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Resumen

Disefio de Nanoantenas Plasmédnicas de Oro y su Evaluacién para Terapia
Fototérmica

Las nanoparticulas de oro (AuNPs) anisotrépicas han destacado como materiales
con propiedades prometedoras para ser aplicados en la terapia fototérmica
localizada (PTT) de células malignas. Las AuNPs anisotrdpicas tienen la facilidad
de modular la respuesta de la resonancia del plasmon superficial (SPR), siendo esto
una respuesta Optica clave para su aplicacibn como agentes terandsticos
(nanoantenas). Para este proposito, las nanoparticulas con ramificaciones son un
modelo ideal, debido a la concentracion de campo electromagnético en sus vértices.
En este trabajo, estandarizamos el protocolo de sintesis de nanoparticulas de oro
multirramificadas (MB-AuNPs) mediante el método de dos pasos (semilla —
crecimiento). La respuesta Optica de las MB-AuNPs fue evaluada por
espectroscopia UV-Vis y su morfologia por microscopia electrénica de barrido y
transmision (SEM y TEM) Una vez evaluado su respuesta Optica y la
monodispersidad del coloide, las MB-AuNPs fueron evaluadas por termografia
dindmica (DIRT) en un matriz modelo de las propiedades de la piel.! La densidad
de particulas presentes en el coloide sintetizado, fue determinado mediante
espectroscopia de plasma inducido (ICP). Cuando se pretende aplicar un sistema
nanoestructurado en areas biologicas, es necesario el disefio cuidadoso de la
cobertura, ya que las moléculas en su superficie van a proporcionar las sefiales que
determinen su tiempo de circulacion por la sangre, su biocompatibilidad y la
selectividad al sitio objetivo para administrar la terapia. Debido a esto, y con la
intencién de disefiar MB-AuNPs para aplicaciones médicas, se disefié un conjugado
con albumina sérica bovina (MB-AuNPs@BSA). La evaluacion mas basica de la
formacién del conjugado se realizé por espectroscopias UV-Vis y de fluorescencia.
La interaccion de la proteina con la superficie de la MB-AuNPs fue analizada por
espectroscopia Raman, y asi se determiné la permanencia de su estructura basica
y por lo tanto de su funcién. La formacién de una corona proteica fue determinada
mediante la cuantificacion de proteina por UV-Vis y micrografias HRTEM del
conjugado. La eficiencia y estabilidad del conjugado fue analizada por medicion del
potencial Z y a través de la interaccidén del complejo con cibacron blue. Finalmente,
se llevaron a cabo analisis toxicolégicos de las MB-AuNPs y del conjugado en
diferentes lineas celulares. Los modelos in-vitro elegidos forman parte de los
principales sistemas con los pueden interactuar las nanoparticulas de forma
inintencionada después de ser administradas via intravenosa. Se evalud la
viabilidad celular y la proliferacién por conteo con hematimetro, asi como la actividad
mitocondrial y la integridad de la membrana plasmatica por métodos colorimétricos.

PALABRAS CLAVE. Nanoparticulas de oro, estructuras ramificadas, modelos simuladores de piel
humana, termografia dinamica infrarroja, conjugacion con proteinas, citotoxicidad.

Q) Lopez-Varela, K.A.; Cayetano-Castro, N.; Kolosovas-Machuca, E.S.; Gonzalez, F.J.; Chiwo,

F.S.; and Rodriguez-L6pez, J.L., Dynamic Infrared Thermography of Nanoheaters Embedded in
Skin-Equivalent Phantoms. J. Nanomater. 2018, 2018, 1-8. DOI: 10.1155/2018/3847348.
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Abstract

Design of Plasmonic Gold Nanoantennas and their Evaluation for
Photothermal Therapy

Anisotropic gold nanoparticles (AuNPs) are known as promising tools for localized
photo-thermal therapy (PTT) of malignant cells. These anisotropic AUNPs present
tunable surface plasmon resonances (SPR) with ideal NIR optical response to be
applied as theranostic agents (nanoantennas systems). To this purpose,
nanoparticles with branches are suitable because of the electromagnetic field
concentrated at their vertices. In this work, we standardized a protocol to synthesize
multibranched gold nanoparticles (MB-AuNPs) by the seed-growth method, and
found size-seed dependence tunability on the hierarchy of branching. The optical
response of MB-AuNPs was evaluated by UV-Vis spectroscopy, and their
morphology by electronic microscopy (SEM and HRTEM). Once evaluated the
optical response and monodispersity of AUNPSs, we tested the MB-AuNPs immersed
in skin-equivalent phantoms by dynamic infrared thermography (DIRT).! The particle
density of the synthesized colloids, has being determined by inducted coupled
plasma spectrometry (ICP).

Once a nano-synthesized system is being intended for biological purposes, it is
necessary to carefully design the surface layer. In principle, the molecules at the
surface of nanoparticles (NPs) will provide the signals to its long-term circulation,
their biocompatibility and the selectivity to target cellular sites. Therefore, in this work
and for intended medical applications of MB-AuNPs, a conjugated complex was
prepared with bovine serum albumin (MB-AuNPs@BSA). The optical signals of the
conjugate formation were evaluated by UV-Vis and fluorescence spectroscopy. The
interaction of the protein with the surface of the MB-AuNPs was analyzed by Raman
spectroscopy, to ensure the structure and function preservation of the protein. The
full formation of a protein corona was determined by protein quantification in a
microplates reader and later observed by HRTEM. The efficiency and stability of the
conjugated was analyzed by Z-potential and through the interaction of the
conjugated complex with cibacron blue.

Toxicological test of bare MB-AuNPs and MB-AuNPs@BSA were performed in
different cell lines. The models in-vitro were chosen according to main systems of
indirect interaction of intravenously administered NPs. Cell viability and proliferation,
mitochondrial activity and membrane integrity were analyzed.

KEY WORDS. Gold nanoparticles, branched structures, skin-equivalent phantoms, dynamic infrared
thermography, protein conjugation, cytotoxicity.

(1) Lépez-Varela, K.A.; Cayetano-Castro, N.; Kolosovas-Machuca, E.S.; Gonzélez, F.J.; Chiwo,
F.S.; and Rodriguez-Lépez, J.L., Dynamic Infrared Thermography of Nanoheaters Embedded in
Skin-Equivalent Phantoms. J. Nanomater. 2018, 2018, 1-8. DOI: 10.1155/2018/3847348.
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1.1. Cancer as Fundamental Scientific Research and Social

Problem

Cancer cells break the most basic rules of cell behavior by which multicellular
organisms are built and maintained, and they exploit every kind of opportunity to do
so. The effort to combat cancer has led to many fundamental discoveries in cell
biology. Many proteins have been discovered because abnormalities in their function
can lead to uncontrolled growth, increased division, decreased death, or other

aberrant characteristics of cancer cells.!



1.1.1. Historical Facts

Human paleopathology, is the study of abnormalities and disease in ancient
populations, by the examination of human remains. Teaches us that tumors have
existed as long as humans and animals have been on this planet. The first forms of
cancer were found in animal bones, specifically, in the tail of dinosaur found in
Wyoming, United States. One of the tail vertebrae shows a growth, there is a
discussion about if is a vascular tumor or an exostosis. A similar discussion
developed in connection with an abnormality found on the shaft of a femur of Homo
erectus, discovered on Java in the nineteenth century.? An exostosis, is a benign
bony enlargement of the deeper portion of the external auditory meatus. This lesion
accounts for nearly half of all benign bone tumors, most of them develops in humans
before the age 30. The hereditary condition of multiple exostosis syndrome, involves
multiple bones in which an occasional one may undergo malignant degeneration.® A
Paleolithic skull with seven holes in it was discovered in the Joan d’Os cave in the
Pyrenees, this condition has been ascribed to a multiple myeloma or to lytic
metastases of a carcinoma. Osteosarcomas, a strongly proliferating cancer, were
discovered in the upper arm of a human skeleton, and in the femur of a cave bear;
both dating from the last ice age in Minsingen in Switzerland. Nasopharyngeal
carcinomas and osteosarcomas have been identified in human mummies from
ancient Egypt, and also human remains showing traces of cancer have been found

in Peru.2

The oldest written descriptions of medical matters have been found on Egyptian
papyrus. In the Edwin Smith papyri, written around 2650 B.C, the text deals mainly
with wounds and their treatment, but also describes eight cases of disease, for which
the writing says “there is no treatment”. There were tumors or ulcers of the breast
that were removed by cauterization with a tool called the fire drill. It is assumed that
most of the information in the Edwin Smith papyrus, is derived from documents
written in the time of Imhotep, the highest priest, physician, and architect of the first
pyramid and vizier to King Djoser. The Ebers papyrus, with 110 pages is the longest

of all the medical papyrus. It describes prescriptions and medicaments, and



mentions a number of different tumors classified in the time within the inflammations,
and even if not distinction was yet made between tumors and inflammations, they
were distinguished among them and the different types of treatments required. The
Kahoun papyrus from 1950 BC, contains a description of a uterine carcinoma that
mentions the peculiar smell of burnt flesh and the specific pains associated with this

condition.?4

The ancient Sanskrit epic Ramayana, is part of the Hindu scriptures. It describes
events that are supposed to have taken place around 1200-1000 B.C. and was
written down around 400-200 B.C. It contains descriptions of cancers and their

treatment.?

In ancient China, India, Persia, Babylonia and Egypt they believed in the “will of the
gods” and religious dogmas overruled rational thinking, and the natural disasters and
the illnesses were beyond human understanding and could not be controlled by the
common human beings. And they think that the only possible salvation laid in the
hands of the priests, who offered human and animal sacrifices. Unlike the previous
cultures, the Hellenistic thinking was “every free man is master of his own fate”, and
this led to the development of democracy and intellectual approach based more on
the knowledge than on belief. One of the exponents of this new approach was the
physician Hippocrates (460-377 BC), known as the “father of medicine”. Probably
his most important contribution was that he liberated medicine from the shackles of
religion, superstition and magic and that he paved the way for a scientific approach

based on systematic, accurate observation and logical thinking.?

Hippocrates introduced a theory or the cause of disease based on the ideas of the
Greek natural philosopher Empedocles (490-430 BC), according to whom the
universe was built up of four elements: earth, air, fire (energy) and water.
Hippocrates thought that the body was built up of the four fluids, known as the
humors, they were the biological counterparts of these elements. The blood, formed
in the heart, was the counterpart of air; phlegm, originating in the brain,

corresponded to water; black bile, originating in the spleen, to earth; and yellow bile



from the liver to fire. He regarded health as due to a proper balance in the admixture
of these humors, and disease as due to an unbalanced mixture. Too much or too
little blood, phlegm or bile was the reason for all diseases. This theory of the
constitution of the body and the cause of disease later came to be known as the
humoral theory. Hippocrates postulated that the cancer was the result of too

much black bile.

The medical term oncology is a derived Greek word for tumor “oncos”; Hippocrates
coined the terms “carcinos”and “carcinoma”to describe a non-ulcerating and
ulcerating tumors. Carcinos means crab in Greek, while the corresponding Latin
word is cancer. It is thought that Hippocrates may have used the term crab because
untreated breast cancer is often surrounded by swollen veins resembling the many
legs of a crab. Hippocrates also used the terms “scirrhos” which means hard, to
describe tumors that feel hard on palpation. He was the first to divide tumors into
“benign” and “malignant”. He probably included swellings due to inflammation as well

as less life-threating tumors under the heading benign.

After the fall of the Greek empire, Rome took over the task of supporting the
development of the scientific knowledge of medicine. Aurelius Cornelius Celsus (30
BC — AD 38) was a member of an aristocratic Roman family, who was probably not
a physician but an encyclopedist. He translated the Greek term carcinos into cancer,
and drew up a classification of the various forms of cancer. He also described edema
due to the pressure of a tumor on the surrounding tissue, and considered the
reaction of the lymphatic system as a subsidiary symptom of cancer. He was the first

to discover the phenomenon of metastasis.

The Greek physician Claudius Galenus (130-200 AD), elaborated the medical
system originally developed by Hippocrates, he was defensor of the humoral theory,
and believed that the deposition of black bile in certain parts of the body such as the
lips, tongue or breast led to the development of tumors that he called cancer. He
also introduced the term sarcoma (from the Greek sarcos = flesh) to describe a tumor

that looked meaty when cut through.?



Sun Simiao (581-672), a Chinese physician during the Tang dynasty (618-907)
described most diseases, including cancer. He divided tumors into six types: bony,
fatty, stony and suppurating, and tumors of the muscles and the blood vessels. Xue
Ji (1488-1558) a physician of the Ming dynasty, gives a different classification of
cancers than that of Sun Simiao in his Wake Shuyao (Essentials of external
medicine). Xue Ji distinguished tumors of the circulatory system, from those of

respiratory organs, the muscles, the nerves and the bones.

During the Middle Ages, from 10" to 14" century, healing was only possible by
prayers and divine intervention; astrology, alchemy, magic and exorcism replaced a
rational approach to the diagnosis and treatment of diseases, including cancer.
Because of that, no advances of any significance were achieved during this whole
period. The first autopsy since the days of Ptolemy in Alexandria was performed in
1286 in Cremona, and it was performed to trace the cause of a mysterious epidemic.
A forensic post-mortem was performed in Bologna in 1302, and after that, autopsies
were carried out increasingly often, not only to track down diseases or to support
court judgments but also for educational purposes. Modino de Liuzzi (1275-1326),
adscribed to the University of Bologna as a physician and anatomist, performed

autopsies to support his lectures.

At the Renaissance the rationalist style of argumentation on a metaphysical basis
that had held sway from the time of Galen was now given a more empirical slant,
with experiment as the basis. William Harvey (1578-1657) described the circulation
of the blood in 1628. Gasparo Aselli (1581-1626) was the first author to publish an
account of the lymphatic system. The Flemish physician and anatomist Andries van
Wesel, better known under the name of Vesalius (1514-1564), was the author of the
first complete textbook of anatomy, entitled De humani corporis fabrica libri septem
(Seven books on the workings of the human body). Vesalius was unable to discover
black bile in the course of his experiments, though there was plenty of blood and
lymph. The discovery of lymph gradually caused this fluid to replace black bile in
medical thinking, and then the French philosopher and mathematician René

Descartes (1596-1650) put forward his “Lymph Theory” of the etiology of cancer. He



postulated that when lymph leakeage out of the lymph ducts, the fluid gave rise to a
benign tumor. However, when the lymph was subjected to local fermentation or
degeneration, a malignant tumor were produced. John Hunter (1728-1793), a
Scottish surgeon claimed that tumor tissue, like normal tissue, receives its
nourishment from the host and develops in accordance with the same fundamental
biological laws. He further stated that “coagulated lymph”, later identified as fibrin,
was the omnipotent “blastema” from which both normal and pathologic organisms
grew.? He also suggested that some cancers might be cured by surgery and
described how the surgeon might decide which cancers to operate on. If the tumor
had not invaded nearby tissue and was “moveable”, he said, “there is no impropriety
in removing it”.# The Parisian surgeon Henri Francois le Dran (1685-1770), rejected
the humoral doctrine in favor of the theory that cancer is a local complaint, at least
in its early stages, and the passage of a single drop of cancerous lymph through one

of the neighboring lymph nodes was enough to contaminate the entire system.?

The seventeenth-century medical literature contains a few sparse mentions of the
finding of hard, enlarged glands in the ipsilateral armpit in cases of breast cancer.
There were no explicit mentions of cancer as the cause of death, though there was
a vague idea that death was due to a toxin secreted by the cancer. The Italian
professor of anatomy Hieronymus Fabricius (1537-1619) drew a distinction between
swellings due to inflammation and cancers, and warned against incomplete removal
of the tumor. The Italian surgeon Marcus Aurelius Severinus (1580-1656) described
the myxosarcoma (a sarcoma of the soft tissues). He distinguished between cancers
and benign swellings of the breast. If he operated on the breast, he also removed

the lymph nodes.

The first cancer hospital in the world was opened at 1740 in Rheims by Jean Godinot,
with the aim of relieving the physical and mental suffering of cancer patients. Bernard
Peyrilhe (1735-1804) was the first in the literature to suggest that a liquid living agent
of infection, later identified as a virus, could be the cause of cancer. He demonstrated
that cancer starts as a local process and spreads along the lymph ducts. Eighteenth-

century publications on the nature of cancer were the first to demonstrate an incipient



understanding of the problem of metastasis. In 1735, De Gorter wrote about
“cancerous substances” which, having gained access to the blood circulation, can
give rise to a metastasis from one gland to another. Joseph Récamier (1774-1852)

described the way in which cancer cells could penetrate blood vessels.

There were important advances in the field of pathological anatomy in the period
from 1761 to 1845. Giovanni Battista Morgagni (1682-1771), a Padua anatomist,
correlated the autopsy findings for seven hundred patients with their clinical data. He
made a systematic descriptions of the diseases of the head, the thoracic cavity, the
abdomen, etc. Morgagni, who is sometimes called the father of pathological
anatomy, differentiated between malignant neoplasms and benign swellings due for
example to aneurysms, strumas, gummas, exostoses, steatomas, and he also
described cancers of the lungs, esophagus, stomach, rectum and uterus.® The
pathologist Marie-Francois Xavier Bichat (1771-1802) distinguished between the
tumorous parenchyma (essential element of the growth) and its non-tumorous
stroma (framework), thus indicating that one and the same lesion could have two
aspects, one malignant and the other benign. His investigations further corroborated

previous suggestions that cancers were not built up of black bile or lymph.?

René Théophile Hyacinthe Laénnec (1781-1826) was pupil of Bichat, he invented
the stethoscope, and stated that tumors could grow in all types of tissues, he
regarded cancer as abnormal growth of normal tissue. After Francois Raspail (1794-
1878) introduced the freeze-cut technique in 1827, made possible to cut thin sections
of tissue so that they could be studied under a microscope. Sir Everard Home (1756-
1832) was the first to publish a book on cancer containing data obtained with the aid
of a microscope, including illustrations showing microscopic sections of cancerous
tissue. The German pathologist Johannes Miiller (1801-1858) stated that there was
no essential difference between the structure of cancerous growths and that of
normal tissue. He distinguished the different types of tumors on the basis of their
microscopic structure and described anaplasia as a widely occurring phenomenon,
definitively demonstrating that cancers are built up of cells and not of coagulated

lymph. He believed, however, that the cancer cells were not derived from normal
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tissue but grew out of a mass of undifferentiated cells known as blastema that was
interspersed between normal tissues. Rudolf Virchow (1821-1902) student of Miiller,

suggested that the cell is the key element in the origin of cancer.

The blastema theory of the origin of cancer was further elaborated by Julius Vogel
(1814-1880) in 1845 when the posited that each tissue had its own blastema. Vogel
assumed that tumors developed from amorphous blastema, which was converted
into cells under the influence of the histological and chemical environment. Friedrich
Fuhrer expanded the blastema theory. He distinguished three types of blastema, the
albuminous (turbid, proteinoid), the chondromatous (cartilaginous) and the
gelatinous, each type being responsible for a particular type of cancer. Adolph
Hannover (1814-1894) from Copenhagen published in 1843 the book Das
Epithelioma, in which he observed that cancer cells often resemble epithelial cells,
this led him to coin the term epithelioma for cancer. Epithelium is derived from the
Greek epi, meaning on or above, and thele meaning nipple. The meaning of this
word has gradually expanded to include all tissue covering the skin and internal
cavities of the bodies; the endothelium and mesothelium are specialized forms of

epithelium. The term epithelioma has been gradually replaced by carcinoma.?

Virchow stated the Omnis Cellula e Cellula Theory, at his book Cellular Pathology,
the cell was the fundamental unit in which disease processes operate and that all
cells arose from other cells, but he did not assume that the initial cell in this line was
derived from blastema.® One of the Virchow law’s apply to oncology is that “each
tumor originates from the cells of the organ in which it develops”.? According to
Virchow, the manner in which metastatic diffusion takes place is by means of certain
fluids and these possess the power of producing an infection which disposes
different parts to ta reproduction of a mass of the same nature as the one which
originally existed. Robert Remak (1815-1865) studied skin cancers with the aid of
serial microscopic sections, and he showed that epitheliomas were of epithelial origin
and that metastases take place out of these cells. Heinrich Wilhelm von Waldeyer-
Hastz (1836-1921) came to the same conclusion for gastroenterologic tumors, he

also explained how metastases could be formed as the result of the growth of the
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tumor through the wall of the blood vessels and lymph ducts, and described the

formation of cancer-cell embolisms.

In 1886, the French internist Louis Bard (1857-1930) summarized the conclusions
of most of his predecessors concerning the genesis of cancer, he postulated that a

tissue can only produce a tumor with the same histologic structure as itself.?
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1.1.2. Basics of Cancer

1.1.2.1. Normal Cells and Tissues

The tissues of the body can be divided into four main groups:

e The mesenchyme: general supporting tissues collectively.
e The epithelium: tissue specific cells.
e The hemato-lymphoid system: the defense cells.

e The nervous system.

The mesenchyme consists of connective tissue fibroblasts which make collagen
fibers and associated proteins, bone, cartilage, muscle, blood vessels, and
lymphatic. The epithelial cells are the specific, specialized cells of the different
organs, for example, skin, intestine, liver, glands, etc. The hemato-lymphoid system
consists of a wide group of cells, mostly derived from precursor cells in the bone
marrow which give rise to all the red and white blood cells. In addition, some of these
cells (lymphocytes and macrophages) are distributed throughout the body either as
free cells or as fixed constituents of other organs, for example, in the liver, or as
separate organs such as the spleen and lymph nodes. Lymph nodes are specialized
nodules of lymphoid cells, which are distributed throughout the body and act as filters
to remove cells, bacteria, and other foreign matter. The nervous system is made up
of the central nervous system (the brain and spinal cord and their coverings) and the
peripheral nervous system, which is comprised of nerves leading from these central

structures.”

The specific cells are grouped in organs which have a standard pattern (Fig. 1.1).
There is a layer of epithelium, the tissue-specific cells, separated from the supporting
mesenchyme by a semipermeable basement membrane. The supporting tissues (or
stroma) are made up of connective tissue (collagen fibers) and fibroblasts (which
make collagen), which may be supported on a layer of muscle and/or bone

depending on the organ. Blood vessels, lymphatic vessels, and nerves pass through
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the connective tissue and provide nutrients and nervous control among other things
for the specific tissue cells. In some instances, for example, the skin and intestinal
tract, the epithelium which may be one or more cells thick depending on the tissue,
covers surfaces. In others it may form a system of tubes (e.g. in the lung or kidney),
or solid cords (e.qg. liver), but the basic pattern remains the same. Different organs
differ in structure only in the nature of the specific cells and the arrangement and

distribution of the supporting mesenchyme.’
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Figure 1.1. A typical tissue showing epithelial and mesenchymal components.
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1.1.2.2. Control of Growth in Normal Tissues

It is important to make the distinction between the terms ‘growth’ and ‘proliferation’.
Growth is used here to refer to an increase in size of a cell, organ, tissue, or tumor
and proliferation to an increase in the number of cells by division. ‘Growth’ is often
used as a loose term for both of these processes but the distinction is particularly
important now that factors controlling both of these processes are becoming clear.
In normal development and growth there is a very precise mechanism that allows
individual organs to reach a fixed size, which for all practical purposes, is never
exceeded. If a tissue is injured, the surviving cells in most organs begin to divide to
replace the damaged cells. When this has been completed, the process stops, that
is, the normal control mechanisms persist throughout life. Although most cells in the

embryo can proliferate, not all adult cells retain this ability. In most organs there are
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special reserve or stem cells, which are capable of dividing in response to a stimulus
such as an injury to replace organ-specific cells. The more highly differentiated a cell
is, for example, muscle or nerve cells, the more likely it is to have lost its capacity to
divide. In some organs, particularly the brain, the most highly differentiated cells, the
nerve cells, can only proliferate in the embryo, although the special supporting cells
in the brain continue to be able to proliferate. A consequence of this, as we shall see
later, is that tumors of nerve cells are only found in the very young and tumors of the

brain in adults are derived from the supporting cells.’
1.1.2.3.  The Cell Cycle

To coordinate their behavior, the cells send, receive, and interpret an elaborate set
of extracellular signals that serve as social controls, directing each of them how to
act. As a result, each cell behaves in a socially responsible manner: resting, growing,
dividing, differentiating, or dying, as needed for the good of the organism. In human
body with more than 104 cells, billions of cells experience mutations every day,
potentially disrupting the social controls. Most dangerously, a mutation may give one
cell a selective advantage, allowing it to grow and divide more vigorously and survive
more readily than its neighbors and to become a founder of a growing mutant clone.
Over time, repeated rounds of mutation, competition, and natural selection operating
within the population of somatic cells can cause matters to go from bad to worse.
These are the basic ingredients of cancer: it is a disease in which an individual
mutant clone of cells begins by prospering at the expense of its neighbors, but in the

end the descendants of this clone can destroy the whole cellular society.*
1.1.2.4. Tumor Growth of Neoplasia

Tumor cells differ from normal cells in their lack of response to normal control

mechanisms and cancer cells are defined by two heritable properties:

e They reproduce in defiance of the normal restraints on cell growth and

division.
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e They invade and colonize territories normally reserved for other cells.

