 5
25 11 8
50 21 22
75 24 27
100 37 35

3.6 ISE analysis

The results from Galbraith Labs showed the amount of lodine present in the 5 samples.
Oxidized and reduced GNPs prepared in two batches were given to check for the reproducibility
of the synthesis process. The iodine content was expressed in parts per million as shown in Table
4. The contrast produced by the GNPs has to be comparable to the iodinated contrast agents,
whose iodine content is around 300 mg/ml (refer to Table 1) The concentration of iodine
obtained in this study (highest being 6309 ppm) was considerably low than expected'®. As was
hypothesized, some of the iodine was incorporated during the oxidation step of the synthesis
using potassium iodate, and this amount increased during the reduction of the GNPs with HI.

The increase in the iodine content is consistent with both the batches of synthesis of HI-red
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GNPs, however, the amount incorporated in the GNPs is significantly variable for the two
batches (168 ppm and 743 ppm). The high iodine content in the Dex-Hl-red GNPs is seen
because of the trapped iodine in the dextran solution. This is an experimental error as the extra
iodine is not intercalated into graphene sheets. Once they are dissolved in solution, these iodine

ions will be directly dissolved in water, rather than being trapped in the platelets.

Table 4 Results showing the lodine content in different samples in parts per millions

Sample description Sample Amount Used lodine content (ppm)
Batch 1-oxidized graphene
29.93 mg 124
platelets
Batch 1-HI-reduced graphene
28.89 mg 168
platelets
Batch 2-oxidized graphene
34.41 mg 562
platelets
Batch 2-HI-reduced graphene
14.20 mg 743
platelets
Batch 2-Dextran coated-Hi
31.49 mg 6309

reduced graphene platelets

3.7  Cytotoxicity studies

LDH assay: It is a dead cells based assay. The LDH assay works on the principle of
measuring colorimetric product formation after an enzymatic reaction. Essentially, enzyme
lactose dehydrogenase (LDH), which is a cytosolic enzyme, is released from the damaged
plasma membranes after cell death. This released LDH is coupled to an enzymatic reaction, at

the end of which a red formazan product is formed. This red formazan compound, which is
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directly proportional to the amount of LDH released, is then quantified by measuring the

absorbance at a wavelength of 490 nm.
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Figure 15 LDH assay measurement for A498 and NIH 3T3 cells, at 24 h and 48 h time
point.

We can see from Fig. 15 that for the A498 cells, the cell death has increased with
increasing concentrations of the Dex-coated particles from 1 mg/ml to 7 mg/ml. The absorbance
for the two highest concentrations in case of both the cell lines, is not significantly different.
However, the ANOVA test showed that the variation of the absorbance for the increasing

concentrations of the particles is significant.
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For the NIH3T3 cell line, the cell death occured was not found to be significantly
different for the increasing concentrations for both the 24 and 48 h time points. For both the cell
lines, the maximum cell death occurred after 48 h by the Dex-HI red GNPs treatment is less than
50% of the total dead cells which was used as a positive control. So, we can generalize that the
cytotoxicity of the dex-coated particles is not significant even at high concentrations. This is in

accordance with previously published data about the graphene toxicity****

. 10 mg/ml Dextran
solution was used as a control for the Dex-coated particles. It showed a certain toxicity of its

own, which was more than the least concentrated HI-red GNPs solutions.

Prestoblue assay: This is a live cell assay. The presto blue reagent is a resazurin-based
solution which is cell-permeable, and it is quickly reduced by the metabolically active cells in the
wells. For measuring absorbance, incubation time of 20- 30 min was used and the measurement
wavelength was 570 nm, with 600 nm as the reference wavelength.

Fig. 16 is showing the results for the viability of both the cell lines at 2 time
points using this reagent. For the A498 cells, the plot is showing decreasing cell viability for an
increasing particle concentration for the first 24 h. This is a statistically significant variation in
the cell viability (p < 0.05). However, the viability is showing the opposite trend after 48 h.
Moreover, the data does not show a significant difference for the 48 h time point. The difference
in the absorbance values for the fibroblast cells are also found to be insignificant (p > 0.05) and
lead to no certain trend line of the cell viability.