An abnormal cell that grow (increases in mass) and proliferates (divides) out of
control will give rise to a tumor, or neoplasm. Given these qualifications we can

classify tumors into three main groups:

1. Benign tumors may arise in any tissue, grow locally, and cause damage by
local pressure or obstruction. However, the neoplastic cells do not become
invasive, and removing or destroying the mass locally achieves a complete
cure.

2. In-situ tumors usually develop in epithelium and are usually but not invariably,
small. The cells have the morphological appearance of cancer cells but
remain in the epithelial layer. They do not invade the basement membrane
and supporting mesenchyme. Various degrees of dysplasia, that is, epithelial
irregularity but not identifiable as cancer in-situ are recognized in some
tissues and these may sometimes precede cancer in-situ.

3. Cancers are malignant tumors, with a specific ability to invade and destroy
surrounding tissue. The tumor cells need nutrients via the bloodstream and
produce a range of proteins that stimulate the growth of blood vessels into the
tumor, thus allowing continuous growth to occur. The new vessels are not well
formed and are easily damaged so that the invading tumor cells may
penetrate these and lymphatic vessels. Tumor fragments may be carried in
these vessels to local lymph nodes or to distant organs where they may
produce secondary tumors, called metastases. Cancers may arise in any
tissue. Although there may be a progression from benign to malignant, this is

far from invariable. Many benign tumors never become malignant.®’
1.1.2.5. Causes of Cancer and the Process of Carcinogenesis

Carcinogenesis (the process of cancer development) is a multistage process (see
Fig. 1.2). In an animal, the application of a cancer-producing agent (carcinogen)

does not lead to the immediate production of a tumor. Cancers arise after a long
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latent period and multiple carcinogen treatments are more effective than a single
application. At least three major stages are involved. The first was termed initiation
and was found to involve mutagenic effects of the carcinogen on skin stem cells. The
second stage, which can be induced by a variety of agents that are not directly
carcinogenic in their own right, was termed promotion. Following chronic treatment
of carcinogen-initiated mouse skin with promoting agents, papillomas (benign skin
tumors) arise. The major effect of promoters seems to be their ability to promote
clonal expansion of initiated cells. Finally in the third stage, progression, some of
these benign tumors either spontaneously or following additional treatment with

carcinogens, progress to invasive tumors.’
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Figure 1.2. Tumor development showing progression from normal to invasive tumor via
accumulation of heritable changes over a long period of time. The rate of acquisition of these changes

will be influenced by environmental exposure and host response.’
1.1.2.5.1. Chemical Carcinogenesis

Our knowledge of chemical carcinogenesis goes back more than two centuries. The
London physician John Hill (1716-1775) concluded in 1761 that excessive use of
snuff leads to cancer of the nasal cavity, while thirty-four years later Samuel Thomas
von Sommerring (1755-1830) described the association between carcinoma of the
lips and pipe smoking. The London surgeon Sir Percival Pott (1713-1788)
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established a relationship between the chimney-sweeps and the cancer of the
scrotum, and a prolonged contact of the skin with soot-impregnated clothing and the
subsequent development of skin cancer. The description of cancer caused by soot
was followed by accounts of skin cancers due to tar, coal, lignite and lubricating oil.
From a histologic point of view, these cancers were all carcinomas, often multiple.
They occurred mainly on the hands, arms and scrotum, often being preceded by

dermatitis.?

In the early 1920s to the 1930s, Ernest Kennaway (1881-1958), William Mayneord
(1902-1988), |. Hieger (1901-1988), J. W. Cook (1900-1975) and C. L. Hewett
analyzed coal-tar and discovered that it contains the polycyclic hydrocarbons
benzoanthracene and benzopyrene that have a highly carcinogenic effect. In 1895
Lugwing Rehn (1849-1930) pointed out the possible relationship between aromatic
amines and cancer of the bladder. In 1932, metal derivative was found to have a
carcinogenic effect, due to ten cases of nasal cancer found among workers in a
nickel refinery. The mining of asbestos started in 1878, later was reported that
people working with asbestos were developing pulmonary fibrosis that increase the

risk of lung cancer, along with smoking cigarettes.

In 1950 Cook, Duffy and Schoental® reported that metabolic products of livings cells
have carcinogenic properties, such as aflatoxin B1, which is produced by Aspergillus
flavus, a fungus that grows for example on peanut plants, this toxin has been found
to be able to cause liver cancer. In 1973 Bruce Ames (1928-) introduced the Ames
test, to find substances that are mutagenic. The test makes use of Salmonella
typhimurium, a bacterial strain that is very sensitive to mutation because its DNA
repair capacity is low and the cell wall is readily permeable. Bacteria that have
undergone mutation cannot produce histidine, and as a result, they can only grow if
the culture medium contains histidine. The mutated bacteria is placed on a histidine-
free culture medium with the substance to be tested. If this substance is mutagenic,
it can change the DNA of the salmonella back to the form that allows the bacteria to

make histidine.
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1.1.2.5.2. Radiation-induced Carcinogenesis

Many articles published throughout the entire twentieth century contained clinical
and experimental data demonstrating that radiation energy can cause cancer in both
man and animals. Ultraviolet (UV) solar radiation can lead to a form of skin cancer,
depending on the intensity of the radiation and the sensitivity of the skin and the
ability of epidermal cells to repair the damage to DNA caused by the sunlight. The
German Franz Albert Frieben (1875-XX Century), was the first to describe the
carcinogenic effect of X-ray on humans in 1902. An increased incidence of leukemia
and other forms of cancer was subsequently reported after radiotherapy for various
conditions such as ankylosing spondylitis (a form of arthritis causing pain and

stiffness of the back).?
1.1.2.5.3. Viral Carcinogenesis

In 1908 two Danish researchers, Vilhelm Ellerman (1871-1924) and Olaf Bang
(1881-1937),° were the first to demonstrate that leukemia in the chicken was caused
by a filterable agent: a virus. Francis Peyton Rous (1879-1970) from the Rockefeller
Institute in New York, in 1910 demonstrated that sarcoma, a solid cancer, is the
result of a virus infection in the chicken. He was awarded the Nobel Prize for his
work in 1966, and the virus is still known as the Rous sarcoma virus. Ludwik Gross
(1905-1999) of the Veterans Administration Hospital in the Bronx (New York)
showed in 1951 that leukemia in mice is caused by a virus. Sarah Stewart and
Bernice Eddy at the National Cancer Institute (Bethesda, MD) showed a new type of
virus, the polyoma virus (parotid tumor virus), it is currently classified as a
papovavirus. The EBV, Epstein-Barr virus, also known as human herpesvirus 4, was
discovered in 1964 by Michael Epstein and Yvonne Barr (London) in tissue from a
lymphoma of the children’s jaw, sent to them by Denis Burkitt (Kampala, Uganda).
The tumor came to be known as Burkitt’s lymphoma.? EBV is a DNA virus with
versatile properties, it was found to silently infect people from an early age in most
countries; it turned out to be the agent of infectious mononucleosis, which is most

common among adolescents and young adults; and also has been reported to be
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present in many patients with nasopharyngeal carcinomas; and in the laboratory it
became a tool for “immortalizing” lymphoid cell lines, making them continue to grow
indefinitely. The initial focus on EBV also prompted research on the most frequently
occurring tumor of viral origin in women, in developing countries: cancer of the

uterine cervix.10

Harald Zur Hausen (1936-), professor of Virology at the University of Freiburg,
Germany, revealed in 1983 that cervical cancer is caused by human papillomavirus
type 16 and 18. Zur Hausen received the Nobel Prize for his work in 2008. Both
statistical and experimental studies have demonstrated that various other viruses
induce cancer in humans or act as cocarcinogens to promote the disease. These
include the hepatitis-B virus, which can cause hepatocellular carcinoma, and the
retrovirus HTLV-1 that has been found to give rise to T-cell leukemia in adults in
southern Japan.? During the 90’s, was established the scientific basis for the
production of preventive vaccines acting against virus-like particles of HPV. The
vaccines approved for use in human populations were available by the

pharmaceutical industry in 2006.°

In order to create some kind of order in the large number of viruses that have been
discovered, both oncogenic and non-oncogenic viruses are currently classified on
the basis of their nucleic-acid content. A distinction is drawn between viruses that
contain DNA, such as papovaviruses, adenoviruses and herpesviruses, and those
that contain RNA like retroviruses. The retroviruses were discovered in 1970 by
Howard Temin (1934-1994) from the University of Wisconsin-Madison, and David
Baltimore (1938) from Massachusetts Institute of Technology, these viruses after
infection, transcribe their RNA into DNA with the aid of the enzyme reverse
transcriptase. Temin and Baltimore shared the Nobel Prize for Medicine in 1975 with
Renato Delbucco for their discoveries concerning “the interaction between tumor

viruses and the genetic material of the cell”.?

When proto-oncogenes mutate, like src, myc, myb, ras and erb, they can cause

cancer. They occur not only in humans but also in animals, and have been in
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existence for hundreds of millions of years. They have survive because they have
evolutionary value. The src gene, plays a role in the regulation of the normal process
of cell division, by coding for the production of a protein that has a key function in
the transmission of growth signals in a cell. As soon as the necessary growth factors
have adhered to the outer surface of the cell, this protein starts up the cell division
process, when there are changes in the protein, cell division occur even in the

absence of growth factors.?
1.1.2.5.4. Heredity and Cancer

Cancer has been defined as a genetic disease because gene alterations are key
steps in the processes that transform a normal cell into a cancer cell capable of
propagating to the stage of clinical cancer. Genes can also predispose to cancer
when particular variants occur in the germ cells (sperm and ova) of parents. For
example, a rare hereditary mutation of TP53 (tumor suppressor gene) is transmitted
from parents to offspring as a dominant gene, conferring a very high risk of cancer
in one or more of several organs: the breast, soft tissue and bone, the brain, and

bone marrow.10

The first known human malignant tumor with an autosomal dominant inheritance
pattern is the retinoblastoma. This is a malignant tumor of the pigment layer of the

eye, which is seen in children; in 40% or the cases, the tumor is family-related.

Physicians in ancient Rome documented the fact that breast cancer occurs more
often in some families than in others. The French surgeon and anatomist Pierre Paul
Broca (1824-1880), described the occurrence of ten cases of breast cancer in four
generations of his wife’s family; four other women in the family died of liver tumors,
which were probably metastases of breast cancer. In 1984 Wick Williams and David
Anderson form the University of Texas provided statistical evidence of the existence
of a gene that caused this higher risk of breast cancer. In 1990, Mary-Claire King
described the occurrence of the BRCAL1 gene on chromosome 17g21 in familial

breast cancer, if the gene is mutated, the risk of getting breast cancer is 60-80%. In
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1995, Michael Strattton and Richard Wooster discovered the BRCA2 gene that also
plays a role in familial breast cancer. Mutations in one or both of these genes also
lead to a predisposition to ovarian cancer (30-60% for BRCA1 and 5-20% BRCAZ2).

Epidemiologic investigation suggests that at least 15% of colorectal carcinomas
have a dominant inheritance pattern. The two best defined forms of these complaints
are familial adenomatous polyposis (FAP) and hereditary non-polyposis colorectal
cancer (HNPCC).?

1.1.2.6.  Classifications of Tumors
1.1.2.6.1. Benign Tumors:

e Adenoma: Is a benign epithelial tumor with a glandular organization; the
corresponding type of malignant tumor is and adenocarcinoma (Fig. 1.3).
e Chondroma: Is a benign tumor or cartilage, chondrosarcoma is the malignant

tumor.
1.1.2.6.2. Malignant Tumors

Cancers are classified according to the tissue and cell type from which they arise.

e Carcinomas: Are cancers arising from epithelial cells, and they are by far the
most common cancers in humans.

e Sarcomas: Arise from connective tissue or muscle cells.

e Leukemias and lymphomas: Derived from white blood cells and their
precursors (hemopoietic cells), as well as cancers derived from cells of the

nervous system.
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Figure 1.3. Benign versus malignant tumors. A benign glandular tumor (an adenoma) remains
inside the basal lamina that marks the boundary of the normal structure, whereas a malignant

glandular tumor (an adenocarcinoma) destroys duct integrity as shown.*

About 80% of human cancers are carcinomas, because most of the cell proliferation
in adults occurs in epithelia or because epithelial tissues are most frequently
exposed to the various forms of physical and chemical damage that favor the

development of cancer.!

23



1.1.3. Diagnostics

In the seventeenth and eighteenth centuries, cancer was believed to be as infectious
as tuberculosis. The development of microbiology led to the intensive microbiological
study of tumors. Practically every new micro-organism that could be detected was
also found in tumorous tissue, and some authors claimed that inoculation with these
organisms could lead to the development of cancer. It was subsequently found,

however, that all the germs observed came from secondary infections.?

The Greek physician George Papanicolaou (1883-1962), refined the smear test and
introduced it as a screening method for cervical carcinoma, the “Pap test”, as positive
result is an indication that cancer may be present, but a biopsy is almost always
required before a definite diagnosis can be made.? Technique for growing tissue and
cell culture were developed at the beginning of the twentieth century. Thanks to the
use of suitable nutrient media and the availability of antibiotics, it became possible
to grow cells in an artificial environment. This gave researchers a powerful tool for
the study of the biology of cancer cells. After this the believed that cancer was a
disease of the whole body was dismissed. Nowadays, it is know that Cancer is a
essentially a disease of the genes, the cause of cancer lies in the DNA of the cell

nucleus, to be precise, in the genes that undergo mutated genes.?

Clinical genetics was born in 1956, when Joe Hin Tjio (1919-2001) and Albert Levan
(1905-1998) published an article in which they demonstrated that human cells have
46 chromosomes. Theodor Boveri (1862-1915), a professor of Biology at Wrzburg
in Germany, was the first in establish a link between chromosomes defects and
cancer. In sea-urching eggs he observed that an uneven distribution of the
chromosomes during cell division led to malformations. The first important
cytogenetic defect to be discovered was described by Peter Nowell (1928- ), a
pathologist from Philadelphia, and David Hungerford (1927-1993) in 1960. This
“Philadelphia chromosome” is an abnormally small chromosome found in the blood

and bone-marrow cells of 95% of patients with chronic myelogenous leukemia.?
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1.1.4. Treatments

1.1.4.1. Laser in Medicine

If laser radiation strikes biological tissue, various effects can be observed. All are
caused primarily by the interaction of photons with the molecules and the molecular
compounds of the tissue. The resulting actions depend mainly on the application
parameters, which, in turn, can be characterized by the wavelength of the applied
laser, the exposure time and the power density. The action mechanisms may be

divided approximately into:

e Photochemical processes: For low power densities and long exposure times.
e Thermal responses: For average power densities and exposure times.
e Non-linear actions: For power densities exceeding 10’ W/cm2 and ultra-short

exposure times, in the ns range.!

The optical tissue properties, like absorption, scattering and refraction, determines
the primary distribution of the laser light inside the therapeutic volume, while its
actions is determined only by the absorption of the radiation energy by the tissue.
The tissue volume absorbing the radiation depends, for a given spot size, on the
penetration depth of the laser radiation. The penetration depth is characterized
approximately by a 1/e decrease in its intensity below the irradiated tissue surface.
It also depends on the laser’s wavelength and on the type of tissue involved. The
Table 1.1 indicates typical values for the penetration depth into selected tissues for

the most popular laser radiations used in medicine.

The exposure time of the laser radiation and the laser power also determine the
laser-tissue reactions, lasers can affect soft and hard tissues. The Fig. 1.4

summarizes the therapeutic and diagnostic applications of lasers.!?
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Table 1.1. Depth of penetration (1/e intensity) into selected tissue types for
various medical lasers. The numbers indicate the order of magnitude.!
Laser A (mm) Depth of penetration (mm)
Skin Liver Muscle Blood
CO2 10600 0.01 0.01 0.01 0.01
Er-YAG 2940 0.001 0.001 0.001 0.001
Nd:YAG 1064 4 5 4 0.8
Ar 514 2 0.5 1 0.3
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Figure 1.4. Therapeutic and diagnostic applications of lasers in medicine. The applications are

ordered according to the laser actions.
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1.1.4.1.1. Optical Properties of Tissues

If a laser beam strikes biological tissue, a specific distribution of the laser light inside
the irradiated volume is observed. Part of the radiation is absorbed by the tissue and,
consequently, may be therapeutically active. Depending on the layer thickness,
another part will be transmitted either directly at or after multiple scattering. A further
fraction of the photons will be scattered in the tissue and leave it as reemission
radiation (Fig. 1.5).
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Figure 1.5. Optical behavior of a tissue layer during irradiation with laser light.

The absorption of photons can, in principle, take place in all molecular components
of the tissue. In the UV-Vis regions these components will be tissue-specific
chromophores like porphyrin, hemoglobin (Fig. 1.7), melanin, flavin, retinol,
ribonucleic acid, where electronic transitions are excited. In the NIR and MIR, tissue
absorption is dominated mainly by the absorption in water (Fig. 1.6). The absorption
coefficient ya (cm™) characterizes the absorption. It is the product of absorber
concentration ca (cm™) and absorption cross-section 0a [cm?]. The inverse value 1/ua
is called the mean free path of the photons. In general, different absorbers contribute
at one wavelength, consequently ua must be considered the sum of all substances

involved:
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Ug = Y. Co0, Eq. 1.1

Biological tissues typically display absorption coefficients in the range 0.01 cm™ <
Ua < 100 cm™. The intensity of the part transmitted, I, through a layer of thickness
d (cm) can be easily calculated according to Bouger-Lambert law. If |, is the intensity

on entry into the substrate, then:
Iy = Iyexp(—pi d) Eqg. 1.2
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Figure 1.6. Absorption coefficient of pure water.

Frequently, especially in chemistry, the following terms are employed: absorber
concentration ¢ (mol dm™) and decimal molar extinction coefficient (dm mol™ cm™).
The latter term is defined by the Bouger Lambert law and utilizes the decimal

logarithm:
Ip =1y X 10754 = [; x 1074 Eg. 1.3

The exponent is called extinction coefficient or absorbance A of a substance, and

mostly refers to a layer thickness d of 1 cm.
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Figure 1.7. Absorption coefficient of oxygenated human hemoglobin (Hb) without cellular
components. The physiological concentration is 150 g/L. For comparison, the absorption coefficient

of water is also displayed.
The following relations holds:
Uy, =2303ce Eq.1.4

The scattering coefficient s is determined by the scattering of photons in biological
tissues, at sites of inhomogeneity of the refractive index, e.g. at membranes, cell
nuclei, mitochondria, lipids etc. The s it is defined, in analogy with the absorption
coefficient, as the product of the concentration cs (cm™) of the scattering centers and
the scattering cross-section os (cm2). It is summed over the various types of

scattering centers:
#s=ZCsas Eq 1.5

Biological tissues typically display scattering coefficients in the range 10 cm™ < s <

1000 cm™. In tissue optics the scattering coefficient is frequently expressed in mm™.
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Ms is a direct measure for the number of scattering events per unit path length
covered by a photon. Over a wide range of wavelengths, the scattering coefficient is
significantly larger than the absorption coefficient. For wavelengths in the far region
of the optical window (800-1100 nm), the scattering exceeds absorption by 1 to 2
order of magnitude. For wavelengths showing extreme absorption, scattering can be

neglected.

If laser beam proceeds from an optically less dense medium (e.g. air) into an optically
denser medium (e.g. water or tissue), it will be partially reflected at the boundary.
This partial reflection depends on the wavelength and differs from reemission. The
transmitted fraction of the laser beam changes its direction of propagation. Both
effects depend on the refractive indices n of both media. The refractive index of many
biological materials is correlated with that of water because for many tissues this is

the main component.

In the visible spectral range the photons will be repeatedly scattered before
absorption. In this case, the scattering will not be isotropic but show a distinctly
forward component. This anisotropy is expressed by the anisotropy factor g, having
values between 0 and 1. The value O indicates isotropic scattering, all scattering
angles are of equal probability; 1 indicates forward scattering. For soft tissues the
values for g range from 0.7 to 0.98. For theoretical considerations the reduced
scattering coefficient, defined as ps = (1-g) Us, describes the influence of

anisotropy.tt
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Figure 1.8. Optical properties of human blood. Mean values from three measurements, thickness of

optic cell 94 um.
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To characterize the domination of the scattering or absorption, the ratio of scattering
coefficient to the sum of scattering and absorption coefficients (albedo) is utilized.
Photons are scattered, for example, inside the dermis on average 100 times before
they are absorbed. The optical constants completely characterizing a tissue are

summarized and listed below (Table 1.2).

Table 1.2. List of optical constants.!?

Absorption coefficient Ua (cm™)
Scattering coefficient Us (cm™)
Anisotropy factor g
Reduced scattering coefficient Us'=(1-9) s
Effective attenuation Maft = (Ua + Us)
Albedo q = ps/( Us + Ya)

The light intensity directly below the tissue surface is enhanced by a factor of 2 to 4
as compared with the intensity of the incident beam. The increased intensity is
caused by backscattered photons overlapping with the incident photons. Another
observation is that, due to the scattering effect, the penetration depth depends on
the irradiated area. Consequently, the penetration depth will double if, for the same

irradiance, the beam diameter increases from 1 to 5 mm.

The penetration depth of laser light into tissues is greatest in the wavelength range
of 700 — 900 nm (Fig. 1.9).
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To initiate a thermal reaction, the photons must be absorbed. Beer’s law states that

the light intensity in tissues is attenuated exponentially with depth, as described by

the absorption coefficient ya (cm™), examples are in the Table 1.3.1%

Table 1.3. Penetration depth of laser as a function of the absorption coefficients
Ua and et = Ua + Us, the sum of absorption and scattering coefficients.!?

Wavelength (nm) Penetrati(opnm(;epth 1lua | Eff. Ophef:(i:re;)ration 1

193 ca. 10 ca. 1l

309 50 240

532 830 240

1064 2500 1900

2060 286 250

2940 3 3

10600 17 17

33



1.1.4.1.2. Thermal Properties of Tissues

The action of the laser beam in surgery, as a tool for cutting or coagulation, is based
on the conversion of electromagnetic energy into thermal energy. The thermal action
Is characterized by the absorption of radiation by specific tissue chromophores and
its subsequent conversion into thermal energy, the temperature increase,

consequently induce thermal changes in the tissue.

The heat source density g, (W m™) inside an irradiated tissue volume is a function
of the absorption coefficient ya and the total radiation density L. L is composed of
the directly contributing part of the collimated laser beam (Lc) and of contributions

scattered in from the surrounding tissues (Ls):
q(r, t) = .ua[LC(r: t) + LS(Tt S)] Eq' 1'6
Where r is a position vector, and t is the time.

The light energy, converted into heat, causes a local temperature increase inside the
irradiated volume. As long as there are no phase transitions, the temperature T will
increase proportionally the heat source density q. Part of the heat will diffuse by
thermal conduction into the cooler surroundings: This process depends on the
temperature gradient. For a given beam intensity this will limit the achievable
maximum temperature of the irradiated region. On the other hand, there is for each
tissue, a specific intensity threshold which must be exceeded in order to reach a

desired local temperature.

Since part of the energy is transported by thermal conduction and other processes
into adjacent regions, not only the irradiated volume is heated, but also its
surroundings. In vivo the local blood circulation will also transport heat away from
the irradiated tissue. The thermal properties of living tissues are dominated by the

conductivity, storage and dissipation of heat.!!
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1.1.4.1.2.1.Heat Conductivity

The heat flow dQ/dt, is directly proportional to the temperature gradient. For a one-
dimensional ideally homogeneous tissue sample of length s and uniform cross-
sectional area A, the heat energy AQ is conducted within time At from a position of
higher temperature T1 to a position with lower temperature T2, according to the

following equation:

X4 Eq. 1.7
Table 1.4. Thermal conductivity of various materials and
substances measured in W(m*K-1) under standard conditions.!
Material A (W m1K1)
Air 0.02
Ethanol 0.16
Fatty tissue = 0.3
Watery tissue = 0.5
Water 0.58
Blood 0.62
Steel 46.02
Cooper 418.00

The factor A is called thermal conductivity [W (m1K1)]. In general, it is low for gases

and highest for metals. The Table 1.4 summarizes typical values.

The heat conductivity for tissues ranges depending on water content. To a good

approximation, the following formula holds:
A =(0.06+057w/p)[w(im 1K™1)] Eqg. 1.8

Where p is the tissue density in kg/m3 and w the water content of the tissue in
kg/m3,11
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1.1.4.1.2.2. Heat Storage

The specific heat ¢ characterizes the ability of a tissue to store heat. This material
constant describes the amount of heat needed to increase the temperature of a mass

unit by 1 K. Typical values are summarized in Table 1.5.

Table 1.5. Specific heat c of some materials and substances (for
gases cp).!t
Material kJ (kgK?)
Copper 0.385
Steel (V2A) 0.477
Air 1.005
Fat 1.930
Ethanol 2.430
Blood 3.22
Water 4.183

The heat-penetration coefficient b combines thermal conductivity and specific heat.
It is a measure of the amount of heat penetrating, during a given duration, into a

tissue volume after a sudden increase of the surface temperature:

b =,/Apc Eq. 1.9
It is also possible to characterize the temperature behavior of a tissue sample by:

pc

This temperature conductivity X as defined by the above equation, has the same
value for most tissues (about 1.2 x 107 m2s). The reason is that a decreasing
thermal conductivity due to a lower water content in general is compensated by a

decrease of the specific heat.!!
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1.1.4.1.2.3. Heat Dissipation by Blood Flow and Other

Mechanisms

Thermal energy dissipates from an irradiated tissue region not only by thermal
conduction but also via the vascular system. During continuous irradiation, it is
possible that heat transport via blood flow will be the dominating factor in maintaining
a stationary temperature distribution. Without any blood flow the temperature during
thermal equilibrium will decrease inversely with distance from the local heat source
(T * 1/r). Furthermore, the irradiated volume can lose heat by metabolic processes,

by water evaporation at the surface and by convection in cases of laser radiation.

The influence of the vascular region can be estimated by multiplying the inverse of
the product of the rate of blood throughput ve (Table 1.6) and the p density of the
tissue. The resulting perfusion time tg represents the time during which the entire
blood of a unit volume of tissue is exchanged. The influence of the vascular region
must be taken into account if the irradiation time is of the same order of magnitude,

or larger, than tg.1!

Table 1.6. Rate of blood throughput vg for various human organs.!
Tissue ve (ML min-ig?)
Fatty tissue 0.012...0.015
Muscle (arm) 0.02 ...0.07
Skin 0.15...0.5
Brain 0.46...1.0
Kidney 3.4

1.1.4.1.3. Interactions of Laser Light with Tissues

The exposure time together with the laser power determine the particular reaction
mechanisms (Fig. 1.10). During continuous irradiation (> 0.25 s) of 30 J/cm?2 in total

1; tissues are easily coagulated. After shortening the interaction time to 107 s, the
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heat produced cannot diffuse into the tissue, so local overheating occurs and the
tissue vaporizes at temperature > 300°C. If the exposure time is reduced to several
hundred microseconds then the time is insufficient even to vaporize the tissue and it
will ablate explosively into fragments. If the time is shortened into the ns range (10°°
s), optical breakdown will occur, i.e. within the laser focus a plasma will be created

and will expand and produce a cavitation bubble which subsequently collapses.

10000
T>100°C
Thermal
1000 Optical vaporization
breakdown
& 100
é T>50°C
S Coagulation
z 10 Explosive
§ vaporization T < 42°C
x
Reversible effects
0.1
Pulsed Normal pulse
0.01 <« Q-switched » = dye » = . cw lasers

1E-9 1E-8 1E-7 1E-6 1E-5 1E4 1E3 1E-2  1EA 1E-0
Exposure time (s)

Figure 1.10. Interactions of laser light depending on the exposure time.
1.1.4.1.3.1. No thermal Reactions

During no thermal reactions the quantum energy of the laser photons is utilized to
excite certain specific molecules. These mechanisms is the basis of photodynamic
laser therapy (PTT). So-called sensitizers, i.e. dye molecules which predominantly
accumulate in tumorous tissues, will be excited by the absorption of the laser light.
After an internal energy transfer, this excitation energy will be transmitted to oxygen
molecules. Singlet-oxygen of radicals are formed which are a cell toxin. In this case,

a purely phototoxic effect is utilized.!?
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1.1.4.1.3.2. Thermal Reactions

Medical lasers are utilized for cutting or coagulating tissues. During coagulation the
tissues pass through various stages of thermal damage until vaporization occurs at

several hundred °C. The various thermal reactions of tissues are summarized in the

Table 1.7.

Table 1.7. Thermal effects at different temperatures during laser irradiation.*!

*Tissue Effects
OC )

*No irreversible tissue damage

« Enzymatic changes, Oedema formation

*Membrane disintegration, Time-dependent
cell death )

*Protein denaturation
*Coagulation and necrosis

*Collagen denaturation
*Membrane defects

*Tissue Vaporization

«Carbonization }

*Evaporation, vaporization

€EC€EECE

If radiation enter homogeneous tissues, its power will decrease with increasing
depth. It will be partly scattered and absorbed; accordingly, a temperature gradient
will develop inside the tissue. In the region where the temperature exceeds 300 °C
the tissue will vaporize. This will be followed by a zone with a temperature exceeding

150 °C where the tissue will be carbonized; the next tissue layer will be coagulated.
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Even further out there will be a region with tissue very slightly warmed, hence
suffering no irreversible damages. In the Figure 1.11 indicates schematically the
thermal effects caused by decreasing temperatures as a function of depth and lateral

extension.
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Figure 1.11.  The various action zones during the cutting of tissues.

Hyperthermia is not a therapy by itself because no cells are damage. As opposed to
microwave hyperthermia, laser hyperthermia is locally limited to tissue heating.
Temperatures between 40 and 60 °C result in disorder of cellular metabolism and
membrane function. The result is a thermodynamic reaction which may result in
apoptosis of the affected regions. Definite coagulation necrosis occur between 60
and 100 °C (Table 1.7).11



1.1.4.1.3.3. Ablative Effects of Laser Light

For the ablation of soft and hard tissues, high absorption of the laser light in the
tissue is needed, in order to reach the ablation threshold with the initial fraction of
the pulse energy alone. The shorter the pulse, higher the power density of the laser
beam, then lower the ablation threshold. The remaining energy will heat the tissue
in the region of the penetration depth of the laser light (a few um) and can even
propagate by thermal diffusion. For this reason, the necrotic zone is wider than the
theoretical penetration depth of the light. Since during vertical laser irradiation the
tissue fragments are ejected towards the laser beam, the radiation may be

significantly absorbed by the ablation products (Fig. 1.12).11

1. Coupling of the laser beam to the tissue surface (absorption inside tissue,
absorption inside vapour)

2. Tissue conversion by the incident radiation (heating, vaporization, ionization,
mechanical destruction)

3. Ejection of tissue materials (convection, heat conduction, condensation)

Laser beam

(Wavelength, power, cw, pulsed, pulse shape, repetition rate)

Burn-up

(Temperature, properties of flow,
absorption coefficient,

focusing properties)

Surrounding medium
(air, water, blood)

Tissue
(absorption coefficient, heat conductivity)

Figure 1.12.  The various parameters influencing the tissue reactions during laser irradiation.
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1.1.4.1.4. Instruments for Laser Therapy

Laser therapy needs transmission systems and applicators to transfer the radiation
safely, and with losses as low as possible, to the point of application. Transmission
systems are optical fibers, bending light guides and articulated arms. They transport
the radiation from the laser’s resonator to the point of application. Light guides are
made up of flexible, transparent fibers. They are mostly composed of quartz glass,
usable with laser radiation in the visible range as well as in the NIR and UV. The
light guide can be composed by single optical fiber or random bundles. While fibers
bundles are well suited for the transfer of diffuse and incoherent light, single fibers
offer the possibility to transfer the concentrated light of the laser and to conserve its
special quality to a large degree. There are not light guides available for many
wavelength ranges, such as the IR region around 10 pym. In these cases, the beam
transport from laser to hand pieces, or to an operating microscope or endoscope
takes place via an articulated arm equipped with mirrors that guide the radiation
through interconnecting tubes. The Table 1.8 presents a list of the advantages and

disadvantages of different beam handling systems.*!

Table 1.8. Beam-handling systems.!

Advantages/disadvantages | Wavelength range

Good beam quality,
o _ conservation of coherence _
Directing coupling o Arbitrary
and polarization. Only for

compact laser systems

Good beam quality,
_ conservation of coherence | Arbitrary, used in UV
Articulated arm o _
and polarization. Inflexible, | and 10 yum range

expensive, difficult to adjust.
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Light guide

Flexible, inexpensive.

polarization and focus control

Restricted for coherence, | Near UV-Vis and NIR

1.1.4.1.5. Range of Applications for Medical Lasers

There are a number of laser applications for medical procedures, e.g. retina
coagulation in ophthalmology, thermotherapy and laser angioplasty. Dosimetry is the
method to determine the laser radiation parameters necessary for achieving a
predetermined action, then determines laser power, power density and energy of a
suitable wavelength to achieve the desired response. Applying radiation energy over
various times leads to very different tissue reactions. It is necessary to distinguish
between the direct physical results of irradiation and the desired medical-biological

consequences, often manifesting themselves long after the end of irradiation. The

Fig. 1.13 gives a breakdown of the processes and times involved.!!

Laser radiation

!

Absorption of a photon

l

Energy transfer molecular, intermolecular

l

Change of the irradiated tissue: chemical,

mechanical and temperature

l

Changing of the surroundings of the irradiated

tissue

!

Biological changes

l

Medical changes

Figure 1.13.

Time scales during laser treatment.

43

1015 s

1012-10%s

108 -10°%s

10%-101s

days




The next table, gives an overview of further action principles based on different

physical tissue reactions during medical application of lasers.

Table 1.9. Classes of action principles.!?

Photochemical effects

Action principle

Photoinduction
Photoactivation of drugs
Photoirradiation

Photochemotherapy

Photoresonance

Biostimulation

POD

Photodynamic therapy (PDT)
Black light therapy (PUVA)

Photothermal effects

Photohyperthermia

Photothermolysis

Photocoagulation

Photocarbonization

Pyrolysis

37°C -43°C

Reversible damage of normal tissue.
45 — 60 °C: Cell oedema, tissue
welding; protein coagulation
Thermodynamical effects
microscopically  small  sites  of
overheating

60 — 100 °C: Coagulation, necrosis

100 — 300 °C: Drying out, vaporization
of water, carbonization

> 300 °C

Photoionization of photofission

Photoablation
Photodisruption

Photofragmentation

Rapid thermal explosion (angioplasty)
Optical breakdown

Mechanical shockwave (lithotripsy)
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The methods for laser therapy of tumors comprises tumor resection, endoscopic
recanalization of tumor resection and of tumor stenosis, interstitial laser coagulation
of liver metastases, colorectal and mammary carcinoma, thoracoscopic coagulation
of lung metastases and local recurrence of breast carcinoma, melanomas and of

Kaposi’s sarcoma.
1.1.4.1.6. Laser Safety in Medicine

Safety has always been important for any laser application in surgery and medicine,
and several issues dominate. These issues include: wearing eye protectors, dealing
with the plume of vaporized tissue, and controlling potential fire hazards. The first,
second and third-degree skin burns can be induced by visible and infrared laser
beam exposure, producing thermal injury, and the same irradiances that can

produce a severe thermal burn can also ignite fabrics and burn plastics.
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1.1.5. The International Agency for Research on Cancer, IARC
(Statistics Data)

Cancer is among the leading cause of worldwide deaths, every sixth death in the
world is due to cancer.'? Lung, prostate, colorectal, stomach, and liver cancer are
the most common types of cancer in men, while breast, colorectal, lung, uterine
cervix, and stomach cancer are the most common among women (Fig. 1.14-1.15).
More than 30% of cancer deaths could be prevented by modifying or avoiding key
risk factors, especially tobacco use, having a healthy diet, being physically active
and moderating the ingestion of alcohol. Early detection, accurate diagnosis, and
effective treatment, including pain relief and palliative care, help increase cancer
survival rates and reduce suffering. Treatment options include surgery,
chemotherapy and radiotherapy, tailored to tumor stage, type and available

resources.13

Most commonly diagnosed cancer, males
Estimated, 2012

Prostate Lung Liver Stomach Colorectum  Kaposi Lip, oral Leukemia Non- Esophagus  No Data

.

4

Figure 1.14.  Most commonly diagnosed cancer in males. All incidence and mortality rates are age-
standardized to the 1960 world population. All survival estimates are age-standardized to the

international Cancer Survival Standard weights.'3
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Most commonly diagnosed cancer, females
Estimated, 2012

Breast

Figure 1.15.  Most commonly diagnosed cancer in females. All incidence and mortality rates are
age-standardized to the 1960 world population. All survival estimates are age-standardized to the

international Cancer Survival Standard weights.'3

In 20 May of 1965 the World Health Assembly created an agency for international
cooperation in the field of health, the International Agency for Research on Cancer,
IARC. The agency begun to function on 15 September 1965 with five participating
states: the Federal Republic of Germany, France, Italy, the United Kingdom, and the
USA. The Soviet Union was not among the founders of IARC, but was one of the

countries that soon joined.

Since 1966, the IARC set many of their priorities, including a firm commitment to the
need for a strong interdisciplinary approach to understanding the causes and

prevention of cancer.

At 1965 was already known about several cancer-causing factors, all belonging to
the environment in its broadest sense (Table 1.10). The health effects, acute and
chronic, of local, home, and occupational environments have long been known and

continue to be described and investigated. Lung cancers caused by air pollutants,
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like diesel exhaust or asbestos fibers, and skin cancers caused by solar ultraviolet

radiation are just two examples among many.°

Table 1.10. The cancer-causing factors that had been established by 1967.1°

Type Factor

In the general environment lonizing radiation

Ultraviolet radiation

In the local and occupational | Asbestos

environment Nickel refining

Chromate manufacture

Inorganic arsenic compounds

Mustard gas manufacture

Fumes from gasworks

Isopropylene

Alpha- and beta- naphthylamine

Benzidine

Xenylamine

Benzene

Tar and other coal combustion products

Ointments containing coal tar

Personal behaviors Chewing of tobacco, betel, and lime

Tobacco smoking

Alcohol consumption

Pharmaceutical drugs Chlornaphazine

Infections Clonorchis sinensis (Chinese liver fluke)

Virus inducing Burkitt lymphoma

Predisposing conditions Tropical ulcers
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Ulcerative colitis

Since 1965, there have been medical improvements in all fields. Such as, the body
imaging limited to X-ray techniques, now includes a variety of ultrasound methods,
computed tomography (CT) scans, magnetic resonance imaging (MRI), and positron
emission tomography (PET) scans. Organ transplants, then confined to corneal
transplants and very tentative early attempts for other organs, now have become
routine. Minimally invasive and robotic methods are changing the practice of surgery.
The advances in cancer medicine have translated into benefits for the population:
survival rates of all cancer patients in defined areas, irrespective of care and
treatment (Table 1.11).

Table 1.11. Progress in cancer treatment: percentage survival (relative to normal
life expectancy) of patients at 5 years after initial diagnosis, for main cancer sites
in the United States.?
Period
Site
1947-1951 1975-1977 2003-2009

Oesophagus 4 5 19
Stomach 7 15 29
Colon 36 51 65
Rectum 32 48 68
Pancreas 2 2 6
Larynx 47 66 63
Lung 5 12 18
Breast (women) 54 75 90
Cervix uteri

62 69 69
(women)
Ovary (women) 28 36 44
Prostate (men) 28 68 100
Bladder 38 72 80
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Over the decades, IARC has supported the systematic development of cancer
registries throughout the world, in cooperation with the International Association of
Cancer Registries. This has enabled the scope of cancer incidence analyses to
expand in three directions: (i) a more complete coverage of countries, for many of
which no data had been available in the first rounds of the exercise; (ii) more reliable
estimates of incidence rates based on larger numbers of cancers recorded, a feature
of special importance for the less frequent types of malignancies; and (iii) the
possibility of observing, for the first time, trends in cancer incidence in the medium

and long term, over periods of up to several decades.!°

With the increasingly reliable data flowing in to IARC from registries all over the
world; and the evolution of computerized data processing GLOBOCAN database
(globocan.iarc.fr) was created. GLOBOCAN contains incidence, mortality, and
prevalence estimates for 27 site-specific cancers and for all sites combined in 184

countries worldwide.10

According to IARC (Globocan 2012)*3, there were 14.1 million new cancer cases
(Fig. 1.16), 8.2 million cancer deaths and 32.6 million people living with cancer
(within 5 years of diagnosis), in 2008 were 7.6 million; an estimated of 13 % from all
deaths worldwide. And it is expected an increase of 70 % in new cases of cancer

over the next 2 decades.*
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Cancer cases, all ages Cancer deaths, all ages
(total 14'067,894) (total: 8'201,575)
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Figure 1.16.  Estimated number of cancer cases and deaths worldwide, both sexes.'3

> 219.1 }
1683 - 219.1 L4

139.9 - 168.3 ]

1116 - 139.9 “
< 1116

Bl Nodata [ | Not applicable

The boundaries and names shown and the designations used on this map do not imply the expression of any opinion Data source: GLOBOCAN 2012 2N, World Health
on the part of the World Health Organization conceming the legal status of any country, territory, city or area or of its authorlies, Map production: IARC Organization
or concemning the delimitation of its frontiers or boundaries. Dotted and dashed lines an maps represent approximate border lines World Health Organization -

for which there may not yet be full agreement

WHQ 2015. All rights reserved

Figure 1.17.  Estimated cancer incidence worldwide in 2012, females. All incidence and mortality

rates are age-standardized to the 1960 world population. All survival estimates are age-standardized
to the international Cancer Survival Standard weights.*®
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Figure 1.18.  Estimated cancer incidence worldwide in 2012, men. All incidence and mortality rates
are age-standardized to the 1960 world population. All survival estimates are age-standardized to the

international Cancer Survival Standard weights.'3
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Figure 1.19.  Estimated cancer mortality worldwide 2012, females. All incidence and mortality rates
are age-standardized to the 1960 world population. All survival estimates are age-standardized to the

international Cancer Survival Standard weights.*?
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Figure 1.20.  Estimated cancer mortality worldwide 2012, males. All incidence and mortality rates
are age-standardized to the 1960 world population. All survival estimates are age-standardized to the

international Cancer Survival Standard weights.'3

The overall age standardized cancer incidence rate is almost 25 % higher in men
than in women, with rates of 205 and 165 per 100,000, respectively. Male incidence
rates vary almost five-fold across the different regions of the world, with rates ranging
from 79 per 100,000 in Western Africa to 365 per 100,000 in Australia/New Zealand
(Fig. 1.18). In terms of mortality, there is less regional variability than for incidence,
the rates being 15% higher in more developed than in less developed regions in
men, and 8 % higher in women (Fig. 1.19-1.21). In men, the rates is highest in
Central and Eastern Europe (173 per 100,000) and lowest in Western Africa (69). In
contrast, the highest rates in women are in Melanesia (119) and Eastern Africa (111),

and the lowest in Central America (72) and South-Central (65) Asia.'®

Tobacco use is the single largest preventable cause of cancer in the world causing
22 % of cancer deaths. And 20 % of all cancer worldwide are caused by a chronic
infection, for example human papillomavirus (HPV) causes cervical cancer and

hepatitis B virus (HBV) causes liver cancer.'*
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Table 1.12.  Estimated Incidence, Mortality and Prevalence of all Cancers
(excluding non-melanoma skin cancer) in 2012

Estimated Both
Men 5-year Women 5-year 5-year
numbers Cases Cases Cases sexes
Deaths prev. Deaths prev. prev.
(thousands) Deaths
World 7410 4653 15296 6658 3548 17159 14068 8202 32455
More developed
. 3227 1592 8550 2827 1287 8274 6054 2878 16823
regions
Less developed
4184 3062 6747 3831 2261 8885 8014 5323 15632
regions
Africa (AFRO) 265 205 468 381 250 895 645 456 1363
Americas (PAHO) | 1454 677 3843 1429 618 4115 2882 1295 7958
East
Mediterranean 263 191 461 293 176 733 555 367 1194
(EMRO)
Europe (EURO) 1970 1081 4791 1744 852 4910 3715 1933 9701
South-East Asia
816 616 1237 908 555 2041 1724 1171 3278
(SEARO)
Western  Pacific
2642 1882 4493 1902 1096 4464 4543 2978 8956
(WPRO)
IARC (24
. 3689 1900 9193 3349 1570 9402 7038 3470 18595
countries)
United States of
) 825 324 2402 779 293 2373 1604 617 4775
America
China 1823 1429 2496 1243 776 2549 3065 2206 5045
India 477 357 665 537 326 1126 1015 683 1790
European Union
(EU-28) 1430 716 3693 1206 561 3464 2635 1276 7157

GLOBOCAN 2012 Cancer Fact Sheets*
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Figure 1.21.  Estimated incidence and mortality of all cancers, age-standardized rates (World) per
100,000.

In the third edition of IARC’s World Cancer Report (in 2014), a categorization in terms
of Human Development Index (HDI) has been introduced. HDI captures three
dimensions of human development: life expectancy at birth, educational level

attained, and purchasing power. With this new categorization, close to 8 million new
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cases of cancer occur per year in countries with high or very high HDI, whereas the
annual burden on countries with low or medium HDI is about 6 million. In countries
with low or medium HDI, a quarter of cancers are infection-related, and in countries
with high or very high HDI, more than one third of cancers are related to industrialized
lifestyles (Fig. 1.22).

High/Very High HDI: 7.9 million new cases

Other cancer types
53.8%

Infection-related
cancers

Cancers related to
industrialized lifestyles

Low/Medium HDI: 6.2 million new cases

Other cancer types
54.7%

Cancers related to
Infection-related industrialized lifestyles
cancers

Figure 1.22.  Estimated number of new cases of cancer in 2012 by categories of Human
Development Index (HDI). Within each HDI category are shown the percentages of cancer
attributable to infections (cervical, liver, and stomach cancers and Kaposi sarcoma) and related to

industrialized lifestyles (colorectal cancer, female breast cancer, and prostate cancer).
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1.1.5.1. Regional Diversity, Cancer in Latin America and the

Caribbean

About 1.1 million new cancer cases and 600,000 cancer deaths are estimated to
occur annually in Latin America and the Caribbean. Prostate cancer is the leading
cause of cancer death among males, with about 51,000 deaths annually, followed
by lung cancer and stomach cancer (Fig. 1.23). Among females, breast cancer is the
leading cause of cancer death, with about 43,000 deaths annually, followed by
cervical and lung cancer. There is considerable variation in cancer rates and trends
within Latin America. For example, cervical cancer incidence rates in 2012 ranged
from 11.4 cases per 100,000 population in Costa Rica to 47.7 cases per 100,000 in
Bolivia, with the highest rates generally found in low-income countries.

Cervical cancer rates are decreasing in many countries due to increased screening,
while breast cancer rates are increasing due to increased prevalence of hormonally-
linked factors such as delayed childbearing and lower parity, as well as lifestyle risk
factors. Gallbladder cancer rates are exceptionally high in many Latin American
countries, especially Chile and Bolivia, for unknown reasons. Lung cancer mortality
rates have begun to stabilize or decrease among males in many middle-income
countries of the Americas, such as Argentina and Brazil, because of decreased
smoking prevalence. Notably, lung cancer mortality rates among females continue
to increase in most countries of the Americas, reflecting the lag in smoking

reduction.®
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Figure 1.23.  Estimated numbers of new cancer cases and deaths, both sexes, 2012. Lung cancer
is the leading cause of cancer death for both sexes combined.®

1.1.5.2.  Global Cancer Country Profiles 2014 (México)

The aim of the WHO Global Cancer Country Profiles, is to synthesize in one
reference document, the global status of cancer prevention and control. Each Profile
includes data on cancer mortality and incidence; risk factors; availability of cancer
country plans; monitoring and surveillance; primary prevention policies; screening;
treatment and palliative care. The Fig. 1.24 correspond to Mexico’s profile, the
graphic presents the percentage of incidence and deaths in the country for both

Sexes.
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Figure 1.24.  Estimated number of cancer incidence and deaths, all ages and both sexes in
Mexico.:®

Cancer can be caused by a variety of known risk factors, many of them preventable.
The Table 1.13 list the main risk factors considered for adults in Mexico. In the Table

1.14 are listed the cancer treatment and palliative care in the country.

Table 1.13. Adult risk factors.

Males | Females | Total

Current tobacco smoking (2011) 27 % 8.2 % 17.4 %

Total alcohol per capita consumption, in liters of
pure alcohol (2010)

12.4 % 26 % 7.2%

Physical Inactivity (2010) 18.9 31.2% | 254 %
Obesity (2014) 22.1% | 32.7% | 276 %
Household solid fuel use (2012) - - 14.0 %
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Table 1.14. Cancer treatment and palliative care.