The ambiguity of these results may be due to the interference of the remaining particles

after the PBS wash, with the absorbance at the measured wavelength.
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Figure 16 Prestoblue assay results for A498 and NIH 3T3 cells at 24 h and 48 h time point

Overall, the A498 cells appear to be more sensitive to the concentrations of the Dex-
particles than the NIH 3T3 cells, which is indicated by both the live and dead cell assays. This
may be because the former being a cancer cell line, is more sensitive to the changes in its
environment. On the other hand, the latter cell line (fibroblasts) must be robust enough to survive
even at high concentrations of the functionalized nanoparticles. Moreover, after 48 h, the A498
cells show a decrease in proliferation, whereas the fibroblasts show an increase. This verifies the

assumption that the particles have less effect on the fibroblasts viability than on the A498 cells.
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Comparative analysis of cytotoxicity of two different particles: To compare the
cytotoxicity of particles produced by the oxidation with KMnO,4 and those produced by oxidation
with KIO3 LDH assay was performed on the two cell lines using equal concentrations of both the
particles. The absorbance which the cells showed for the positive control (dead cells) differed

since the assay was performed in two different weeks for two different set of particles. In order
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Figure 17 Comparative results for LDH assay treated with particles oxidized with
KMnO, and KIO;

to be able to compare the effects of the particles on cells, with the same basis, the absorbance of

all other samples was expressed as a percentage absorbance of the positive control.
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The resulting data analysis (fig. 17) verifies that the KIO3 oxidized particles are more
toxic to the fibroblasts (NIH3T3 cells) than the KMnO4 oxidized particles. T-test was performed
in Microsoft Excel to check the significance of the difference of toxicity. The p-value for the
NIH 3T3 cells came out to be 2.693e-06 and that for the A498 cells was 0.3409. Hence, the
toxicity of the KIO3 oxidized particles on the A498 cells was not significantly different from the
KMnO4 oxidized particles. However, it was significantly higher for the fibroblast cells than for

the K103 oxidized toxicity.

3.8  CT phantom studies

For the first round of the phantom studies, several concentrations of the HI (8 mM, 16
mM, 24 mM and 32 mM) were taken as controls along with two experimental sets of varying
concentrations of Dex-HI red GNPs, maximum being 45 mg/ml. One set was of the particles
prepared using KIO3 and other was the one using KMnO4. However, since the iodine content
was very less even in 45 mg/ml of the solution, the contrast obtained was not enough to be able
to compare with the 32 mM HI solution (see Fig. 18). Yet, comparatively, the 3 samples which
have KMnO4 oxidized Dex-HI-red GNPs (shown by thin arrows) exhibit a slightly more contrast
than the KIO3 oxidized Dex-HI-red GNPs samples (shown by block arrows). This can mean that

the KMnO4 oxidized GNPs contains more iodine than the other set of particles.
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Figure 18 CT phantom image of the 12 samples (first round)

In the second round of phantom study, Dex-HI red GNPs were taken in a concentration
equivalent to 1 mg of lodine per ml. This concentration was found to be approximately about
160 mg of the Dex-HI red GNPs per ml of water, from the ISE results shown before.

The phantom image for the second round of the study is shown in Fig 19. Five tubes were
taken for this round. 3 of them were HI acid of concentrations 4 mM, 8 mM and 16 mM (Circles

1, 2 and 3 respectively in Fig. 19). The 8 mM tube contained approximately 1 mg/ml of iodine,
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and Dex-HI-red GNP solution of 160 mg/ml which contained approximately the same amount of

iodine was taken, so that comparison between the contrast produced will be easy.

=
[
323 1)

@

Figure 19 CT pantom image with experiment sample containing approximately 1 mg iodine

The contrast of the samples shown in the figure above is measured in Hounsfield Units
(HU) which specifies the linear attenuation coefficient measurement of the object (L), relative to
that of distilled water (Lwater), @S Shown by the following equation.

HU = 1000 x BX = Huwater

Hwater
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CT scanners use this unit to calibrate the instrument with reference to water. Here, the
HU numbers were obtained for the different concentrations of HI (Fig. 19) in the second round
of imaging studies. These numbers are plotted against the iodine content of the same solutions. A

linear relation is observed after plotting the graph as shown in Fig. 20.

CT number Vs lodine concentration

40 -

R?=0.9957 33

30 -

20 ~

10 -

CT number (HU)

-13

I content (mg/ml)

Figure 20 Relation of HU to the concentration of lodine

The CT number for the experimental sample of Dex-HI-red GNP was found to be 53 * 4
HU. Consequently, the graphene platelets incorporating iodine prove to have a better attenuation
co-efficient, and hence a better contrast than a pure HI solution having equivalent amount of
iodine present in it.