Radiotherapy

Generally available in the
public health system

Total high energy teletherapy units / million

, ' 0.5
inhabitants

Number of radiotherapy centers 91
Number of radiation oncologists 212

Chemotherapy (medicines not specified)

Generally available in the

public health system

Oral morphine (formulation not specified)

DK

Non-methadone morphine equivalent

consumption per cancer death (mg)

Community/home care for people with
advanced stage cancer and other NCDs

Generally available

... = No data vailable

DK = Country responded “don’t know”

Table 1.15. Cancer screening and early detection

Cervical cancer

Cervical cytology (PAP)

Generally available at the public

primary health care level

Acetic acid visualization (VIA) DK

Breast cancer

Breast palpation/clinical breast exam Generally available at the public

(CBE) primary health care level
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Generally available at the public
Mammogram

primary health care level

Colorectal cancer

Fecal occult blood test of fecal DK
immunological test

Bowel cancer screening by exam or DK
colonoscopy

DK = Country responded “don’t know”
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1.1.6. Nanomedicine

Nanoparticles (particles in the size range 1 — 100 nm) are emerging as a class of
therapeutics for cancer. Nanoparticles can be made from several materials, including
polymers, metals, and ceramics. Based on their manufacturing methods and
materials used, these particles can adopt diverse shapes and sizes with distinct

properties.

The most common cancer treatments are limited to chemotherapy, radiation, and
surgery. Frequent challenges encountered by current cancer therapies include
nonspecific systemic distribution of antitumor agents, inadequate drug
concentrations reaching the tumor, intolerable cytotoxicity, and limited ability to
monitor therapeutic responses.'® Poor drug delivery to the target site leads to
significant complications, such as a multidrug resistance. Greater targeting
selectivity and better delivery efficiency are the two major goals in the development
of therapeutic agents or imaging contrast formulations.'’” Several ligand-targeted
therapeutic strategies, including immunotoxins, radio-immuno-therapeutics and drug
immuno-conjugates, are being developed to overcome the problems associated with
conventional chemo-therapeutics drugs. Although these conjugated agents have
shown promising efficacy compared with conventional chemotherapy drugs,
limitations in their delivery still remains a major problem.® Early clinical results
suggest that nanoparticle therapeutics can show enhanced efficacy, while
simultaneously reducing side effects, owing to properties such as more targeted

localization in tumours and active cellular uptake.?

Drug resistance is one of the major obstacles limiting the therapeutic efficacy of
chemo-therapeutic or biologic agents. In the clinic, chemo-resistance is defined as
a lack of tumor-size reduction of the occurrence of clinical relapse after an initial

positive response to antitumor treatment. Drug resistance can be caused by:

= No cellular-base mechanisms: Physiological barriers, which protect

cancerous cells from drug-induced cytotoxicity. The blood-brain barrier
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restricts the entry of anticancer agents to the brain from the periphery. The
acidic environment in tumors can also result in resistance to basic drugs
through neutralization.

= Cellular mechanisms: Alterations in the biochemistry of cancer cells, such
as altered activity of specific enzyme systems, altered apoptosis

regulation, or increased drug efflux in malignant cells.

Given the enormous capacity of cancer cells to deploy various mechanisms to
ensure their survival in the face of treatment with anticancer drugs, it is not surprising
that promising strategies to inhibit drug resistance have proven difficult to translate
into clinical success. Strategies for overcoming drug resistance should be based on
new drug delivery systems, which will allow selective drug accumulation in tumor
tissues, tumor cells, or even compartments of tumor cells. Nanoparticles are

examples of such delivery systems.*’

Tumor imaging plays a key role in clinical oncology, with radiological examinations
able to detect solid tumors, determine recurrence, and monitor therapeutic
responses. Conventional tumor imaging approaches such as CT and MRI focus
mainly on delineating morphological features of the tumor, tissue, and organs, such
as the anatomic location, extent, and size of the tumor, at various levels of spatial
resolution and contrast. Despite continuous improvements in spatial resolution with
advanced imaging equipment, imaging modalities using no targeted contrast agents
such as CT and MRI have limited sensitivity and ability to provide specific and
functional information on the disease, which is increasingly recognized to be an
obstacle to earlier diagnosis and the monitoring of treatment responses. Recent
advances have stimulated the emergence of the new field of “molecular imaging,”
which focuses on visualizing or imaging biological events and processes in living

systems, including patients.’

Nanomedicine (the medical application of nanotechnology) has incredible potential
for revolutionizing cancer therapeutics and diagnostics by developing ingenious

biocompatible nanosystems. Cancer nanomedicine is a field of interdisciplinary
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research, between the disciplines of biology, chemistry, physics, engineering and
medicine. Is expected to lead major advances in cancer detection, diagnosis and

treatment.16

The term “Nanomedicine” can be traced back to the late 1990’s and first appeared
in research publications in the year 2000. Its definition varies among experts in this
area. For example, the European Science Foundation in 2004 defined nanomedicine
as “the science and technology of diagnosing, treating, and preventing disease and
traumatic injury, of relieving pain, and of preserving and improving human health,

using molecular tools and molecular knowledge of the human body."*°

Nanopatrticles of specific sizes can be synthesized under controlled conditions to
obtain the desired properties and characteristics.!” The nanosystems have unique

properties that distinguish them from traditional cancer therapies:

= Nanosystems can themselves have therapeutic or diagnostic properties and
can be designed to transport a large therapeutic payloads.

= Nanosystems can be attached to multivalent targeting ligands, which yield
high affinity and specificity for target cells.

= Nanosystems can be made to accommodate multiple drug molecules that
simultaneously enable combinatorial cancer therapy.

= Nanosystems can bypass traditional drug resistance mechanisms.
1.1.6.1. Theranostics Nanosystems

Theranostics is an emerging biomedical method that refers to a combination
between diagnosis and therapy in one process.'® The primary goal of theranostics
is to selectively target-specific (diseased) tissues or cells to increase diagnostic and
therapeutic accuracy. Biocompatible nanoparticles are currently under development
as cancer theranostic agents that would enable noninvasive diagnosis and precise
cancer therapy. Examples of theranostics materials are the magnetic nanoparticles,
it can simultaneously act as diagnostic molecular imaging agents, as drug carriers

and for localized magnetotherapy.'®
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1.1.6.2. Therapeutic Applications of Gold Nanoparticles

Over the past two decades, there has been a renewed interest in applying gold
nanoparticles (AuNPs) to biological studies and biomedicine (Fig. 1.25).2° Some of
these applications are based on the well-controlled sizes, shapes and surface
properties of AUNPs synthesized. Other applications are built upon the unique, highly
tunable optical properties of AUNPs, which extend from the photoluminescence of

Au clusters to the plasmonic properties.

l ! l l l

Drug

Blolivery Theranostics

Sensing Imaging | Therapy

Figure 1.25.  Summary of some biomedical applications enabled by different types of AUNPs.

Gold nanoparticles can serve as optical probes for sensing as well as contrast
agents for optical imaging. For Au clusters, their superior photostability allows them
to be irradiated over long periods of time with the use of laser at a high intensity. For
AuNPs, their absorption and scattering cross sections are typically 5-6 orders of
magnitude greater than those of organic dyes, making them ideal contrast agents.
Significantly, the photothermal conversion capability inherent to Au nanostructures
can be utilized to trigger and manage the release of drugs and thus help achieve on-
demand release with high spatial and temporal resolutions. Even Au hanostructures
themselves can be directly used for the ablation of tissues and killing of cancer cells

owing to the photothermal effect.?°

Gold is one of the least reactive known metals, is one of the few exceptional metals
known for incredible resistance against oxidation and corrosion. After exposure to

air, not even a single atomic layer of gold oxide(s) can be detected on the surface of
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a gold substrate. As a result, gold is the only known elemental metal that is both
colored and can maintain its unique luster indefinitely. This nonreactive and thus bio-
inert nature of gold therefore makes it an excellent candidate for both in-vitro and in-
vivo applications.?® Despite its extraordinary inertness under most conditions, gold
is well-known for its ability to form a relatively strong (about 184 kJ/mol) gold-thiolate
(Au-S) bond with compounds containing the thiol (-SH) or disulfide group (S-S).
This well-characterized binding has been widely investigated to add functionality to
the surface of gold nanostructures, as active targeting. Because a rich variety of
proteins can adsorb onto the surface of Au nanostructures during in-vitro or in-vivo
studies, this type of binding will be an important factor to consider when examining
the interaction between Au nanostructures and a biological system. The adsorbed
proteins can significantly alter the surface properties of Au nanostructures and thus
their interactions with the biological system, including cellular uptake and blood

circulation.?°

The first report on the use of gold compounds to treat arthritis appeared in 1934. It
was found that gold salts could reduce inflammation and slow disease progression
in patients with rheumatoid arthritis through a procedure known as “gold treatment”.
In some patients, the treatment helped relieve joint pain and stiffness, reduce
swelling and bone damage, and diminish the chance of joint deformity and disability.
Since the 1990s, however, the clinical use of “gold treatment” has dropped
significantly due to its numerous side effects and limited efficacy. In the 1950s, gold
colloids were evaluated as radiotracers for sentinel lymph node biopsies in humans.
In addition, gold nanoparticles have been used extensively in immunochemistry
since 1971, when Faulk and Taylor reported a method that involved the conjugation
of AuNPs with an antibody for the direct visualization of the surface antigens of

salmonellae through electron microscopy.?°
1.1.6.2.1. Photothermal Therapy (PTT)

Photothermal therapy (PTT) employs photoabsorbing agents to generate heat from

light, leading to thermal ablation of cancer cells and the subsequent cell death. Ideal
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photothermal agents should exhibit strong absorbance in the NIR region, which is a
transparency window for biological tissues, and could efficiently transfer the
absorbed NIR optical energy into heat. Inorganic nanomaterials including different
gold nanostructures, carbon nanomaterials, palladium nanosheets, copper sulfide
nanoparticles, and few other newly reported ones, as well as organic nanopatrticles
such as NIR-absorbing conjugated polymers, porphysomes, and nanomicelles
encapsulated NIR dyes, have been widely explored by many research groups as

photothermal agents for PTT ablation of cancer cells in-vitro and in-vivo.?!

With their ability to accumulate at the tumor site through passive targeting and/or
active targeting enabled by ligands, AuNPs have much higher tumor specificity for
PTT compared to the traditional heating methods.?° With a much higher absorption
cross-section than small organic dyes, AuNPs usually exhibit strong visible
absorption with the capability of been tuned. Photothermal ablation of cancer can be
achieved using AuNPs under irradiation by visible lasers. The use of continuous
wave (CW) laser during PTT has its advantage in terms of effective heat
accumulation to induce tumor ablation in a large area.?! AUNPs can serve as contrast
agents for various imaging techniques, making it possible to achieve imaging-guided
therapy. The high photothermal conversion efficiency of AuNPs minimizes the

required particle dosage for PTT.2°

A CW laser provides a steady rise in temperature upon irradiation, leading to local
hyperthermia. Pulsed laser irradiation is also used for PTT with AuNPs, and in this
case, a second cell killing mechanism could take place, the phenomenon termed
cavitation effect. The cavitation occur under pulse laser irradiation, when a high
photon density is present, and the repetitive absorption of photons by AuNPs can
exceed the rate of heat dissipation, leading to an extremely rapid rise in local
temperature (i.e., superheating).?® The cavitation in cells cause the perforation of
plasma membranes, leading to an influx of extracellular Caz*, and finally causing cell
death. This enhanced cell killing performance is observed for AUNPs attached to the
cells surface, then is considered the AuNPs targeted to cell surface receptors.?° In

the chapter 3 we review this topic with more detail, and the table 3.3 resumes some
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of the last decade published results in evaluation of thermal response of gold

nanoparticles and photothermal therapy with cultured cells and in-vivo models.

There are some complications that have to be resolved before this noninvasive
therapeutic method can find a clinical application. First, the laser power used in most
cases (W/cm?) for AuNPs are far exceed the skin tolerance threshold of ~0.33 W/cm?
at 808 nm set by the American National Standards Institute (ANSI). Second,
although the penetration depth of PTT has been greatly improved through the use
of NIR lasers, it still needs to be further refined, in order to reach deep-buried tumors.
This issue renders PTT less attractive than magnetic hyperthermia, for which there
is no limitation on the penetration depth from the alternating magnetic field. Third,
the cell kiling mechanism of PTT with AuNPs needs to be systematically
investigated. And finally, the high cost of Au may remain a major limitation to the

real-world applications of these nanomaterials.?°
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2 Hypothesis and Objectives

General Background

The cancer is among the leading causes of death in the world. According to IARC,!
in 2012, there were 14.1 million new cancer cases, 8.2 million cancer deaths and
32.6 million people living with cancer (within 5 years of diagnosis). About 1.1 million
new cancer cases and 600,000 cancer deaths are estimated to occur annually in
Latin America and the Caribbean.? The Mexico Cancer Profile of 2014, estimates

147 thousands cancer incidence and 78 k cancer deaths.!

The lack of prevention, early detection and efficient treatments makes of Cancer, the
main reason to design new materials for its treatment. The theranostic materials,
combine detection, diagnosis and therapy, are able of sensing and targeting to the
tumor site and once there, been activated locally. Therefore, these new therapies
leaves intact the healthy sites of the organism and reduce the adverse effect on

patient recovery.

The anisotropic gold nanoparticles absorbs light in the NIR region. When the gold
nanoparticles are irradiated with a laser to a determined frequency, they are able to

heat the surrounding media, and this property is shape dependent.

The human serum albumin has a 30mg/mL concentration in the blood, and it is the
main vehicle of nutrients, ions, meds, fatty acids and wastes, among others blood

components.

The gold nanoparticles can be conjugate with human serum albumin to improve its

stability, dispersion and biocompatibility.

The endothelial cells express albumin receptors that helps to accumulate albumin

complex in the interstitial tumors space.
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Hypothesis

The complex of anisotropic gold nanoparticles conjugated with serum albumin is able

of interact with endothelial cells, and thus been internalized and accumulated in

tumor extracellular regions. Therefore, these complex can be activated with proper

electromagnetic irradiation for the generation of enough heat, and promote cells

death.

General and Specific Objectives

« Synthesis of gold nanoparticles with anisotropic geometry by diverse
wet chemical methods.

Structural characterization by electron microscopy and X-ray
diffraction.

Measurement of localized surface plasmon resonance of gold
nanoparticles with UV-Vis spectroscopy.

Measurements of Z-potential for evaluation of colloidal stability.

« Evaluation of thermal response of anisotropic gold nanoparticles.

Fabrication of equivalent tissue phantoms for evaluation of thermal
response.

Evaluation of thermal response of gold nanoparticles by dynamic
thermography.

% Conjugation of gold nanoparticles with bovine serum albumin.

Evaluation of localized surface plasmon resonance shift by UV-Vis
spectroscopy.

Raman characterization of the conjugated complex.

Stability evaluation of the conjugated complex.

« Evaluation of cytotoxicity of nanoparticles in cultured cells.

Evaluation of cell growth impact by nanoparticles.
Evaluation of mitochondrial activity and cell membrane integrity.
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3.1. Introduction

Gold is a transition metal and one of the least reactive chemical elements; its
historical popularity in the jewelry industry can be attributed to its long lasting metal
luster and its relative material rarity and value. Owing to its malleability, gold can be
easily formed into different shapes, and even hammered into very thin sheets or
stretched into fine threads. Also, gold can be processed into sub-100 nm (1nm =1
x 10° m) structures by synthetics methods. The sub-100 structures, are classified
as nanomaterials (NMs) because one of their dimensions is between 1 and 100 nm.
A particular type of NMs are the metallic nanoparticles (NPs), that might have all
their dimensions in the nanometric range, and because of this, they have more
surface atoms than core atoms. Because of the atomic surface to volume ratio, NPs

can have different physical and chemical properties than those of bulk material.

Because all the properties of NMs, they are one of the main topics in research
projects, with the purpose of develop new technologies.'? The recent advances in
design of NMs have allowed the achievement of structures with complicated
geometric forms and the uses of non-toxic chemicals for synthesis. Gold have had
a particular role in the NPs synthesis with controlled factors such as size and shape,
and because of their special properties, those NPs are studied to be applied in
technologies for different areas as renewable energies, catalysis, medicine,
photonics and others. In this project we focused on the optic and low-reactive
properties of gold nanoparticles (AuNPs), for the development of an efficient heat
antenna, that can be applied in localized photo-thermal therapy (PTT) of malignant

cells.

The principal character of this chapter are the AUNPs, presented from their use since
ancient civilizations to their more technological applications in present days (section
3.1). For a good understanding of the AuNPs properties, specific topics are
reviewed. In section 3.2 is given a resume of the synthesis methods that we based
on for this project, and the main results published for others groups. The first

experimental work of the project subject in this thesis, is treated starting from section
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3.3. This chapter comprise the work developed for the achievement of the first two
general objectives of the project: i) Synthesis of gold nanoparticles with
anisotropic geometry by diverse wet chemical methods, and ii) Evaluation of
thermal response of anisotropic gold nanoparticles. The topics are divided into
methods, results and the discussion of the experimental data obtained from AuNPs

synthesis and evaluation of their thermal response.
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3.1.1. History of Gold

The history of gold starts long before the invention of writing and the establishment
of the first cities of Mesopotamia and Egypt. It starts around 4500 B.C. (before Christ)
with “old Europe” civilization, that was at that time among the most sophisticated and
technologically advanced regions in the world. The most ancient gold artifacts were
found in 1972, in a necropolis with 294 graves dating to 4600-4200 B.C., in Varna
on the Black Sea coast, howadays modern Bulgaria. The Egyptians mined gold
before 2000 B.C. in Nubia. Large mines were also present across the Red Sea in
where today is Saudi Arabia. By 325 B.C. the Greeks had mined in areas from
Gibraltar to Asia Minor and Egypt. Also, the Romans mined gold extensively
throughout the empire, developing mining by divert streams of water in order to mine
hydraulically, and even pioneered “roasting”, the technique for separating gold from

rock.3

The first use of gold nanoparticles (AuNPS) is intimately related to the history of red-
colored glass. The production of red glass starts with the very beginning of
glassmaking in Egypt and Mesopotamia back in 1400-1300 B.C. The origin of the
red color is debated, with some scientists stating that it is due to metal copper
nanoparticles, while others state that it is due to cuprous oxide (cuprite)
nanoparticles or both. The production of copper red glass is a challenge from the
technological point of view, since it requires a reducing atmosphere; for this reason,
red glasses are less frequent than other colors. There is written evidence that the
alchemists of the middle ages knew how to produce red-colored glass with gold,
although samples of such glass have yet to be found. It should be noted that some
textbooks and websites state that the red color of stained glasses of medieval church
windows is given by gold. However, in all cases analyzed so far, the colorant found

is copper.

The first milestone in the history of gold ruby glass is a Roman opaque glass cup
dated to the fourth century, the Lycurgus cup, which is exhibited at the British
Museum in London (Fig. 3.1). The cup’s decoration represents a mythological scene
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about the triumph of Dionysus over Lycurgus, a king of the Thracians (circa 800
B.C.), when Ambrosia a Dionysus maenad, was transformed into a vine by Mother
Earth, and holds Lycurgus captive while Dionysus instructs his followers to kill him.
This cup shows a green jade color due to the diffusion of light when it is illuminated
from outside, and a deep ruby red one in transmission when it is illuminated from
inside. A detailed analysis of the Lycurgus cup (Fig. 3.1), published in 1965 by Brill4,
revealed the presence of minute amounts of gold (~40 ppm) and silver (~300 ppm)
in the glass. In 1980, an electron microscopy analysis by Barber and Freestone®,
probe the presence of silver-gold alloy nanoparticles of 50-100 nm in diameter, with
a ratio of silver to gold of about 70:30. Later, Hornyak et al. confirmed through a
theoretical study that the deep red color of the Lycurgus cup due to light absorption

around 515 nm, is consistent with the presence of Ag:Au alloy with ratio of 70:30.

(a) (b)

Figure 3.1. The Lycurgus cup, late Roman period (IV century). From the British Museum free

image service. (a) llluminated from outside. (b) llluminated from inside.3

According to most of the textbooks and technical encyclopedias on gold, glass and
ceramics, the production of the so-called “gold ruby glass” (Fig. 3.2) did not take
place until the end of the seventeenth century, by Johann Kunckel (c.1637-1703,
Brandenburg). The gold preparation that is added to melted glass to give it the ruby
red color is attributed to Andreas Cassius of Leyden (1645-1700) who described in
1685 at his work “De Auro”.3® This is the so-called Purple of Cassius, which is a
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precipitate obtained from the mix of two dissolutions in aqua regia, one of English tin
and other of gold metal; followed by the precipitation of metallic gold, exhibiting the
three cardinal colors found in gold, yellow, blue and black which turn into a beautiful

reddish purple.®

Figure 3.2. Kunckel produced ruby glass in great quantities at Potsdam between 1679 and 1689,
and many pieces survive today. This silver mounted tea-pot show the red color obtained by Kunckel
using the purple preparation of gold chloride and stannous hydroxide, later to be associated with the

name of Andreas Cassius.®

Since the discovery of gold, its medical application was because people considered
it of an immortal nature, and have associated it with longevity, probably because of
its resistance to chemical corrosion. Many ancient cultures, such as those in India
and Egypt, used gold in medicine but mainly for its magic-religious power. In fact,
gold played almost no role in rational therapeutics. An exception is China around
2500 B.C., with the earliest application of gold as a therapeutic agent. In Rome at
the first century, Pliny the elder (23 - 79 A.D.), reported gold for healing fistulas and

hemorrhoids.

The uses of gold were limited because at that time people did not know how to
dissolve it and make it soluble. Until the medieval period, the European chemists

became gold a prominent medicinal element, with the idea that the elixir of life,
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Aurum potabile, can restore youth. Aurum potabile contained “little” gold” and was
closely related with the discovery of aqua regia (a mixture of hydrochloric and nitric
acids), the “royal” solvent of gold. A gold cordial was advocated by Nicholas
Culpeper (1616-1654), in the seventeenth century for the treatment of aliments
caused by a decrease in the vital spirits, such as melancholy, fainting, fevers and
falling sickness. Later, in the nineteenth century, a mixture of gold chloride and

sodium chloride Na[AuCls], “muriate of gold and soda”, was used to treat syphilis.3’

Metal colloid science (as opposed to alchemical and aesthetic investigations) begun
with the experiments of Michael Faraday on gold solutions in the mid-nineteenth
century. Deep red solutions of colloidal gold were prepared by the reduction of

chloroaurate (AuCls) solutions using phosphorus as reducing agent.®

The Ayurvedic medicine or Ayurveda® date back from India, thousands of years ago.
Ayurveda relates the medical use of herbal compounds, metals and minerals,
involving gold as medicine. For instance, Swarna Bhasma comprises globular gold
nanoparticles with an average size of 60 nm. Gold is considered to be a rejuvenator
and, because of that, is taken by millions of Indians each year. A typical daily dose

corresponds to one or two milligrams of gold incorporated into a mixture of herbs.3

The use of gold compounds in modern medicine began in 1890, with the German
bacteriologist Robert Koch who discovered that gold cyanide K[Au(CN)2] was
bacteriostatic towards the tubercle bacillus. Gold therapy for tuberculosis was
subsequently introduced in the 1920s, but soon proved to be ineffective. The
suggestion that the tubercle bacillus was a causative agent for rheumatoid arthritis,
led to the use of gold therapy for this disease and in 1985, and then was introduced
the oral drug Auranofin, a gold complex for the treatment for rheumatoid arthritis.’
Since then, gold drugs have also been used to treat a variety of other rheumatic
diseases including juvenile arthritis, palindromic rheumatism, discoid lupus
erythematosus and various inflammatory skin disorders such as pemphigus,
urticarial and psoriasis.2 The future for the medical chemistry of gold may be in other

therapeutic areas than rheumatoid arthritis, the new research projects are into the

84



anticancer and antimicrobial activity of gold compounds.” The project that lead to

this thesis is classified within the Nanomedicine of Cancer.

Pure metallic gold is non-toxic and non-irritating when it is ingested. Metallic gold
has been approved as a food additive in the EU (European Union, E175 in the Codex
Alimentarius). As gold leaf, it is sometimes used as food decoration in China, Japan,
and India; also in Europe (France) on “palet d’or’ chocolate. Gold leaves are also
used as a component of alcoholic drinks, such as “Goldschlager”, “Gold Strike” and

“Goldwasser”.3

The malleability and resistance to corrosion make gold perfect for dental use,
although its softness requires to be alloyed, most commonly with platinum, silver or
copper. So gold in alloys is used in tooth restorations, such as crowns and
permanent bridges.? In order to go throw the design of desirable response of the
AuNPs, for a selected application, the next section will resume the properties of

interest for this project.
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3.1.2. The Properties of Gold Nanoparticles

In the XXI century there has been a breakthrough in the nanoscale science and
technology, which involves the ability to fabricate, characterize, and manipulate
artificial structures, whose features are controlled at the nanometer level. The
nanoscale materials show properties different from those of a single atom, and
because of the number of atoms on the surface, also present different properties as
those from bulk solid, as higher chemical reactivity or probably lower melting point,®

among many others.

Gold is the third member of eleven group of the Periodic Table, lying below copper
and silver. Gold possesses a unique combination of physical and chemical
properties in both the macro and nano scale; on the macroscopic scale gold is known
for its unique yellow color, for its chemical stability, high redox potential, considerable
malleability and high density. On the nanoscale, gold has an unusual electronic

configuration, combined with other effects due to the extremely small dimensions:3

- Electromagnetic confinement when an optical wave interacts with a gold
nanoparticle giving rise to their specific color through a localized plasmon
resonance.

- Quantum effects that explain the change from metallic to semiconducting

character of NPs.

The crystal structure of gold is face-centered cubic (fcc), and its metallic radius is
fractionally smaller than that of silver (Table 3.1); this structure is responsible for its
malleability. It has a non-zero nuclear spin quantum number (I = 3/2) and its nucleus
is therefore “magnetic”, but its receptivity relative to the protonis only 2.77 x 107°, so

it's a hard nucleus to study.?
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Table 3.1. Physical properties of elements of column 11 in periodic table.?

Property Cu Ag Au
Atomic number 29 47 79
Atomic mass, amu 63.55 107.868 196.9665
Electronic config. [Ar]3d1o4st [Kr]4do5st [Xe]4f1*5d16s!
Structure Fcc fcc fcc
Metallic radius, nm 0.128 0.14447 0.14420
Density, gcm™ 8.95 10.49 19.32
Melting temp, K 1356 1234 1337
Sublimation - enthalpy, 337 +6 285 + 4 343 + 11
kJ mol

S o n
1 |or1:zat|on energy, 245 731 890
kJ mol
Electrical resistivity at
293 K/micro-ohm cm 1.67 1.59 235
Interband transition 3d — 4s 4d - 5s 5d - 65
threshold,
leV 2.1 3.9 1.84
/nm 590 318 674

The optical absorption of gold in the visible region of the spectrum is due to the
relativistic lowering of the gap between the center of the 5d band and the Fermi level
(Fig. 3.3). The interband threshold is the energy required to excite electrons from the
top of the 5d band into the 6sp conduction band. In the case of gold, an optical wave

of 1.84 eV that corresponds to a red wavelength, is able to excite this transition.3

The electronic structure of gold atoms in the massive (bulk) state, however is not
exactly that of the free atom, because a weak white line on the leading edge of the
L X-ray absorption edge signifies a small number of vacancies in the d-band
because of d-s hybridization. The chemistry of gold (5d'°6s?) is determined by the
easy activation of the 5d electrons and its propensity for acquiring a further electron
to complete the 6s? level and not to lose the one it has; that is the reason of more
electron affinity and higher first ionization potential than copper or silver (see Table
3.1), and accounts for the formation of the Au™ state. The Au" state is the more
common, which has the 5d® configuration. The AuV state (5d° is present in

molecules as AuFs, the Au' state is uncommon. Gold’s electronegativity (2.4 in
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Pauling units) is equals to one of selenium and approaches to the one of sulfur and
iodine (2.5); also its electrode potential (E° = +1.691 V) is high for a metal. Its
electronic structure determines its nobility, and its inability in the massive form to
interact with oxygen or sulfur compounds. The sulfides Au.S and Au,Sz are known,
but are of limited stability and importance. The dissolution of gold requires both an
oxidant and a ligand to stabilize the resulting cation. Thus it dissolves in aqua regia
to form AuCls, and in the presence of oxygen in agueous CN™to form the [Au(CN)2]”

anion.®

When the size of a gold particle is progressively decreased, significant changes in
physical properties and chemical reactivity are observed; they become especially
noticeable when size falls below about 10 nm.2 As an example of how drastically the
number of surface atoms increases with decreasing particle size, consider a cube or
1 cm of edge, the percentage of surface atoms would be only 10°%. Dividing the
same cube into smaller cubes with an edge of just 10 nm, results in a percentage of
surface atoms of 10% and in a cube with an edge of 1 nm every atom would be a
surface atom. Because of this, changes in the size range of a few nanometers are
expected to lead to great changes in the physical and chemical properties of the

nanoparticle.*?

Changes in the electronic structure also affect the optical response of particles, then
with the reduction of size down to the nanometer scale AuNPs colloids, matrix and

films exhibits various colors.3
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1 atom 2 atoms crystal
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transitions

Figure 3.3. Sketch of the evolution of the electronic structure of gold; for a single atom, the
electronic levels are discrete. For a gold dimer Au-Au, the levels tend to split. For a crystal, this lifting
of degeneracy widens and forms a continuum of levels: the d band emerges from the d electrons of
all the gold atoms and is completely filled with electrons. The conduction band is formed from the 6s
and 6p orbitals and is partially filled. With this structure, light can excite two kinds of transitions:
intraband transitions and interband transitions.®

3.1.2.1.1. Localized Surface Plasmon Resonance (LSPR)

When electromagnetic radiation interacts with matter at nanoscale, there arise
interesting phenomena and properties that are used and applied in diverse
applications. Particularly, the optical properties of NPs are presented in the Appendix
. In this section, we will introduce the localized surface plasmon resonances (LSPR),

which is a significant phenomenon for the understanding of this work.

In dealing with plasmon resonance, a certain confusion reigns in the terms used.
Opposite to the propagation of surface plasmon polaritons (SPPs) in a flat metallic
surface, the closed geometrical boundaries in a metal nanoparticle, can sustain a

localized oscillation of the surface charge density.®1! The modes belong to resonant
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oscillations of the surface charge density at the boundaries of the metal nanopatrticle
(see Fig. 3.4).11

Propagating Surface Plasmon

Medium | €(w) > 0 TZ

DN ZNNTN ,
WSTR[ o

Medium Il e(w) <0 4

Localized Surface Plasmon

@ E
=

Figure 3.4. Top, schematics of the surface charge density of a propagating surface plasmon

polariton. Bottom, schematics of the surface charge density of a localized surface plasmon. In the
geometric boundaries of a NPS, there are produced surface charge density oscillations, and once
they are irradiated with light at proper wavelength, they become coupling resonantly giving rise to an
enhanced LSPR.

The optical response of the LSPR in a metallic particle can be described through the
particle polarizability. The net electric field Ewt around a dielectric particle is
composed of the superposition of an external applied field Eo and the induced
(dipole) field in the particle (see Fig. 3.4(b)). For a polarizable spherical particle with
radius rm and dielectric constant ¢, placed in a medium with dielectric constant &m,

the following expression is found for the field gain, G:
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_ Etot(w) ~ e(w)—&m m 3

Gw) = Eo(w) 1+ e(w)+2em (r+rm) Eg.3.1
In the condition for the excitation of a surface plasmon in the metallic nanopatrticle,
G can reach enormous values, with € close to -2¢em; in a “normal” dielectric medium
where €n>0; in a metal, £ can be negative; additionally, the imaginary part of € should

be as small as possible.'?
3.1.2.2. Dependency of Optical Properties on Size and Shape

The physical and chemical properties of NPs depend on the type of motion its
electrons can execute, which is dictated by the degree of their spatial confinement
and enhancement of light field, intrinsic to LSPR modes in metal NPs. The
characteristic features of the LSPR, such as absorption and peak width, depend on
the shape, size, composition, surface charge, interparticle interactions, surface-
adsorbed species, and the refractive index of the surrounding medium.** By
changing the morphology of AuNPs, their LSPR peak can be tuned to the NIR region
(Fig. 3.5).14

SEM images

DF images

91



] Al — Rod
16 7 [ — Disk
i | Triangle 1
_.::-. 14 ! Triangle 2
E 12
=
= 10 4
_C
S 8
=
O 6
w
44
2
D 1 T I T T T T T T I.
400 500 600 700 800 900
Wavelength (nm)
Figure 3.5. Scanning electron micrographs (top), dark-field images (middle), and dark-field

spectra of several metallic nanoparticles made by e-beam lithography. From left to right the shapes
are, a rod, a disc, and two triangles (the right hand one being the larger of the two). The thickness of
these particles were 30 nm and the substrates were silica glass coated with 20 nm of ITO. (The scale

bar in the top figure is 300 nm.)*®

For nanoparticles much smaller than the wavelength of light (2r « A, or roughly 2r <
Amax/10) only the dipole oscillation contributes significantly to the extinction cross-
section. Thus, in the case for spherical AUNPs larger than 20 nm radii, the dipole
approximation is no longer valid, the plasmon resonance depends explicitly on the
particle size. The larger the particles become, the more important are the higher-
order modes as the light can no longer polarize the nanoparticles homogeneously.
These higher-order modes peaks at lower energies and therefore the plasmon band
red shifts with increasing particle size (Fig. 3.6). At the same time, the plasmon

bandwidth increases with increasing patrticle size.*°
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Figure 3.6. Optical absorption spectra of 22, 48 and 99 nm spherical gold nanoparticles. The

broad absorption band corresponds to the surface plasmon resonance.*°

As in the Fig. 3.6, the plasmon bandwidth can be associated with the dephasing of
the coherent electron oscillation. Large bandwidth corresponds to rapid loss of the
coherent electron motion. For 5 nm particles, the plasmon oscillation is strongly
damped and its absorption becomes weak and broad, and it completely disappears
for nanopatrticles less than about 2 nm in diameter. This is because the electron

density in the conduction band becomes very small.*°

Geometries with sharp corner such as triangular, rod-like, or star-like can lead to a
much stronger concentration of the electromagnetic field at the apex of their tips as

compared to spherical particles.!
3.1.2.2.1. NIR Absorbing Nanoparticles

Spherical AuNPs usually show the LSPR peak at ~520 nm, with slightly red-shifted

absorbance as the nanoparticle diameter increases (see Fig. 3.7 and Table 3.2).
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Figure 3.7. UV-Vis spectra of spherical AUNPs of different size. All spectra are normalized at 400

nm to facilitate comparison.®

Table 3.2. Summary of sizes and optical response of
spherical AuNPs.16
Diameter (nm) SPR peak (dipolar, nm)
84+1.0 518
176+1.2 521.5
22.3+2.2 523.5
31.1+28 525.5
36+24 527.5
42.2+2.3 530.5
544+ 3.3 535
64.8+34 540
69.3+45 542.5
80.1+54 546.5
96.1+5.6 555.5
109.2+7.6 574.5
123.6 £ 10.6 606
150.0 £ 9.9 649
180.5 + 10.7 720

New resonances can be achieved with interacting particles,'® e.g., in a dimer
geometry a strong field concentration is achieved (optical gap antenna).*! Upon
linearly polarized illumination along the particle alignment, a strong gradient of

surface charge is created across the gap, leading to a concentration of light in
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between the two patrticles. For example in the Fig. 3.8, the distribution of the electric
field intensity in the equatorial plane of a dimer formed by two gold cylinder lying
upon a glass substrate and separated by a 10 nm air gap. Both the magnitude and
confinement of the “hot spot” increase as the gap becomes smaller and the near-

field coupling becomes stronger.!
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Figure 3.8. Plasmonic dimer formed by two gold cylinders of 50 nm diameter and 20 nm height,
separated by a 10 nm air gap. Normalized electric field intensity distribution computed (in the
equatorial plane of the particles) at the plasmon resonance (659 nm) upon a plane wave illumination
(normal incidence) linearly polarized across the particle alignment. For reference, the near-field

distribution for a single gold disk at resonance is shown in the inset (upper right).!*

Independently of the gap size, the geometry of the particles has a considerable
influence on the optical properties of the antenna, both on its spectroscopy and on
the distribution of the local field. Using triangular particles or rods instead of a
cylinder tends to broaden the resonance bandwidth and increase the ratio between

the field within the gap and at the outer edges.!

As mentioned in Sect. 3.1.2.2, the shape and size can influence the frequency of
LSPR. Typically, this is achieved by designing structures that have an
inhomogeneous geometry, such as core/shell nanoparticles, or with sharp
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geometrical features such as nanoprisms, nanocubes, and star-shaped particles
(Fig. 3.5).1> Gold nanorods (AuNRs) typically have two LSPR peaks, one for the
transverse mode around 520 nm and the other for the longitudinal mode whose
position strongly depends on the aspect ratio of the nanorod and can be tuned from
visible to NIR region. The gold nanoshells (AuNSs), are a core-shell NP composed
of a dielectric core, typically silica, coated with an ultrathin Au layer.t” The optical
absorption of AUNSs can be tuned to the NIR range by varying the relative size of
the core and shell. Gold nanocages (AuNCs), are hollow cubic Au nanostructures
with ultrathin porous walls and truncated corners. The LSPR peaks of AUNCs can
be tuned to any wavelength in the range of 600-1200 nm by controlling the size or
wall thickness. Gold nanostars or multibranched gold nanoparticles (MB-AuNPS),
contain multiple peaks with absorbance tunable in the NIR region, depending on the
width and length of peaks. The extinction spectra of MB-AuNPs exhibits broad visible
and NIR absorbance due to the overlapping of spectra.'* Depending on the
characteristics of the branches, these kind of nanoparticles can present three
plasmonic resonances. Two out of the three NIR plasmonic resonances depend
strongly on the length:width ratio of the branches.'’®® The other band, is
hypothesized that corresponds to the geometrical arrangement between peaks, in
this case, co-linear branches, then the longitudinal oscillation of the electrons along
these aligned branches is responsible for the long LSPR and the rest of branches

contribute to the intermediate LSPR.20
3.1.2.3.  Applications of Gold Nanoparticles

Gold nanostructures have proved to be a versatile system for a broad range of
biomedical applications, for cancer diagnosis and therapies, based on the tuning of
the optical phenomena of LSPR.'* Particularly, plasmonic nanostructures reveal a
wide range of phenomena, including unusual directionality of the light-scattering
properties, tunable Fano resonances, the enlightenment of new modes that arise
due to conductive overlap and charge transfer between adjacent individual
nanoparticles.?! In practice, plasmonic excitations decay into combined effects. One

part of the absorbed light concentrates at the particle surface and its scattering, so
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the far field is enhanced. The remaining absorbed energy is converted into heat,
creating a nanoscale photo-thermal transducer.'* When plasmonic nanopatrticles are
excited with high-power nanosecond laser pulses in a fluid environment, a rapid
generation of heat forms a transient vapor bubble around the nanoparticle that grows
to only hundreds of nanometer in diameter and lives only hundreds of nanoseconds

before collapse.?!
3.1.2.3.1. Heat Generation

Living cells are highly sensitive to the temperature and rises of few degrees can lead
to cell death. The NIR absorption and related photothermal effect made the
anisotropic nanoparticles ideal for both imaging and therapy agents. It has been
demonstrated the NIR absorbing capacity of several anisotropic nanomaterials such
as nanorods, nanocages, nanoshells, and nanostars can be used for the
photothermal therapy. Such therapy is less invasive than chemotherapy or surgery
and holds strong promise as a new form of cancer treatment. By varying the power
density, the laser exposure time, and the time of responde after irradiation, it is
possible to optimize the treatment conditions to achieve effective destruction of the

cancer cells.'3
3.1.2.3.1.1. Nanoscale Heat Generation in Metal Nanoparticles

Upon suitable illumination matching the resonance conditions, the light is efficiently
coupled to the nanoparticle. Part of the coupled light is efficiently scattered in the
near field, leading to an enchanced field at the particle surface, and to the far field,
the NP acting as an efficient optical antenna. The remaining part of the energy is
absorbed and dissipated into heat, creating an increase of the particle environment

temperature.®

The ability of a bulk material to heat up upon laser illumination is mostly dictated by
its structural properties and in particular by the imaginary part of its dielectric function

at the illumination wavelenght. Heating in plasmonic metallic nanoparticles is a
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process that, directly depends on their optical response as reflected in the

expression of the heat source density q(r):

q(r) = 21‘(6(2;% Eq. 3.2
Where n and e(w) stand for the refractive index of the surrounding medium and the
dielectric function of the metal at the light frequency w, respectively. The quantity of
generated heat is governed by the electric field intensity T(e)|E(r)|? within the
metal. Consequently, the drastic influence of particle geometry on the plasmon mode
distribution offers some degree of control for designing efficient nano heat-sources,

remotely controllable by laser illumination.!

The Green Dyadic Method (GDM) has been used to quantify the influence of the
geometry of a AuNP on its heating efficiency. The GDM makes it possible to map
the spatial distribution of the heat power density inside the nanoparticles, providing
further insight into the influence of the particle shape and the illumination conditions
on the origin of heat. Fig. 3.9 displays calculation of heating power (q(r) integrated
over the particle volume) spectra for different geometries of gold nanoparticles
surrounded by water and illuminated by a plane wave, with intensity of 1 mW/um?2 =
10° W/cm?, corresponding to the typical value found in the literature for biological

applications.'t
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Figure 3.9. Heat generation in gold nanoparticles. Evolution of the heat power spectrum with the

particle aspect ratio at a constant gold volume, calculated by the Green Dyadic Method (GDM).2

A red-shift of the LSPR is expected for nanorods compared with spheres, and a
substantial increase in the heating efficiency, by a factor of 5 from the sphere is
expected. By means of the GDM, in the Fig. 3.10 is shown the distribution of the heat
power density q(r) around and across each of the geometries. For a sphere excited
at the SPR, the heat generation arises mainly from the outer part of the particles
facing the incoming light. Consequently, the major part of the nanoparticle presents
a weak electric field intensity and thus does not contribute to heating. For elongated
nanorods, the field can further penetrate the inner part of the particle thus making
the whole metal volume more efficiently involved in the heating process. The heat
generation mainly arises from the central part of the nanorods because the
extremities undergo charge accumulation that leads to a weaker electric field inside

the structure.11
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Figure 3.10. 3D mapping of the heat power density computed for the four nanopatrticles of Fig. 3.9

at their respective plasmon resonance. The k and E vectors give the illumination conditions.*!

An example of the transient regime of the heating of surrounding medium is mapped
in the Fig. 3.11. It shows the temperature field around a core-shell nanoparticle
consisting of a 40 nm silica bead coated with a 0.5 nm thick gold layer. The nanoshell
is irradiated with a 7 ns Gaussian light pulse with a peak power absorbed of 5 X
10YWm™3 (typical for nanosecond lasers). The surrounding medium is silica, but
the method could be used for any medium. Such mapping can be useful for
biomedical applications, for selecting the irradiation power or the molecular spacer

length between the NP heat source and the biological objet to be targeted.?
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Figure 3.11.  Isothermal plot of the medium (silica) surrounding a core-shell NP consisting of a 40
nm silica bead coated with a 0.5 nm thick gold layer, irradiated with a nanosecond laser pulse.®

When light interacts with an ensemble of randomly dispersed particles, as in a fluid
environment, the light can be either scattered or absorbed, or both, depending on
the properties of the particles. When the average distance between particles in a
solution is smaller than the wavelength of light, the wave nature of light must be
explicitly considered, and multiple scattering events can lead to phenomena such as
weak localization or Anderson localization of light. Multiple scattering events control
the spatial distribution of absorbed photons (Fig. 3.12), which directly determines the
thermal response.?? Because of these series of energy exchanges, the internal
energy of the electron gas subsequent to light pulse absorption undergoes (i) a
sudden and strong rise, (ii) an inner redistribution within the electron gas (athermal
regime), (iii) a fast decrease (e-ph scattering) and (iv) a slow return back to

equilibrium (thermal transfer to the host medium.

The next figure presents a Monte Carlo simulation of temperature evolution on a
NP’s colloid excited with an incident laser at the top of the solution. This result shows
that the temperature increases at the top of the nanoshells solutions for 10°C more

than in nano-matryoshka solutions of equal concentration (Fig. 3.13).%?
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Figure 3.12.  (Top) Scheme for a dense solution of nanoparticles contained in a cuvette illuminated
with 808 nm laser light; showing multiparticle optical interactions in such nanofluids where photons
are scattered and/or absorbed. (Down) A Monte Carlo simulation of absorption intensity of photons

corresponding to Nanoshells (red) and Nanomatryoshkas (blue) at 5 x1072° per mL.%?
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Figure 3.13.  Experimental and simulated temperature evolution of illuminated nanoparticle

solutions, nanoshells (NS) and nanomatryoshkas (NM).??

It has been also reported that a complex of AUNPs can melt ice, when laser light of
weak intensity is applied. By itself, the laser could not melt the ice. A group of AUNPs
can generate more heat than single arrangements (4.5x10° NPs/mL, 0.2 — 50 mW),
agglomerates of AUNPs can generate craters in the ice around the 200 um in

diameter, at velocities of 2500 ym/s.??
3.1.2.3.1.2. Photothermal Therapy with AUNPs

When AuNPs are exposed to electromagnetic waves of same wavelength at the SPR
of the AuNPs, occurs a coupled oscillation of the conduction electrons that produce

dispersion and absorption of light.?* This phenomenon implies that part of the
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incident energy is converted into heat (by means of the electron-phonon interaction),
and because of this, it is possible to reach the necessary temperature to ablate
cancer cells. It is known that around 85-90 °C there is enough temperature for to
induce conformational changes in RNA and DNA, and above 40 °C cellular death is

induced due to protein’s denaturation (see Chap. 1).

The physical mechanism of heating by thermal ablation therapies provides obvious
advantages over other cancers resistant to treatments such as chemotherapy.
Therefore, by using this method, it only remains to carefully design the size, shape
and surface chemistry of the AUNPSs; so that the proportion of scattered light relative

to the absorbed light is optimum for this particular application.

The continuous research in this area has generated significant advances in the field
of synthesis of metal nanoparticles that can absorb in the NIR region with appropriate
intensity and wide band. In the present, hyperthermic therapy by using AUNPs been

studied in clinical trials phase 11.%°

As we mentioned in previous topics, not only the material and size of the NPs
influenced its response to laser irradiation, also the shape influences the efficiency
of light conversion into heat. There is reported for nanohexapods a rapid increase in
temperature during the first 3 min of laser irradiation, and a total temperature
increase of 26.5 °C, that it was slightly major than in the case of gold nanorods and

minor than gold nanocages at the same extinction intensity (see Fig. 3.14).%6
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Figure 3.14. Plots of temperatures as a function of irradiation time for suspension of Au
nanohexapods, nanorods, and nanocages. The concentration of each suspension was adjusted to
give an extinction intensity of 1 at 805 nm. The laser power density was 0.8 W/cmz2.2¢

If the results of Fig. 3.14 are analyzed in terms of photothermal conversion efficiency
per Au atoms, at the same extinction intensity, the concentrations of Au atoms for
the nanostructures were 34.4 ug/mL for nanohexapods, 36.4 pg/mL for nanorods,
and 9.6 pyg/mL for nanocages. Then the nanocages are more efficient systems.26
Besides their photothermal conversion efficiency, several reports have shown that
the gold nanorods lose their shape during continuous laser irradiation in much less
time than other structures. Within In-vivo models, the gold nanohexapods also have

shown better response besides gold nanorods and nanocages (see Fig. 3.15).
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Figure 3.15.  Plots of average temperature increase within the tumor region as a function of

irradiation time. The laser power density was 1.2 W/cm?2.26

Penta-branched NPs (0.6 mg/mL) with three LSPR have shown to have
photothermal activity on both the intermediate (NIR) and long (SWIR) LSPR, under
CW laser irradiation. The maximum AT depends linearly on the power of the laser
source reaching AT of 14°C for 150 mW, for irradiation at the intermediate band.
When the irradiation laser has de wavelength near to the far band, the AT is bigger

(12 °C for 100 mW) due to this linear dependency of AT and the power laser.?°
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Figure 3.16.  Plot of T vs time for branched NPs irradiated at (A) 700 nm; (B) 1064 nm; and (C)

absorption spectrum of the NPs (green solid line) and water (dashed line). The green arrows show
the laser wavelength used for solution.?°

107



Table 3.3. Thermal response of AuNPs in-vitro and in-vivo, under laser irradiation.