In order to get an idea of the relative contrast produced by these particles, we can
compare them with actual Hounsfield Units. Table 5 shows the standard values of these CT
numbers which are obtained for actual organs and substances in the body. We can see that the

bone has much larger attenuation co-efficient than other substances or soft tissues in the body.
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Table 5 Hounsfield Units for common substances®®

Substance HU

Air -1000

Lung =700

Soft Tissue ||—-300 to -100

Fat -84

Water 0

CSF 15

Blood +30 to +45

Muscle +40

Bone +700(cancellous bonejto +3000 (dense bane)

When compared to the results obtained from the experiments in the current research
work, we can say that the contrast obtained is still in the range of certain soft tissues like muscles
or blood. This shows the lack of iodine in the Graphene platelets. In order to bring about more
contrast in these tissues, we need GNPs with larger amounts of iodine intercalated in them. This

concern is addressed in the next chapter.
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4. CONCLUSIONS AND FUTURE PROSPECTS

4.1  Conclusions

This work being an open-ended research, the use of potassium iodate was not expected to
show better results than the potassium permanganate, which has already been studied****. The
Raman and UV-vis data do show that the graphite has been oxidized when potassium iodate was
used and then reduced with HI acid. However, when compared with the Raman spectra of the
GNPs oxidized with KMnO,4, we come to know that the efficiency of the oxidation step is
considerably low when potassium iodate is used.

The results obtained by lon Selective Electrode method somewhat confirmed our
hypothesis that the oxidation step will help to incorporate the iodine in the graphene sheets, and
the reduction will further add to the content. Nonetheless, the amount of content which they
exhibited are too low, to consider this process as an efficient one. In this case, the dose to be
injected will have to be very high which can be toxic to the body. We saw in the cytotoxicity
assays that concentrations as high as 10 mg/ml also are not very toxic to the cells. Moreover,
they affect the sensitive human kidney cancerous cells more than the robust mouse fibroblasts. It
is evident that the toxicity of the dex-coated particles is comparable to pure dextran solutions.

Lastly, all the microscopy images show that the particle size range between a few
hundreds of nanometers up to 10 microns. Having discussed the issue of large size of the
particles, modifications in the synthesis step are needed in order to reduce the particle size.
Increasing the time of sonication, or subjecting the graphite particles to bath sonication for

around two hours in the pre-oxidation step instead of magnetic stirring can help in exfoliating the

41



particles more. This would lead to increase in the extent of oxidation, and reduction, which could

break the particles into smaller sizes, due to the defects created in them.

4.2  Feasibility of the Dextran coated HI-reduced Graphene Nanoparticles as CT
contrast media

It is evident from the CT phantom studies that the graphene in itself has considerably
good optical properties. However, as discussed in the conclusion, there is still a lot of scope to
modify the synthesis protocol, in order to obtain optimum amount of iodine intercalated in the
graphene nanoplatelets in an easy and harmless manner.

The osmolality of these particles is shown to be much less (~35 mOsm for 100 mg/ml
solution) than what is required for an iso-osmolar agent (290 mOsm). However, it complies with
the data which has already been studied for the same kind of particles®. The solution to this can
be the addition of another bio-inactive material which has considerable osmolality to
complement to that of the Dex-HI-red GNPs. In the earlier mentioned study, the GNPs were
mixed with a solution for mannitol, , which is an osmotic diuretic agent, to make the whole

solution iso-osmolar. These particles are proposed to be used as contrast agents in MRI.

With a number of adverse effects seen in case of the iodine-based contrast agents, and
looking at the high costs of the less harmful or non-ionic contrast agents, we can look at some
economical and affordable material which can be easily synthesized, and has minimal or lesser
side effects. Graphene-based Contrast agents can be a good fit, given for the good optical
properties and biocompatibility of this material. This work puts forward the idea about graphene

incorporating iodine as a potential contrast agent. The process of synthesis has to be modified in
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terms of the chemicals used, as well as the parameters set during the process. More comparative
studies including characterization of chemical structure needs to be done so as to evaluate the

efficiency of various protocols.

4.3  Significance and Impact

In summary, even though this work does not sufficiently provide proof of the improved
iodine incorporation inside graphene, it opens many doors for further research on the iodinating
graphene oxide nanoplatelets for use as CT contrast agents. After the optimization of the
synthesis protocol, we believe that the Dex-HI red-GNPs would be ideal material for contrast
agents. We have seen that the contrast of iodinated contrast agents is more than 10 times of the
plain HI solution with equivalent lodine content. This study also shows that the toxic effects of
the Dex-HI red-GNPs on the cell cultures is within limits and is affects the robust cells less than
the cancer cells. Further animal studies can be done to investigate the biodistribution of these
nanoplatelets within different body organs. Its toxicity to these organs can also be evaluated in
the same studies.

The Dex-HI red-GNPs can also be customized according to case-specific needs. Since the
osmolality is considerably less than that of the serum, it can be modulated by the addition of
mannitol®*. In contrast to the molecular iodine-based CAs, targeted delivery of these Dex-HlI red-
GNPs is also possible, as discussed before. They can also be studied for multi-modal imaging
due to their property of having longer retention times. Efforts need to be made in future to make
the Dex-HI red-GNPs suitable to the FDA regulations and requirements. We believe that these
proposed graphene-based nanoparticles will form a class of contrast agents competent to the

conventional iodine-based molecular CAs.
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