Nanoparticle Type Concentration Medium Exposure Temperature Analyses Ref.
Human breast
epithelial carcinoma | Coherent light
AU nanoshells 4.4 x 10°NPs/mL | SK-BR-3 cells 820 nm Photothermal destruction within
1h 12-well plates 35 W/cm?2 the laser spot
io nmgggll 37 °C
max = nm
. . 4 W/cm? MRI
;g r_n::-r:O HL '[I')u_mfrclranearmg mice 5 mm spot diameter AT=374+6.6°C
- < 6 min ATcontroI = 91 +4.7 OC
Female albino | dol
BALB/cANNHsd Diode laser
A hell
1;0nr?rrT1]08 els 100 pL Inoculation: 808 nm IR thermometer
610 nm shell 2.4 x 10" NPs/mL | CT26.WT  murine | 600 um Tmax = 30 seg 2
Injected via tail vein | colon carcinoma | 4 W/cm? T =50°C
)\méx = 805-810 nm tumor cells .
3 min
@ =3-55mm
IR camera
g\)/f per frame AT10% = 43.9 °C
9 x 1022 particles/mL | Solution AT10°=10.2 °C
808 nm .
Au nanocages ATcontrol = 3.5 °C
1 W/cm?2
48 + 3.5 nm - 29
10 min
Amax = 800 nm T =2 min
. . max —
100 pL Athymic mice 0.7 Wiem? 54 °C
15 nM U87WtEGFR cells 10 min T _37°C
72h 200 — 400 mm? control =
10 min stable
Local delivery: 0,1 | MXHI0/Mo/lprmice | 4 vy/o4 Teonwol = 46 °C
Gold nanorods day Tumor in  lymph . ' _Eqo0
67 x 10 nm 30 L nodes Optical fiber Tiocal = 51 °C 30
Amax = 1050 nm 36  x 102 | 3days :uncﬁ'ohal tg%;mffraphy fot_em;;c,go ¢
particles/mL 9.76 + 0.35 mm esolution 0. -




Systemic  delivery: 1064 nm
0,1 day 0.6 mm
100 pL 1.5 Wicm?
14.4 x 1012 180 s
particles/mL
Diode laser NIR camera
808 nm Distance 25 cm
1 L
ooy . 0.8 W/cmz2 Recorded 15 s
34.4 pyg/mL Solution - o
Thermal stability ATesa =36.5°C
Au nanohexapods €=1at 805 nm o
253+ 0.8 nm 15-35 mW/cmz? ATcontro = 0.5 °C
3+0. . )
Arms 16.3 £ 2.2 nm, e iSWn/un . Z:eingzl ftfgle <25 mW/cm
13.6 1.8 nm H Tumor-bearing mice rem e .
Amax = 540, 805 nm 1nM 5 min ATcontrol = 4.2 °C
MDA-MB-435 tumor
200 uL )
=0.8 mg/mouse model 1.2 Wiem 55.7 + 2.4 °C 2
34 Athymic nude- | 10 min
ays foxnlnu nude mice
Au nanocages 36.4 yg/mL Solution 15-35 mW/cm? Thermal stable < 25 mW/cm2
47.4+£4.5nm 200 uL )
Thickness 5.2 nm | =0.8 mg/mouse MDA-MB-435  tumor | 1.2 W/cm 48.7+3.5°C
model 10 min
Amax = 802 nm 3 days
Au nanorods 9.6 yg/mL Solution 15-35 mW/cm? Thermal stable < 15 mW/cm2
36.2+2.3nm 200 uL
-MB- 1.2 W/cmz
9.1+1.7nm ~0.8 mg/mouse MDA-MB-435 tumor . 53+0.5°C
model 10 min
Amax = 800 nm 3 days
I()Rstherdmc:camera T = 250 S
A ‘ C.Wm Istance AT700 50 =6 °C
Au, < re]sc;so arsd 1150 | 02> M Solution 1.2 ATroo 100 = 10 °C 20
max =070 an 0.6 mg/mL -~ mm AT700 150 = 14 °C
nm 700 nm, 50, 100, 150 mW o
1064 nm, 25, 50, 75, 100 | 210 =7 "°C
mw AT1064 100 =12 °C
Au nanostars 50 pL IR camera AT=~30°C
58 + 4 nm 184 ug Solution Laser diode ATcontrol = 4.2 °C st
Amax = 806 nm 26 ug 808 nm Tis4 =54.9 °C
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3 mm diameter

1.2 mm
11.28, 4.84, 1.95 W/cm?
10 min

Tisa 484 = 40.7 °C
T84 195 = ~27 °C
Te=~42°C

Thermocouple probe

0.6 mL 1064 nm Accuracy of 0.1 °C
Solution 0.5 W/cm?2 Recorded every 20 s
Au-CUsSs 50 ppm 5 min AT=12.3°C
AuNPs =10 nm Thermal stable vs GNRs
Amax = 520 nm Hela cells 0.7 W/cm2 Cell viability, WST assay
Plus CusSs = ~20 | g ug/mL 96-well plate Control = 1 W/cm? ~ 10 % survival o
nm 7 x10°3 cells/well 7 min Control = viable
Amax =550 nm, 1100 - )
nm CT26 tumor-bearing Thermal imaging camera
100 uL mice, female 0.6 W/cm2 Tomin = 54 °C
100 pg/mL ~5mm 5 min AT =~20°C
Intratumoral injected ATees =~ 5 °C
Gold Nanorods 1 W/cm? Amax blue shifted and decreased in
Amax = 1070 nm 30 min intensity > 20 %
1mL 808 nm Probe-type thermometer
10 mg PBS 1 W/cm?2 AT=~32°C
Gold Nanospheres 420 s ATees =~ 10°C
50-100 nm MDA-MB-231 . . 33
Amax = 660 NM 2.5 mglkg Tqmor-bearing nude . TherTaI imaging camera
8h mice model 6 min ~50°C
Intravenously Teontrol = 29 °C
injected into tail vein
MDA-MB-231 Breast Digital thermometer
cancer cells 0, 2,5, 10, 15, 20 min
Sol = 1 mL, 50| g6 el plate CW750 nm To=24°C
Gold Nanocages ug/mL 4 650 mwW
o lis = 100 ua/mL 1x10* cells/well = 20 mi ATsoi =24 °C 34
Amax = 750 nm ce Ha DMEM = min- Cell death MTT assay 12 h after:
>h 10 % FBS teet = 7.5, 10 min 7.5 min = 62.92 £ 3.25 %
37°C 10 min =96.41 + 3.04 %
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Gold Nanosells
Amax = 750 nm

ATso =18 °C

Cell death:
7.5min=43.35+1.91 %
10 min=79.89 +4.74 %

Real-time IR thermal imaging
Recorded every 20 s

90 pg/mL
Mo MSCs Diode laser ~49.3°C
pH-sensitive  gold 6-well plate 660 nm AT=~20°C
nanospheres 1x10° cells/well 0.5 W/cm?
10 nm
_ 24 h 100 s AT =~ 16 °C 35

Vehicle:  Tumor- | 50 ug/mL x 3 AT = - 43 °C
tropic
mesenchymal stem
cells (MSCs) . .

100 L MSC Tumor-bearing mice 1 cm diameter

H | 7mm AT =~233°C
AuNPs 60 s
3 days

80 x 1072 M gi\ll_;(:p?!fe 808 nm Cuaec

GNSs/C 2 W/cmz2
Gold Nanostars an DMEM, 10% FBS 3 min AT =~20°C
77.5+3.2nm 37°C,5% CO2

e 100 pL of 200 x 10 36

COOH-PEG-SH M Female Balb/c mice
41 10.19 % | Orthotopic  mouse | 1 \y/cm? 56 °C
94.3+£4.3nm accumulation of | model ~ of breast | . . AT=~23°C
Amax = 780 nm injected dose per | cancer ATpes=~8°C

gram (ID%/g) of | =60 mm3

tumor
24h

111




SKBR3 breast Thermal ablation was evaluated
cancer cells 980 nm diode laser by fluorescence microscopy_
1mL of 0.2 nM of | McCoy 5A, 10% v/v | 15 W/cm? No thermal damage is observed
NPs FBS 8 mm2 spot size after 1 min. But, after 5 mins,
35 mm Petri dishes 1, 3 and 5 mins thermal damage is observed even
1h in the control sample.
Gold Nanostars 785 nm CW
)‘rf‘éx =890 nm 50 pL of 50 nM | CD-1 nude mice 1.1 W/icm? Thermal damage was observed in
Size =60 nm PEGylated AUNPs | 48 h post injection 33.5 mm2 spot size the ablate region.
Core g = 20-25 nm 10 mins
980 nm
1nM and 0.1 nM of Water 12 W T 1nM = 80°C
AuUNPs L T 0.1 nM =60°C
1 min
IR thermal camera
ATmax=5-10min
AT25nm,680nM1min=19°C
AT25nm,1064nmM1min=3°C
AT25nm,680nMpiateau=44°C
Water 080, 808 and 1064 nm | ATB5AM 680NMIm=13°C
AT85nm,808nmimin=18°C
Gold Nanostars AT85nm,1064nmmin=5°C
25— 150 nm 0.75x 107 M of Au AT150nm,680nmM1min=10°C
AT150nm,808nmM1min=13°C
AT150nm,1064nmimin= 16°C
AT25nm,680nM1imin=15°C
AT25nm,808nM1imin=17°C
PC3 Human prostate AT25nm, 1064nMumin=13°C
cancer cell line
0,
DVEM, 10% FBS AT85nm, 1064nMumin= 13°C
Iradiated as pellet AT150nm, 1064nMimin= 11°C
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PC3 tumors induced
in mice

Intratumoral injection

0-3 days post

injection

ATcontro= 3-4°C
AT25nm,680nmM1min=12°C
AT25nm,808nmM1imin= 8°C
AT25nm,1064nmimin= 5°C

AT85nm,680nmM1imin=10°C
AT85nm,808nmimin= 14°C
AT85nm,1064nm1imin= 5°C

AT1064nm,680NM1min=6°C
AT1064nm,808nm1imin= 10°C
AT1064nm,1064nm1imin= 9°C

Gold Nanostars

@ =522%142nm

Amax ~ 890 nm

1,5, 10, 15 and 20 x
107 M of Au

Water

808 nm
1.2 W/cm?2
300s

AT 1mM = 20°C
AT 5mM = 28.6
AT 10mM = 33.3
AT 15mM = 45.7
AT 20mM = 55°C

Photothermal conversion
efficiency of 79%

39

113




3.1.2.3.2. Surface Enhanced Raman Spectroscopy, SERS

Consider Raman-active molecules near a metal nanopatrticle. The detected Raman

intensity I(w,wsc) can be expressed as:
IRaman((‘)r wsc) = VEerc ' Eszc = sz(w)Gz(wsc)lo((‘))lo,sc((‘)sc) Eqg. 3.3

Where Eexc is the total excitation electric field to which the molecule is exposed and
Esc is the total Raman-scattered field. The constant y is an experimental constant

that is unimportant in the present discussion.*?

By choosing an angular frequency w that excites surface plasmons in the metal
(usually gold or silver) and detecting scattering frequencies wsc not too far from the
excitation frequency, both the excitation and the scattered field are enhanced by the
presence of the metal particle. It has been found experimentally that a surface-
enhanced Raman spectroscopy (SERS) enhances Raman signals from 10t>—104

times compared with those obtained from non-surface enhanced experiments.!?

The stellated or multi-branched nanopatrticles, can be used as substrates for surface
enhanced Raman scattering (SERS)* due the local concentration of

electromagnetic field on the several tips of the nanostructure.*!



3.2. Synthesis of Anisotropic Gold Nanoparticles

The engineering of nanosystems pursues the enhancement of particular properties
of nanomaterials for specific applications. In recent years has become important to
design the synthesis protocols, in order to control the size, shape, composition, self-
assembly, etc., and obtain noble metals nanoparticles with anisotropic complex
shapes that can have several applications, e.g., in catalysis, owing to high densities
of edges, and crystalline defects (twinned atomic planes, stepped atoms, high-index

crystalline facets, etc.).#?

Anisotropic nanomaterials are a class of materials in which their properties are
direction-dependent and more than one structural parameter is needed to describe
them. Systematic efforts have been made to find various parameters that directly
affect the intrinsic properties of materials at the nanoscale. Among these, shape was
found to play an important role in determining the properties of nanomaterials.
Restricted motion of electrons, holes, excitons, phonons, and plasmons with respect
to the physical shape of an object is the reason for the change in properties of typical
nanosystems. The most important change that is manifested is the color, due to the
confinement of electrons and consequent changes in electronic energy levels. A

pictorial representation of isotropic and anisotropic nanomaterials, categorized

based on the dimensionality, is shown in Fig. 3.17.13

Isotropic nanomaterials Anisotropic nanomaterials
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Figure 3.17.  Various kinds of nanomaterials. (A) OD spheres and clusters. (B) 1D nanofibers,
wires, and rods. (C) 2D films, plates, and networks. (D) 3D nanomaterials or hierarchically

nanostructure ensembles.’?
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Particle shape anisotropy offers features and functions that are difficult to obtain
simply by size-tuning of spherical nanoparticles. A slight change in particle geometry
can produce great changes in the surface plasmon peak position of a metallic
nanoparticle, which can hardly be achieved in the spherical nanosystems through a
similar change in diameter.'®* Anisotropic nanoparticles have higher surface to

volume atoms ratio than spheres and, consequently, higher energy per atom.

Taking into consideration atomic packing in a tiny nanoparticle surface, low Miller
index facets such as {100}, {111}, and {110} are more stable than other facets due
to their high density of atomic packing, and these facets tend to form the surface of
polyhedral structures. Among the low index facets, the surface energy is in the order
of y{111} < y{100} < y{110}, where the {111} facets have the largest surface
density and the lowest number of dangling bonds of the surface atoms.
Consequently, the particles tend to have {111} facets on the surface without any
kinetic adjustment.® Among three-dimensional polyhedrons, a decahedron is one of
the most stable structures, having only {111} surfaces, although it has strain energy
originating from twin boundaries. A single-crystalline cuboctahedron is a common
structure for the larger particles, because lattice strain rapidly increases with particle
sizes enlargement. The surface shape agents can selectively bound to specific

facets and alter the relative surface energies and the resulting particle morphology.3

Localized electric fields generated near these nanoparticles*! have been exploited
for the chemical and biological detection of molecules and SERS.*° The strong
electromagnetic fields at the surfaces of anisotropic metallic nanostructures make
them useful for non-linear optical (NLO) applications in photonics as well as chemical

and biological detection.

In order to prepare monodisperse anisotropic NPs, pre-synthesized gold single-
crystalline and twinned nanoparticles are used as seeds for the growth of tips or
branches,**44 which seem to grow along preferential crystallographic directions of
the metallic core, and can be single or poly crystalline.*® According to previous

reports, the capping agents*® have a preferential adsorption by specific crystalline
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faces of the metal seed;*’ and this promotes an accelerated growth rate along a

specific crystallographic direction.40-48-51

Since sphere is the lowest-energy shape, simple reduction of metal salts generally
results in the formation of spherical nanoparticles. Generally, nanoparticle growth
can happen either in a thermodynamically controlled or kinetically controlled manner.
Thermodynamic growth often results in uniform growth of all crystal facets and
subsequent formation of spherical or near-spherical structures. In the case of
kinetically controlled growth, preferential and directional growth happens that it turn
results in the anisotropic growth. Preferential adsorption of capping molecules to
specific facets can hinder o enhance the crystal growth in some direction. The
anisotropic interactions of different facets with surfactant and solvents will result in

the formation of twinned morphology with lower energy.*3

The AuNPs can be obtained by controlled growth of atomic species in various ways:
(i) by condensation of vaporized metal atoms under UHV conditions to form gaseous
clusters having relatively few atoms (<20); (ii) by reduction of a solution of a gold
compound, usually HAuCls, to form a colloidal dispersion; and (iii) by deposition of a
gold compound followed by decomposition of reduction to the metallic state or
vaporized gold atoms onto a support.> The method followed in this thesis is the

reduction of tetrachloroauric(lll) acid (HAuCls) in a liquid phase.
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3.2.1. One-Pot Synthesis Method

Reduction of gold salts is a simple process that only requires mixing of the reagents
under well-controlled external conditions. Besides the strength of the reductant, the
action of a stabilizer is critical in liquid phase synthesis. The reaction temperature is
one of the main factors to determine particle size, because the oxidation potential
and related kinetics of the reductant are normally dependent upon the temperature
(see Table 3.4). Representative examples are the Brust method, an organic phase
synthesis involving a two-phase process; the Turkevich method, a single-phase
water based reduction of gold salt by citrate, which produces almost spherical
particles over a tunable range of 10-20 nm diameter; and the Polyol method, an

alcohol phase synthesis over a tunable range of 20-300 nm diameter.3

Table 3.4. Various well-known synthetic methods of gold nanopatrticles in liquid
phase.®
Reduction Reaction Surfac_e Particle Reaction

) Reductant protecting . temperature

method media size (nm) o
agent (°C)

Brust- , .
Shaiffrin Organic NaBH4 Organothiol 2-10 R.T.
Turkevich Agueous Citrate Citrate 10-20 100
Murphy Agueous Ascorbic Acid CTAB 10-50 R.T.
Perrault Hydroquinone Citrate 50-200 R.T.
Polyol Alcohol Diols PVP 20-200 20-300

For producing monodisperse gold nanoparticles of 10-20 nm diameter in an aqueous
solution, the citrate-reduction method of HAuCls has been widely adopted and
improved. This method was pioneered by Turkevich et al. in 1951 and refined by
Frens in the 1970s. In this reaction, sodium citrate behaves both as a reducing agent
and as a capping agent that stabilizes the nanoparticles. Reduction of the sodium
citrate concentration diminishes the citrate ion concentration available for particle
stabilization, which causes aggregation of small particles into larger ones.® During
the synthesis, the citrate (Ctr®) is oxidized to acetone dicarboxylate (ACDC?),%? a

ligand that complexes Au', thus facilitating nanoparticle growth. Following AuNPs
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nucleation ACDC? is thought to be rapidly degrade to acetate at the synthesis

temperature of ~100°C:

100°C
2AuCl; + Ctr®™ + 2H,0 — 2Au + 3CH,0 + 3C0, 1 +8Cl™ + 3HEq. 3.4

The polyol method is a low-cost method for the synthesis of metal nanostructures in
a large scale. In this method is used a long-chain Diol such as ethylene glycol, that
acts both as a solvent and as reductant. After the reduction, the resulting particles
are monodisperse and non-agglomerated in a relatively large size range, form
several nano to micrometers. The products are not spherical, but rather polyhedrons
or plates with stable surface facets. PVP (Polyvinylpyrrolidone) is a representative
surface regulating reagent that kinetically controls the growth rates of various facets
for the formation of anisotropic gold nanostructures, on the basis of its excellent

adsorption ability.®

Alternative synthetic processes to chemical reduction methods are the
electrochemical, photochemical, sonochemical, and microwave-assisted methods,
these processes do not require the use of chemical reducing agents, and the
reduction of the gold precursors is assisted by various energy sources, with or

without surface stabilizing agents.?

The microwave dielectric heating is useful for effective and uniform heating, and thus
is applied for rapid synthesis of gold nanostructures. Microwaves are in the
electromagnetic spectrum with a frequency range of 300 MHz to 300 GHz. In these
wavelengths, polar solvents such as water, alcohols, dimethylformamide (DMF), and
ionic liquids continuously orientate under an alternating electric field, and lose energy
in the form of heat by molecular friction. The microwave heating is rapid and
homogeneous, and can even provide superheating beyond the boiling point of the
solvent. Therefore, it provides uniform nucleation and growth conditions, shorter
reaction times, and reduced energy consumption for gold nanoparticle synthesis.

Many studies have explored the synthesis of gold nanoparticles by microwave
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assisted methods, and it is known that the reaction time, temperature, and ramping

rate are important factors in the enhancement of particle monodispersity.3

@ 20nm (b)

Figure 3.18. TEM images of a star-shaped nanoplate taken from different angles. The relative
angles are (a) 0°, (b) 20°, (c) 45°, and (d) 83°.53

By the one-pot method, the star-shaped gold nanoplates of Fig. 3.18, were
synthesized using PVP as shape agent. The star-shaped nanoplates were prepared
via the reduction of HAuCl4 by L-ascorbic acid at room temperature in the presence

of PVP. The preferential growth occurred on the {112} plane.>3
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3.2.2. Seeded-Growth Synthesis Method

The growth mechanism of metal nanopatrticles involves nucleation and growth steps.
In the seed-growth method, tiny seeds or clusters serve as nucleation centers for
surface growth, and both steps can be separate effectively and successfully control
the dispersitiy of the NPs.® The seed-growth process is a widely used method that
can yield various nanostructures such as rods, wires, triangles, stars, flowers, and
so on. This method involves two steps, the first step is the synthesis of seed
nanoparticles with reducing agents by a one-pot route. Growth of seed nanopatrticles
into the desired shape is the second step. The growth solution contains surfactant
or shaping agent and a mild reducing agent, so the metal salts will get reduced on
the surface of the seed nanoparticles. Following this route, the growth direction can

be influenced by the seed.

The seeded-growth method was originally applied to synthesize gold nanorods.
Recently, numerous gold nanostructures (Fig. 3.19), such as rods, platonic crystals,
triangles, branched structures and high index surface structures, have been
synthesized using CTAB-based synthetic methods, where the morphology and
dimension of the Au nanocrystals can be controllably varied by manipulation of the

synthetic parameters.35

Murphy et al. synthesized nanorods with a tunable aspect ratio using decahedral
gold seeds, through optimization of the Cetyl-trimethyl-ammonium bromide (CTAB)
and ascorbic acid concentrations and by applying a step seeding process.>® Mann
et al. confirmed that the electron diffraction patterns of the resulting nanorods were
consistent with a pentagonally twinned prism with five {100} side faces capped with
five {111} faces at both ends, with the growth again being observed to be along the
[110] direction.?

121



(a) (b) (¢) (d)

(e) (f) (&) (h)

Figure 3.19. (a, b, d, f, h) SEM, and (c, e, g) TEM images of gold nanostructures of various kinds
of morphology synthesized with CTAB as a surfactant in aqueous solutions. The bars represent: (a,
c, d, f) 100 nm; (b, h) 500 nm; and (e) 166 nm.3

The formation mechanism of one-dimensional rods was proposed to entail
preferential binding of the CTAB head group to {110} and {100} faces of gold existing
along the sides of twinned rods, as compared to {111} faces at the tips. This is based
on the finding that CTAB absorbs onto gold nanorods in a bilayer fashion with the

trimethylammonium headgroups of the first monolayer facing the gold surface.>®

The optical properties of anisotropic gold or silver nanorods are tunable throughout

the Vis-NIR-IR regions of the spectrum, as a function of their aspect ratios.3
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3.2.3.Green Methods

AuNPs synthesized in a biological buffer, can allow unambiguous manipulation for
biochemical and biomedical applications without the need for tedious ligand or
solvent exchange for biocompatibility. The organic molecule HEPES, 2-[4-(2-
hydroxyethil)-1-piperazinyllethanesulfonic acid, has been used as reducing and
shape agent®’*® in the synthesis of nanoparticles by wet chemical®®*%! and
hydrothermal synthesis.?? Besides, is one of the good’s Buffers used in cell culture®3,
due to its pKa=7.55 near to physiological pH and its low permeability into cellular
membrane. Other reason for their use in cells culture is that was thought to had high
chemical stability and low affinity to metal ions like Mg?*, Ca?*, Mn?* o Cu?*. Using
electron spin resonance spectroscopy (RSE) was proved that piperazine ring has
the ability to generate free cationic nitrogen-centered radicals,>” which provides the
molecule the property of reduce from Au(lll) to Au(ll)/Au(l) and finally to Au(0) among

other metallic ions (see Eq. 3.5).

Also, the shape directing property promotes the growth of anisotropic nanoparticles,

mainly directing the growth of multiple tips.>"->8

Au(lIl) + HEPES — Au(lI) + Cationic free radical of HEPES
24u(Il) - Au(IID) + Au(D)
Au(l) + HEPES — Au(0) + Cationic free radical of HEPES
nAu(0) - (Au(0)) , AuNPs

Cationic free radicals of HEPES + 0, — Degraded products
Eq. 3.5

The HEPES-mediated multibranched gold nanoparticles (MB-AuNPs), generate
relatively narrow peak widths giving rise to extraordinary LSPR sensing capabilities.
Have been reported a 373 nm/RIU refractive index sensitivity, which is relatively high

for similarly sized branched nanostructures of this class.%*

The hydroxylamine is capable of reducing Au3* to bulk metal (see Eg. 3.6),%° but the

reaction is dramatically accelerated by Au surfaces.®® Recently Jiang et al.>! report
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the synthesis of stellated gold polyhedral® by exposition of {110} faces promoted by
a six times excess of hydroxylamine. Also it has been reported a high-pH
dependence*®55> of hydroxylamine reducing capability, i.e., at pH above 11
hydroxylamine can reduce Au®* to Au® without the presence of seeds. At pH below

11 the Au®* reduction did not take place.

24u(Cl); + 6NH,0H — 3N, + 6H,0 + 6H* + 2Au® +8cl~  Eq. 3.6.
3.2.3.1. HEPES-based One-Pot Synthesis Method

At 2005 Habib et al.>” reported the wet chemical synthesis of AUNPs using HEPES
as reducing agent, obtaining aggregates of 32 and 40 nm average size, and with -
23 and -27 mV respectively of Z-potential (), they determined a medium reducing
power of HEPES and the obtaining of second products of nitrogen species absorbing
at ~346 nm. Later, J. Xie et al.’84067 reported the one-pot synthesis of
heterogeneous sample of 92% of gold multipods from one to eight branches with
average length of 25 nm and LSPR in 658 nm, and multibranched nanoparticles with
tips of ~10 nm using molar rates of HEPES/AuCls of 20-700/1. They reported a
nucleation and branches growth in a time of 10-20 min, indicating an accelerating
reaction rate when the branches are growing, moreover at lower molar rates of
HEPES, 45:1, a decrease in the reaction rate spherical NPs were produced, taking
an hour to complete the reaction.*® Recently Dam et al.*° reported a modification of
Xie’s method with an increase rate of HEPES, and this increase produce gold
multipods with LSPR at 780 nm.

There is a comparison study between similar molecules with the idea of elucidate
the functional group of the HEPES that promotes the branching formation, and the
conclusion was that piperazine ring should be the most accountable for the formation
of branched gold nanocrystals.>® The HRTEM analysis show that branches grow in
[111] and [200] direction, due to adsorption or lack of HEPES molecules in the {111},
assuming a growth competition of (111) and (100).
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The multipods®® show to be unstable under boiling conditions, turning into spheres,
and for one week at 4°C. On the other hand, recently articles report one-pot
synthesis of ~26 nm spheres an polygon NPs with boiling gold salt solution and
HEPES/Au ratios of 1-20:10, at 4:10 ratio more homogenous sample than
comparative citrate synthesis obtained, and report a ¢ value of -31.7 mV. The
reported FT-IR spectra (Fig. 3.20) of pure HEPES and powders of HEPES-prepared
AuUNPs exhibited two IR bands at 3,134 and 1,338 cm™, which could be attributed to
the stretching bands of C-H and C-O, respectively. This figure also shows the
difference of vS-H vibration band at 2,538 cm™ between the AuNPs and HEPES, the
groups suggested that the S-H bond is broken upon binding to the gold particle

surface to form the bond of S-Au.5!
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Figure 3.20. FT-IR spectra of the HEPES-prepared AuNPs powder and pure HEPES.

There is another report of 70 min one-pot synthesis by immersion method, with 30-
360 MM of HEPES at pH 7.4, and 0.2 mM of gold salt solution. For 30 mM of HEPES
solution, the nanopatrticles absorbs near 600 nm, but for 300 mM is near to 800 nm
(Fig. 3.21).%4
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Figure 3.21.  Peak position of MB.AuNPs synthetized by one-pot method.%

3.2.3.2. HEPES-based Seeded-Growth Synthesis Method

Maiorano et al.*® reported the seeded-growth synthesis of MB nanoparticles using
HEPES as shape directing agent and hydroxylamine (NH2OH-HCI) as surface
reducing agent. By this approach, mono-disperse products were obtained, with
branches growth due to an affinity of HEPES for twins in the nanoparticles used as
seeds. It has been reported that excess of hydroxylamine and therefore an
acceleration in reaction rate promote also the branching growth.*® Reports of
anisotropic nanoparticles using hydroxylamine as reducing agent have shown the
main of kinetics growth in the formation of thorny nanoparticles®® with a slightly

dendritic growth along the tips.
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3.3. Experimental Procedure of Gold Nanoparticles Synthesis

3.3.1.Gold Nanorods (AuNRs)

In one of the first reports of the synthesis of gold nanorods (AuNRs),>® the key factor
for the modulation of growth of the AuNRs is the ratio between amount of seeds and
gold salt in the growth solution. The first reports show results with non
monodispersed AuNRs, the synthesis product has secondary products as AuNSs
and gold nanoplates. The improvement of these synthesis come with the
implementation of CTAB as directing agent, and silver ions.®® It is suspected that
silver ions are adsorbed at the gold surface as AgBr, these restrict the growth of the
rod in one direction. Also is hypothesized the preferential adsorption of the CTA+ for
some crystal faces of the gold seed, so the faces with major energy are stabilized

and is avoided the growth.
Materials and Methods

Deionized water was used for all experiments. The reagents used for AuNRs
synthesis were obtained from Sigma-Aldrich: HAuCls-3H20, CTAB, sodium
borohydrade (NaBHa4), ascorbic acid (AA) and silver nitrate (AgNOs). All reagents
were used as received without further treatment or purification and all glassware was
cleaned with agua regia and rinsed with plenty deionized water. For morphological
studies, the samples were washed and redispersed in deionized water and a drop
was deposited in a copper grid and left to dried for characterized by electron
microscopy in a SEM (HITACHI) and TEM (JEOL 2010). For UV-Vis spectra, the
colloids were measured without modifications in a Cary 50 spectrometer.

Synthesis of 33 nm Gold Nanorods by Seeded-Growth Method

Gold seeds were prepared by the reduction of 5 mL of gold salt [0.5 mM], in 5 mL of
[0.2 M] CTAB solution by 0.6 mL of fresh cooled solution of NaBH4 [0.01 M], under
magnetic stirring. The stirring was stope after 2 minutes, and the seeds were left to

react during two hours inside the fume hood. The growth solution for the AUNRs was
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prepared as follow, to 4.5 mL of [0.1M] CTAB, was added 0.2 mL of [0.01 M] of gold
salt and 0.03 mL of [0.01 M] AgNQOs, finally 0.3 mL of [0.1 M] AA and the immediate
addition of 100 pL of seeds solution without modifications. The growth step was
carried out by manual immersed agitation, and the AuNRs were left to growth

overnight at ambient temperature, avoiding the solidification of CTAB.
Synthesis of 66 nm Gold Nanorods by Seeded-Growth Method

Gold seeds were prepared by the same procedure and concentrations of reactants
as for 33 AuNRs seeds. The growth solution for the AuNRs was prepared as follow,
to 9.5 mL of [0.1M] CTAB, was added 0.5 mL of [0.01 M] of gold salt and 0.1 mL of
[0.01 M] AgNOs, finally 0.05 mL of [0.1 M] AA and the immediate addition of 12 uL
of seeds solution without modifications. The growth step was carried out by manual
immersed agitation, and the AuNRs were left to growth overnight at ambient

temperature, avoiding the solidification of CTAB.
Results and Discussion

By these protocol mostly monodispersed AuNRs of 33 and 66 nm large were
obtained, the size histograms of Fig. 3.23, were obtained by the analysis of electron
micrographs and measurement of ~100 NPs. Both samples were prepared from
same size and shape seeds, the final length and shape, particularly the extra tips in
the rod ends (see Fig. 3.24) depend on growth solution, gold salt availability and
silver catalysis effect. Was observed the casual presence of NPs with cuboid shape,

they were also considered for histograms analysis.5°
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Figure 3.22.  Frequency histograms of length and width of of 33 AuNRs (Top) and 66 AuNRs

(Down).

As can be observed in the UV-Vis spectra of AUNRSs (see Fig. 3.23), the final length

and aspect ratio of the rods play a critical role in the final LSPR of the AuNRs.
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Figure 3.23.  UV-Vis spectra of gold seeds (left) and 33-AuNRs (653 nm) and 66-AuNRs (745 nm)
(right).

Figure 3.24.  (Left) TEM micrograph of 33 nm AuNRs and (Right) SEM micrograph of 66 AuNRs.
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3.3.2.Gold Nanostars (AuNSts)

With the propose of synthesized gold nanoparticles with star shape, we modified the
AuNRs protocols, mainly the growth step was carried out from silver seeds. For the
synthesis of the seeds, silver nitrate (AgNO3) was reduced with sodium borohydrade
(NaBH4) in the presence of CTAB. The gold nanostars (AuNSts) were prepared at
ambient temperature by manual immersion of the reactants, as solution CTAB was
used, and silver ions, gold salt, ascorbic acid and silver seeds were added in that

order. The solution was left over night for the reaction to be completed.
Materials and Methods

We use the same reactants from AuNRs synthesis without modifications. The
sodium tricitrate was obtained from Sigma-Aldrich. Also, the same conditions and
equipment for morphological and UV-Vis characterization were used. For acquired
of Raman spectra the samples were prepared with a drop of washed and
concentrated AuNSts, deposited on silicon substrates and left to dried, later was
added a drop of R6G solution. For comparison, a substrate without AuUNSts was

prepared. The samples were analyzed with a 785 nm laser.
Synthesis of Gold Nanostars by Seeded-Growth Method

Silver seeds were prepared as follow, under magnetic agitation to 18 mL of deionized
water was added 0.5 mL of sodium tricitrate [0.01 M], and 1.25 mL of silver nitrate
[0.004 M] and finally 0.6 mL of fresh cooled solution of NaBH4 [0.01 M]. The stirring
was stope after 2 minutes, and the seeds were left to react during two hours inside
the fume hood. The growth solution for the AuNSts was prepared as follow, to 5 mL
of [0.2 M] CTAB, was added 0.9 mL of [0.004 M] of silver nitrate and 5 mL of [7.8
mM] gold salt, finally 0.6 mL of [0.1 M] AA and the immediate addition of 200 pL of
seeds solution without modifications. The growth step was carried out by manual
immersed agitation, and the AuNSts were left to growth overnight at ambient

temperature, avoiding the solidification of CTAB.
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Results and Discussion

The morphological characterization shows a monodisperse sample, with estimation
of NPs diameter of 200 + 23 nm (see Fig. 3.25).
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Figure 3.25.  (Up) SEM micrographs of AuNSts synthesized by seeded-growth method. (Down
left) UV-Vis spectra of AgNPs used as seeds and the final product AuNSts. (Down right) Histogram
of AuNSts diameter measured from tip to tip.

AuNSts due to their irregular shape are candidates as substrates for SERS, in
particular for their multiple hot-spots. For the evaluation of AuNSts, the Raman
spectra of rhodamine (R6G) was obtained. The next table list the main R6G

vibrations presents in Raman spectra.
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Table 3.5. Peaks of vibrations in Raman spectra of R6G
cm? Vibrations

610 C-C-C ring in one plane

770
1123 C-H bending
1178
1309 C-O-C stretching
1361
1507
1571 C-C stretching in aromatics
1597
1645

In the Raman spectra is observed the enhancement of signal intensity of the main

vibrations of R6G, and the apparition of 1645 cm™ peak indicates a major sensibility.
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Figure 3.26.  Raman spectra (Left) and normalized Raman spectra (Right) of R6G molecule and
the enhancement of the spectra acquired on a AuNSts film.
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3.3.3. Multibranched Gold Nanoparticles (MB-AuNPs)

Materials and Methods

Deionized water was used for all experiments. The reagents used for NPs synthesis
were obtained from Sigma-Aldrich: HAuCls-3H20, HEPES, NH20H-HCI, and sodium
citrate. For the preparation of skin-equivalent-phantom, polyethylene powder (PEP)
was obtained from Baker, Agar from Sigma-Aldrich, and TX-151 from Oil Center,
and all reagents were used as received without further treatment or purification. All
glassware was cleaned with aqua regia (HCI:HNOs, 3:1), and rinsed with plenty
deionized water. The samples were characterized with UV-Vis absorption
spectroscopy, acquired on a Cary 60 UV-Vis-NIR spectrophotometer at room
temperature. ICP elemental quantification was performed on Variant 730-ES
spectrometer. The electron micrographs were acquired in a transmission electron
microscope JEOL 2100, and scanning electron micrographs in a FEI-Helios
Nanolab. The x-ray diffractograms were obtained in a Bruker DX-8 system at CuKa
source of wavelength 1.54056 A. The dynamic thermographs were taken at a
distance of 0.3 m from the skin-equivalent phantom,’®"t using a high-resolution
infrared camera with thermal sensitivity better than 40 mK and a 480x360 focal plane
array of VOx microbolometers (FLIR T600, FLIR Systems Inc., Wilsonville, OR). The
phantoms were evaluated with a 785 nm laser diode with a spot size of 3.5 mm and
optical power of 0.15 W. Temperature measurements of the skin-like phantom were
taken with and without MB-AuNPs. Data was analyzed with FLIR-IR Research

software.

Synthesis of Multi-branched Gold Nanoparticles (MB-AuNPs) using a Seed-
Growth Method. The 16 and 18 gold nanospheres (AuNSs) used as seeds, were
prepared by a reverse-modified Turkevich method’? by citrate reduction of gold salt.
Shortly, in a three-neck round-bottom flask with a condenser mounted, a citrate
solution was brought to boiling by a heating mantle for 5 mins, then a gold solution
of initial concentration of 25 mM was added, and after a light red ruby color appeared

the system was left to react for half hour. For the synthesis of 16 nm AuNSs, the total
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concentration of sodium citrate and gold salt were 1.8 mM and 0.16 mM respectively;
and for 18 nm AuNSs were 0.75 mM and 0.25 mM. After the reaction was completed,
the seeds solution was left to cold down at ambient temperature, and used without

modifications.

For the MB-AuNPs synthesis we used three concentrations of HEPES buffer [25, 50,
75 mM] as solution. Briefly, under slowly stirring within an ice bath (~4°C) to 12.5 mL
of HEPES there were added 50 pyL of AuNSs (16 or 18 nm), as well as 30, 60 or 120
ML of hydroxylamine [0.1 M], and finally the dropwise addition of gold salt solution
with rate of 0.375 mL/min to a final concentration of [0.07 or 0.13 mM]. For the
reaction to be complete it is necessary to leave the sample to rest 8 h in the fridge.
The samples were washed three times by centrifugation and a drop of the
concentrated colloid was deposited on an aluminum pin for SEM, and on a lacey
carbon copper grid for HRTEM. For UV-Vis measurements, the samples were
analyzed as synthesized. The samples for ICP quantification were centrifuged and

the NPs concentrated was dissolved in aqua regia.
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3.4. Phantom Gel Model for Photothermal Response

Facing the photo-thermal treatment of cancer (local heating for killing cancer cells)
as possible application, the evaluation of thermal nanoheaters using tissue samples,
may be impractical due to the restrictions of accessibility and storage of fresh
samples; and reproducibility of results may also be poor because of the difficulty in
finding identical specimens. As a consequence, tissue-equivalent models (gel
phantoms) were developed to simulate tissue dynamic and static optical properties,
and to study the effects of laser irradiation,”*"3-"> as absorption and propagation of
light and subsequent temperature rise in tissue. We have to consider that phantoms
are usually homogeneous, and therefore do not normally possess the complex
structures that exist throughout tissue such as the vasculature, and because of that
do not necessarily reflect the true complexity and hence the proper response of
tissue during laser therapy. Previous reports used agar phantoms with intralipid®
(fat emulsion) as scattered agent,’® to evaluate the thermal response of gold
nanorods (AuNRs),>® and suggested to be effective for tumor irradiation of 10 mm

depth from the illuminated tissue surface.

Infrared (IR) imaging is based on the fact that any object at a temperature above
absolute zero (-273 °C) will emit IR radiation, even if only weakly. The human body
has a low thermal emittance, radiating in a wavelength range that starts at around 3
mm, and peaks in the vicinity of 10 mm, and trails off from this point into the extreme
IR and negligibly, beyond it. On the other hand, the emissivity of human skin has a
constant value of 0.98 £0.01 between wavelengths of 2 and 14 mm for black skin
and 0.97+0.02 for white skin;’” thus, human skin has a known and almost invariant
emissivity in this wavelength region that makes IR imaging an ideal procedure to
evaluate surface temperature of the human body.”®7° The emittance of the skin-

equivalent phantoms previously reported is 0.62 + 0.01.7°
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3.4.1. Gold Nanoantennas and Skin-Equivalent Phantom Reports

In previous reports, a concentrated solution of MB-AuNPs were excited with 1 W
near-infrared laser diode at 808 nm, and 1.2 mm spot size. An aqueous 50 pL (184
Hg), 3mm droplet of NPs suspension placed on glass slide were heated by light
illumination, the maximum temperatures were monitored for 15 min, using an IR
camera and software from FLIR systems (T440). The results show an increment of

~5 °C for power densities of 1 W/cm?2.%4

3.4.2. Experimental Fabrication of Skin-Equivalent Phantom with
Embedded MB-AuNPs

For the fabrication of the control phantom was used a previously reported protocol,
and the reagents concentration was maintained.®° The procedure is as follows: a
Buchner flask with 20 mL of deionized water and 620 mg of agar was heated until ~
80°C under slow magnetic stirring and vacuum. Once the agar was dissolved and
the boiling point was reached, the vacuum and heating was turned off, 500 mg of
TX-151 was added and mixed gently with a stirring rod until its complete
incorporation, and then 2 gr of PEP was added to decrease the real and imaginary
parts of the permittivity. After complete PEP incorporation the vacuum was turned
on for a moment to avoid bubbles in the final phantom. Finally, the mix was placed
into a petri box (=55 mm) and left to solidify at ambient temperature. When
phantoms with nanoparticles were prepared, a 1x concentrated of pre-washed MB-
AuNPs colloid was added and completely incorporated before TX-151 addition. For
comparison, other phantoms with AuNSs were prepared, at the same NPs
concentration of MB-AuNPs. The dynamic thermographs were taken at a distance
of 0.3 m from the skin-equivalent phantom,’®"! using a high-resolution infrared
camera with thermal sensitivity better than 40 mK and a 480x360 focal plane array
of VOx microbolometers (FLIR T600, FLIR Systems Inc., Wilsonville, OR). The
phantoms were evaluated with a NIR laser of 785 nm with 3 W/cm?2 power density.
Temperature measurements of the skin-like phantom were taken with and without

MB-AuNPs. Data was analyzed with FLIR-IR Research software.
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3.5. Assembly of Results and Discussion of Multibranched Gold
Nanoparticles (MB-AuNPs)

3.5.1. Growth Mechanism

In order to prepare monodisperse MB-AuNPs, pre-synthesized gold single-
crystalline and multi-twinned nanoparticles are used as seeds for the growth of
peaks,*344 which grow along preferential crystallographic directions of the metallic
core.*® According to previous reports, the capping agents*® have preferential
adsorption by specific crystalline faces of the metal seeds,*’ and this promotes an

accelerated growth rate along specific crystallographic directions.#0:48-51

Figure 3.27.  Left. SEM Micrograph of 16 + 1.69 nm of spheres gold nanoparticles (16-AuNSs).
Right. TEM micrograph of 18.18 + 2.33 nm sphere gold nanoparticles (18-AuNSs) used as seeds.

The AuNSs obtained by the reverse Turkevich method, were monodisperse in size
(see Fig. 3.27 and Fig. 3.28), by ICP spectroscopy was determined the concentration
of 2.39x10% and 3.66x10'* NPs/mL for 16 and 18 nm AuNSs respectively. These
was calculated according the Eg. 3.7, where Na is the Avogadro’s number, p is the
gold density in g/cm3 and M is the molecular weight of gold, then an estimated of the
number of atoms present in a AUNPs can be made if the diameter is known and later
of the density of NPs according the ICP results.
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We will see later that the structural characteristics of the AUNSs will influenced the
growth process of peaks, as can be seen in Fig. 3.27 (left), the 16-AuNSs present
more symmetrical shape and monocrystalline structure, being different from 18-
AuNSs samples (Fig. 3.27, right) that show multi-twinned structure and non-

spherical multi-faceted shapes.
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During the stage of peaks formation, the promotion of second-order branching (Fig.
3.34) is up to the seed structure®® and the stabilizer agent protection®® at the
nanoparticle surface, observed in the MB-AuNPs synthesized from 18 nm
nanospheres (18MB-AuNPs), with 0.13 mM of gold salt. Also, we observed that the
growth mechanism of the MB-AuNPs is influenced by the chemical characteristics
of the reagents present in the growth solution and by its molar ratio with respect to

gold ions.
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S 0.20- — 25mM
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Figure 3.29.  The increase of the molar concentration of HEPES promotes strong anisotropic
formation of the MB-AuNPs. The UV-Vis spectra compares the SPR band of MB-AuNPs synthetized
without hydroxylamine and with an increment of concentration of HEPES, it can be observed that the
SPR band shifts to the infrared (compare HEPES 25, 50 and 75 mM in the 600-800 nm region).
During the reaction, nitrogen species results from HEPES degradation, as can be seen in the spectra
at 346 nm. After the use of hydroxylamine (black line), can be observed in this same spectra region
that there is not degradation of HEPES, and a better optical response is obtained. Thus the role of
HEPES is to promote the anisotropic formation while hydroxylamine is dedicated to the reduction of

Au®* salt ions.

Therefore, both hydroxylamine and HEPES are dual agents, with reducing and
shape capabilities. Manipulation of the role played by each reactive is made through
experimental conditions such as temperature (e.g., to slow the HEPES reducing
action) and concentration of hydroxylamine (using the necessary to reduce the gold
ions). Within the molar rates used in this work, the hydroxylamine governs the

reaction kinetics and the final shape of the peaks and the HEPES modulate the
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peaks growth. A simple way to know if the HEPES has been or not contributing as
reducing agent, is by means of UV-Vis spectroscopy (see Fig. 3.29), since the
nitrogen species from degraded HEPES can be detected by its absorption at ~346

nm.>’

Figure 3.30.  Scanning electron microscopy micrograph of 16MB-AuNPs, it can be observed the

monodispersity and non-agglomeration of the NPs.

Is important to mention that in the reaction where no hydroxylamine is used, the color
changes of the colloid takes place slowly, evidencing that HEPES is a slow reductor.
Increasing the concentration of HEPES (from 25 to 50mM), the growth of narrow
peaks is promoted while the cores remain small. Then the addition of hydroxylamine
is necessary to modulate the kinetics without excess of HEPES and will help to
obtain better definition on the peaks and a monodisperse size and shape sample
(see Fig. 3.30). From the mechanism reduction of Au3* by hydroxylamine proposed
by Minati et al.®®, the molar ratio of Au®*:NH20H (1:3) was used to synthesized the
sample with 16 nm nanospheres (16 MB-AuNPS), in order to avoid the intervention
of HEPES reducing action (see Fig. 3.29). We observed that, when hydroxylamine
is present and increases its molar rate, the change of colors gets faster indicating
the necessary use of a mild reducing agent (hydroxylamine) simultaneously with a
directing shape agent (HEPES) for better anisotropic growth. We also have

determined that an excess of hydroxylamine promotes the second-order branching
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in 18MB-AuNPs, which was synthesized with molar rate of Au®:NH20H of 1:6 (see
Fig. 3.31).
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Figure 3.31.  Diagram of the concentrations of reactants used for the samples analyzed.

It had been reported that the size of the NPs used as seeds influences the shape of
final products.8283 In our results we observed that from 16-AuNSs can be obtained
MB-AuNPs of 80 nm of diameter, synthesized with 0.07 mM of gold salt (16MB-
AuNPs, see Fig. 3.32), and the colloid present a maximum absorbance at 728 nm
(Fig. 3.33). On the other hand, dendritic growth is only perceptible in 18MB-AuNPs
(Fig. 3.34), even if the concentration of gold ions is increased in the samples
synthesized from 16-AuNSs (see Fig. 3.35). The increase in gold ions leads to bigger
cores and smaller length of peaks, due to an addition of gold atoms between peaks

for minimization of energy, instead of the growth of longer peaks.8485
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Figure 3.33.  Left. SEM micrograph of 16MB-AuNPs synthetized with 16-AuNSs. Right. UV-Vis
Spectra of 16-AuNSs and 16MB-AuNPs with a band centered at 520 nm and 729 nm respectively.
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Figure 3.34. SEM Micrographs (left) of 18MB-AuNPs with second order branches and UV-Vis
spectra (right) of 18-AuNSs and 18MB-AuNPs, they have a band centered at 524 nm and 830 nm

respectively.

At this stage we have shown that both sets of samples (16 and 18MB-AuNPS)
present good optical response for been used as nano-heaters. The next criteria for
choose a sample is the critical size for being used in an in-vitro or in-vivo

environment. Thus, we decided the use of 16MB-AuNPs for being tested as nano-
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heaters, however the optical response of 18MB-AuNPs in the 830 nm (Fig. 3.34) is

suitable for applications in nanostructured system for SERS®6.

Figure 3.35.  SEM micrographs of MB-AuNPs synthesized in a medium of HEPES [50mM], with a
molar ratio Au®*/NH20H of 1:3, with a) 16-AuNSs and b-c) 18-AuNSs. The difference between sample
b) and the 16MB-AuUNPs is the size of the AuNSs and with sample a,c) is the addition of double

amount of gold ions. The sample a) does not present increment in length peaks.
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3.5.2. Thermal response of MB-AuNPs

Infrared (IR) imaging is based on the fact that any object at a temperature above
absolute zero (-273 °C) will emit IR radiation, even if only weakly. The human body
has a low thermal emittance, radiating in a wavelength range that starts at around 3
pum, and peaks in the vicinity of 10 um, and trails off from this point into the extreme
IR and negligibly, beyond it. The emissivity of human skin has a constant value
between wavelengths of 2 and 14 pum of 0.98 +0.01 for black skin and 0.97+0.02 for
white skin;’’ thus, human skin has a known and almost invariant emissivity in this
wavelength region that makes IR imaging an ideal procedure to evaluate surface
temperature of the human body.”®7° Because above arguments, the skin-equivalent
phantoms with 0.62 + 0.01 reported emittance,’® is a well suited model for IR thermal

evaluation.
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Figure 3.36.  The thermography corresponds at the 555 s of laser irradiation. Left. Temperature
profiles of the heating area at different times. The profile analized is designed as Line 1 (Lil1) in the
thermography. Right. Temporal analysis of temperature variations of different points and regions

marked in the thermography as area (Arl), elipsoide (EI1), singles points (Sp1, Sp2).
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The thermal response of 16-AuNSs and 16MB-AuNPs was evaluated inside the skin-
equivalent phantoms by dynamic thermography. The samples were irradiated at 0.15
W power laser by 3 cycles of 10 mins, and recorded with an IR camera, and the

thermographs shown at

The Figs. 3.36 were extracted at 555 s using the FLIR-RIR software, which allows
the analysis of single points, line profiles and averages of circle/rectangular areas.
The plot in

The Fig. 3.36 (left) shows data from a line profile analyzed at different times, and
clearly can be observed that not only the incident laser area is been heated, there is
a radial propagation by diffusion of the generated heat, thus there is energy
transmitted to the adjacent regions due to the immersed NPs. This effect is also
observed in the control phantom analysis, but over a smaller area and with more

uniform temperature as can be seen in Fig. 3.37. The

The Fig. 3.36 (right) reports the information on how fast the system absorbs the
energy, achieving constant temperature at early irradiation times (60 s). This was
also performed for evidence the continuity of the thermal response of immersed

16MB-AuNPs in the phantom as a function of time.

Figure 3.37.  Thermography of skin-equivalent phantom used as control. The thermography was
extracted from the video at 200 s after light irradiation starts. It can be observed that the incident light
transmits energy to the adjacent regions, but in small area and with not strong gradient temperature.
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The plot in the Fig. 3.38 corresponds to a dynamic thermal analysis, and from it we
can appreciate the difference in the temperature reached by the three phantoms: the
largest increase of localized temperature is measured in the sample prepared with
16MB-AuNPs, compared to the phantom with 16-AuNSs and the one without the

addition of NPs, used as a control.
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Figure 3.38.  Thermal response of skin-equivalent phantoms with: 16-AuNSs, 16MB-AuNPs and
control.

A red-shift of the LSPR is present for anisotropic MB-AuNPs compared with spheres
(see Fig. 3.27), and a substantial increase in the heating efficiency with respect the
sphere is expected. In our results, the maximum temperature increment in 16MB-
AuNPs phantom was achieved in 60 s and maintained during all the laser irradiation.
This temperature increment is AT=4.5 °C and when the light source is turned off, a
fast decay is observed. The comparison between the AUNSs and MB-AuNPs at the
same concentration, shows the evident increase of thermal response due to the
anisotropic shape of MB-AuNPs and the localized SPR’s synergy, because the MB-
AuNPs absorbs closer to the wavelength of laser irradiation. In the case of the
phantom with 16-AuNSs, the increment in temperature can be adscribed for the
excitation of hot-spots created in the interaction among spherical NPs.87:88
Importantly to mention is that there were not physical changes observed in the
phantoms under laser irradiation, as leaking or deformation, even after the three

cycles evaluation.
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3.5.3.Discussion

We have shown that the control on the width, the length, the number of peaks, and
the degree of dendritic growth, give rise to an easy tuning of the plasmon resonance
spectra®® and their corresponding higher transduction of light into heat, and therefore
gold nano-heaters are good candidates for IR absorption for efficient photothermal

therapy of malignant cancer cells.

The structural characteristics of the AuNSs influenced the degree of ramification of
the nanoparticle tips, resulting in second-order branches for MB-AuNPs synthesized
from 18-AuNSs, which present crystalline defects promoting directed anisotropy.
From 16-AuNSs we could obtain monodisperse samples. After analyzing the impact
of HEPES and hydroxylamine on the final tips shape, we estimated that the optimal
molar ratio of hydroxylamine:Au ions is 3:1, being this amount enough to avoid the
intervention of HEPES in the reduction. Even if an excess of hydroxylamine may
result in a better definition of tips, it can also cause the agglomeration of MB-AuNPs,
due to the resulting high ionic force of the solution, that could not be used for clinical
applications, and the same argument is valid for higher concentration of HEPES
(75mM). On the other side, the increase on the molar concentration of Au ions (and
necessary hydroxylamine) leads to bigger cores and smaller length of tips, thus it

shifts the SPR to lower wavelengths making them not practical for PTT.

Regarding the dynamic thermography results for 16MB-AuNPs, we found that not
only the incident laser area is being heated, but there is also a radial propagation of
the released heat, which means there is transmission of energy around the adjacent
region of the spot due to the immersed NPs. Therefore, the addition of MB-AuNPs
results in the production of more efficient centers for scattering and re-emission of

energy.

The temperature increment achieved by the nanoheaters in this work (AT ~ 5 °C) is
good enough for effective and minimally harmful gold nanoparticles based photo-

thermal therapy techniques.®® This temperature increment from multibranched gold
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nanoparticles immersed in a phantom gel (as a model approach for the real
environment in bio-applications), satisfies biomedical requirement for the treatment
of superficial diseases (mycoses, fungal infections and many different types of skin

cancer).8
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4.1. Introduction

When a synthesized system is intended to be applied for biological purposes, it is
necessary to carefully design the surface layer. The molecules at the surface of
nanometric systems, as nanoparticles (NPs,) will provide the signals to its long term
circulation, biocompatibility and selectivity to target sites. Also, it can be considered
to create a full coverage of NPs to avoid toxic responses, but the coverage may not
affect the principal property of the NPs, for which was selected and the increased
size still has to allow the long term body circulation. Along this chapter, we will
introduce the main concepts and topics of conjugation of NPs, and we review the
published work in this subject. With the intention to provide documented background
to the hypothesis sustained in this project, at section 4.3 we analyses the biological
function and properties of serum albumin, characteristics for which has been subject
of interest in the preparation of conjugated nanosystems. Besides, we briefly review
the reported work of serum albumin as vehicle and signal agent of metal

nanoparticles.

The experimental work starting from section 4.4, corresponds to the fulfillment of the
general objective Conjugation of gold nanoparticles with bovine serum albumin, for
which, we performed a spectroscopic quantification of serum albumin for the proper
ratio conjugation with MB-AuNPs, to obtain a stable protein shell. We follow with the
analysis of the bonding of albumin to the NP surface by UV-Vis spectroscopy to
monitor changes of the refractive index in the near vicinity of the metal surface and
with Raman spectroscopy we study the different surface functional groups that may
interact to form the bioconjugated system, and the evaluation of conjugate stability
by bonding to cibacron blue agar spheres. Also, we characterized the shell thickness
by TEM.
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4.2. Design of Surface Chemistry of Gold Nanoparticles

In the design of bioconjugated nanosystems (nanoparticles and proteins) for their
use as therapeutic agents, the stability is an important factor to consider since these
conjugated systems must maintain its structure under harsh conditions, e.g., the
bloodstream or the environment in the living cells. In this work we present the
conjugation of multibranched gold nanoparticles (MB-AuNPs) with bovine serum
albumin (BSA) in order to exploit the primary physiological role of this protein for
transport hydrophobic molecules through the bloodstream, and take advantage of
the great potential of these spiky nanoparticles to obtain local electromagnetic field

enhancement (hot-spots) due to local surface plasmon resonances (LSPR).
4.2.1. Stabilizers

In some of the methods of synthesis, the as synthesized NPs have capping
molecules that, not always supports the temporal stability of NPs, in sense of shape
and dispersion, in other cases, the capping molecules are not suitable for their
applications, as the melting point or the biotoxicity of molecules, also cannot be
soluble in the medium used for preparation of models, as organic solvents.!
Therefore, ligand exchange reactions or surface modifications (conjugation) have

been used for adapting the NPs to their application.

The conjugation of AuNPs with other molecules can be achieved by direct covalent
linkage or non-covalent interactions. The most direct covalent approach is using
strong Au-S bonds with organothiols, disulfides, and cysteine groups. Non-covalent
interaction approaches use physisorption and electrostatic interactions of surface

ionized ligands.?

For biological applications, AuUNPs must be stable and thoroughly dispersed in
aqueous media. The most common AuNPs have been synthesized with CTAB or
citrate, the CTAB AuNPs have been shown to be toxic mostly for its positive charge.

Thiol groups containing carboxylate or poly(ethylene oxide) units are commonly
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incorporated in water-soluble, biocompatible gold nanoparticles, but relatively poor
long-term stability of gold-sulfur bonds limits their biomedical and catalytic
applications.? Alternative ligands of choice are polymers with polar groups such as
poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), and
their copolymers. In the methods of synthesis called polyol methods, a random
copolymer containing a vinyl pyrrolidone unit can be utilized for the synthesis of NPs.
Secondary modification is also commonly employed when the surface functionality
on AuNPs has activated groups such as carboxylates and hydroxyls. The secondary
reaction on the surface is accomplished using chemical coupling, polymerization,
electrostatic interaction, and selective interaction between biomolecules. The most

well-established methods are coupling and esterification.?

For the conjugation of AuNPs with biological molecules, may be two possible
approaches, the first involves the surface modification of prepared NPs using ligand
exchange and secondary modification.? The second entails the use of biological
materials as synthetic agents including reductants and surfactants. Biological
materials such as enzymes and peptides, plant extracts, and fungi have been used
for the reduction of metal ions and the formation of NPs. The biosynthetic method
has the potential to be clean, non-toxic, and environmentally friendly, although, the
exact mechanism for the NPs synthesis are not clear, cysteine rich, metal binding
polypeptides, phytochelatins and metallothioneins have been relatively well

characterized.

One of the important surface treatments is coating with other components, silica
coating can enhance stability against aggregation and provide tuneable solubility in
various solvents. Each NPs isolate by a silica shell provides a relatively
homogeneous environment around the particle surface. The outer shell structure
also hinders the aggregation of neighboring particles, even under harsh reaction
conditions. Another way to generate stable NPs is through the use of polyethylene

glycol (PEG) ligands. Although, this approach has limitations, because PEG is
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uncharged, it has been challenging to engineer the desired electrostatic and

hydrophobic interactions.?

The approach of interest for this thesis is the conjugation of NPs with proteins,* there
are some reports of conjugation of AUNPs with bovine serum albumin (BSA) in order
to improve the stability. The BSA has been chosen due to the biological relevance

of albumin as the most abundant protein in blood plasma.
4.2.2. Selectivity

Nanoparticle delivery of anticancer drugs to tumor tissues can be achieved by either
passive or active targeting. The passive targeting takes advantage of the inherent
size of NPs and the unique properties of tumor vasculature, such as the enhanced
permeability and retention effect.®> Angiogenic blood vessels in tumor tissues, unlike
those in normal tissues, have gaps as large as 600 to 800 nm between adjacent
endothelial cells. This defective vascular architecture coupled with poor lymphatic
drainage induces the permeability and retention, which allow NPs to extravasate
through these gaps into extravascular spaces and accumulate inside tumor tissues
(Fig. 4.1).56
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Figure 4.1. Passive tumor targeting with nanoparticle drugs. Long-circulating therapeutic

nanoparticles accumulate passively in solid tumor tissue by the enhanced permeability and retention

effect.
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Dramatic increases in tumor drug accumulation, usually of 10-fold or greater, can be
achieved when a drug is delivered by a NP rather than as a free drug. However, the
localization of NPs within the tumor is not homogeneous. An alternative strategy to
overcome these limitations is to conjugate a targeting ligand or an antibody to NPs.
By incorporating a targeting molecule that specifically binds an antigen or receptor
that is either uniquely expressed or overexpressed on the tumor cell surface, the
ligand-targeted approach is expected to selectively deliver drugs to tumor tissues

with greater efficiency (Fig. 4.2).°
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Figure 4.2. Internalization of nanoparticles via receptor-mediated endocytosis. Nanoparticle-

conjugated tumor-specific ligand/antibodies bind to surface receptors, triggering nanoparticle
internalization through an endosome-dependent mechanism. As the interior of the endosome

becomes more acidic, drugs are released from the nanoparticle into the cytoplasm.
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4.3. Targeting the Serum Albumin Receptor in Endothelial Cancer
Cells

Selection of the appropriate receptor or antigen on cancer cells is crucial for the
optimal design of vehicle NPs. The ideal targets are those that are abundantly and
uniquely expressed on tumor cells, but have negligible or low expression on normal

cells.®

Recent research during the last decade have proved that in tumor external
environment there are albumin deposits,”® and is well known that inside the human
body, albumin is the main carrier of insoluble molecules like vitamins, hormones and

fatty acids.

Endothelial cells express the specific receptor (gp60) to albumin, called albondin.
This receptor increases the albumin’s absorption probability and its releasing at sub
endothelial space after been directed throw the endothelium via transcytosis.® Once
at the tumors interstice, the albumin accumulation is facilitated by SPARC, a
secreted glycoprotein acidic rich in cysteine, which presents albumin affinity and its
homologue to gp60. The increase concentration of SPARC in tumors external space
it is due to characteristic modulation of extracellular proliferation and migration of
cells. AlImost all the solid tumors difficult to treat secret SPARC, including tumors like

mama, lung, pancreas, ovary, brain, stomach, esophagus and cervix.0:11

On the other hand, when NPs go into the blood stream, they are covered with a
protein corona, which forms from the nonspecific interactions between the NPs and
the plasma proteins.*? This protein corona modifies the uptake of the nanoparticle
by cells and organs. Thus, one strategy for optimizing therapeutic NPs is creating a
crown of albumin on the surface of the NP (see Fig. 4.3), to reduce their potential
toxicity due to the chemistry of the surface and inhibit the adsorption of other
molecules that can activate plasma complementary signals, a fact that would

influence both the specificity of the NP properties, and affect or minimize the time
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circulating in the blood.*? In the area of medicine applications, gold NPs (AuNPs)
have been extensively studied and applied in medical trials since these systems can

be used as contrast agents, for hyperthermic therapy and delivery of drugs.*?

Rapid clearance from blood
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Figure 4.3. Schematics of the biological responses to NPs in the absence or presence of albumin
corona. a) Various plasma proteins are adsorbed onto the naked NPs immediately after its entry into
the blood, resulting in the rapid clearance and toxicity. b) The preformed albumin corona around NPs
is able to inhibit the plasma proteins adsorption and thus prolong the circulation time and reduce the

toxicity of NPs.1?
4.3.1. Serum Albumin Conjugates

Peptides and proteins are composed of amino acids polymerized together through
the formation of peptide (amide) bonds. Each amino acid is composed of an amino
group and a carbocyl group bound to a central carbon, termed de a-carbon. Also
bound to the a-carbon is a hydrogen atom and a side chain unique to each amino

acid (Fig. 4.4).There are 20 common amino acids found throughout nature, each
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containing an identifying side chain of particular chemical structure, charge hydrogen
bonding capability, hydrophilicity (or hydrophobicity), and reactivity. The side chains
do not participate in polypeptide formation and are thus free to interact and react
with their environment.'* Those side chains are used to conjugate the proteins, and
can be conjugated with organic molecules (fluorescent dyes), drugs®® and metallic

clusters or NPs.16
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Figure 4.4. Individual amino acids consist of a primary (a) amine, a carboxylic acid group, and a
unique side chain structure (R). At physiological pH the amine is protonated and bears a positive

charge, while the carboxylate is ionized and possesses a negative charge.

The peptide bonded polymer that forms the backbone of polypeptide structure is
called de a-chain.** The peptide bonds of the a-chain are rigid planar units formed
by the reaction of the a-amino group of one amino acid with de a-carboxyl group of
another (Fig. 4.5). The peptide bond possesses no rotational freedom due to the
partial double bond character of the carbonyl-amino amide bond. The bonds around
de a-carbon atom, however, are true single bonds with considerable freedom of
movement.** The sequence and properties of the amino acid constituents determine

protein structure, reactivity, and function.
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Figure 4.5. Rigid peptide bonds link amino acid residues together to forma proteins. Other bonds

within the polypeptide structure may exhibit considerable freedom of rotation.
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All the aliphatic and aromatic hydrophobic residues often are located at the interior
of protein molecules or in areas that interact with other nonpolar structures such as
lipids. They usually form the hydrophobic core of proteins and are not readily

accessible to water or other hydrophilic molecules.

Protein molecules may contain up to nine amino acids that are readily at their side
chains: aspartic acid, glutamic acid, lysine, arginine, cysteine, histidine, tyrosine,
methionine, and tryptophan. These nine residues contain eight principal functional
groups with sufficient reactivity for modification reactions: primary amines,
carboxylates, sulfhydryls (or disulfides), thioethers, imidazolyls, guanidinyl groups,
and phenolic and indolyl rings. All of these side chain functional groups in addition
to the N-terminal a-amino and the C-terminal a-carboxylate form the full complement

of polypeptide reactivity within proteins.'*

Phenylalanine and tryptophan contain aromatic side chains that, like the aliphatic
amino acids, are also relatively nonpolar and hydrophobic (Fig. 4.6). Phenylalanine
is unreactive toward common derivatizing reagents, whereas the indolyl ring of
tryptophan is quite reactive, if it is accessible. The presence of tryptophan in a protein
contributes more to its total absorption at 275-280 nm on a mole-per-mole basis than
any other amino acid. The phenylalanine content, however, adds very little to the

overall absorbance in this range.
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Figure 4.6. The two nonpolar aromatic amino acids.
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The most significant amino acids for modification and conjugation purposes are the
ones containing ionizable side chains: aspartic acid, glutamic acid, lysine, arginine,
cysteine, histidine, and tyrosine (Fig. 4.7). In their unprotonated state, each of these
side chains can be a potent nucleophile to engage in addition reactions. Carboxylate
groups in proteins may be derivatized through the use of amide bond forming agents
or through active ester or reactive carbonyl intermediates. The carboxylate actually
becomes the acylating agent to the modifying group. Amine containing nucleophiles
can couple to an activated carboxylate to give amide derivatives. Hydrazide
compounds react in a manner similar to that of amines. Sulfhydryls, while reactive
and resulting in a thioester linkage, form unstable derivatives that hydrolyze in

agueous solutions.

Lysine, arginine, and histidine have ionizable amine containing side chains that,
along with the N-terminal a-amine, contribute to a protein’s overall net positive
charge. Lysine contains a straight four-carbon chain terminating in a primary amine
group. The e-amine of lysine differs in pKa from the primary a-amines by having a
slightly higher ionization point (pKa of 9.3-9.5 for lysine versus pKa of 7.6-8.0 for a-
amines). At pH values lower that the pKa of these groups, the amines are generally
protonated and possess a positive charge. At pH values greater that the pKa, the

amines are unprotonated and contributed to net charge.
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Figure 4.7. The ionizable amino acids possess some of the most important side-chain functional

groups for bioconjugated applications.
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The side chain of histidine is an imidazole ring that is potentially protonated at slightly
acid pH values (pKa 6.7-7.1). Thus, at physiological pH, these residues contribute to
the overall net positive charge of an intact protein molecule. The amine-containing
side chains in lysine, arginine, and histidine typically are exposed on the surface of
proteins and can be derivatized easily. The most important reactions that can occur
with these residues are alkylation and acylation. In alkylation, an active alkyl group
Is transferred to the amine nucleophile with loss of one hydrogen. In acylation, an

active carbonyl group undergoes addition to the amine.'*

Cysteine is the only amino acid containing a sulfhydryl group. At physiological pH,
this residue is normally protonated and possesses no charge. lonization only occurs
at high pH (pKa 8.8-9.1) and results in a negatively charged thiolate residue. The
most important reaction of cysteine groups in proteins is the formation of disulfide
crosslinks with another cysteine molecule. Cysteine disulfides (called cystine
residues) often are key points in stabilizing protein structure and conformation. They
frequently occur between polypeptide subunits, creating a covalent linkage to hold
two chains together.'* Cysteine and cystine groups are relatively hydrophobic and
usually can be found within the core of a protein. For this reason, it is often difficult
to reduce fully the disulfides of large proteins without a deforming agent present to
open up the inner structure and make them accessible. Derivatization of the side
chain sulfhydryl of cysteine is one of the most important reactions of modification
and conjugation techniques for proteins.'* Has been reported that the cysteine
residues are likely to interact with AgNPs via direct chemical bonding and provide
steric stabilization due to the bulky protein molecules. Additionally, metal NPs, such
as silver and gold are likely to interact with amine groups of proteins due to its large

complexation for noble metal amines.’
4.3.1.1. Conjugation to Gold Nanoparticles
Human serum albumin (HSA) has a molecular weight of ~64-66 kDa and a

concentration on blood serum of ~35-50 mg/mL,° it has the property to improve the

173



pharmacokinetic profile of meds of low molecular weight and peptides of therapeutic
importance due its labeling to specific antibodies situated on swollen tissue o
malignant cells. In the present is been used in clinical trials as a vehicle of therapeutic
agents that threat several diseases as cancer, rheumatoid arthritis, diabetes and
hepatitis (Table 4.1).°

Table 4.1. Albumin therapeutic agents

Product Diseases Therapeutic agent | Clinical studies
_ _ Derivatives of _
Victoza Diabetes o _ Approved in 2004
myristic acid
Metastatic breast _ )
Abraxane® Paclitaxel Approved in 2005
cancer
INNO-206 Sarcoma Doxorubicin Phase Il
ATN-103,

_ Rheumatoid arthritis | Neutralizes TNF-a | Phase Il
Ozoralizumab

Renal cell

MTX-HSA ) Methotrexate Phase II
carcinoma
Inhibition of cancer | Bonding antibodies

MM-111 . ' Phase II
cell proliferation to ErbB2 y ErbB3

Albuferon C Hepatitis Interferon-a-2b Phase IlI

Compiled information from the reference °

Along with increase interest in AUNPs as therapeutic agents, have been proposed
several approaches to stabilized the AuNPs in biological environment, and to
improve its biocompatibility. In this chapter we revised the stabilization throw
conjugation to albumin. Previously, AUNPs have been conjugated with bovine serum
albumin (BSA), the results concluded that BSA binding to Au surfaces occurs by an
electrostatic mechanism.!® Also, a greater degree of BSA association with the NPs
was suggested, as the formation of multilayers. The studies reveal that nonspecific

binding to self-assembled monolayers is favored in the following order: hydrophobic
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> COO™ > NHs" > OH > ethylene glycol. The preferential binding of BSA to negatively
charge surfaces is somewhat puzzling because the isoelectric point of BSA is 4.6,
and therefore BSA is negatively charged at pH 7.0, and here is where the protonated
lysine residues are important to notice, because these residues can have

electrostatic interactions with negatively charged moieties.*®

Due to the structural and functional similarity of human serum albumin (HSA) with
bovine serum albumin (BSA), for the development of this project we have chosen to
obtain the bioconjugated complex of the BSA and AuNPs, in order to direct them to

endothelial cells and hence to the malignant tumors.

Basic monitoring of NP conjugation to the BSA has been reported as the UV-Vis
spectral shift, and in some cases also the broadening of the absorption spectrum at
pH 7 (see Fig. 4.8).1920
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Figure 4.8. UV-VIS spectra of colloidal AuNPs (black line) and BSA-AuNPSs (red line). Inset: TEM

image of BSA-AUNPs, scale bar is 50 nm.?°

Far UV Absorbance

The peptide bond absorbs strongly in the far UV with a maximum about 190 nm, and

is because of this very strong absorption that this method has been used in protein
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determination. Various side chains, including those of tryptophan (Trp),
phenylalanine (Phe), tyrosine (Tyr), histidine (His), cysteine (Cys), methionine (Met)
and arginine (Arg), in the descending order, make contributions to the absorbance
at 205 nm (Az0s).2

Because of the difficulties caused by absorption by oxygen and the low output of
conventional spectrophotometers at this wavelength, measurements are more
conveniently made at 205 nm, where the absorbance is about half that at 190 nm.
Most proteins have extinction coefficients at 205 nm for a 1 mg/mL solution of 30-35
and between 20 and 24 at 210 nm.?!

The advantages of this method include simplicity and sensitivity, the sample is
recoverable and in addition, there is little variation in response between different
proteins, permitting near-absolute determination of protein. Disadvantages of this
method include the necessity for accurate calibration of the spectrophotometer in the
far UV, and the fact that many buffers and other components, such as heme or

pyridoxal groups, absorb strongly in this region.?!
Near UV Absorbance (280nm)

Quantitation of the amount of protein in a solution is possible in a simple
spectrometer. Absorption of radiation in the near UV by proteins depends on the Tyr
and Trp content, and a very small contribution of Phe and disulfide bonds. Therefore,
the Azso varies greatly between different proteins (for a 1 mg/mL solution most values
are in the range 0.5-1.5). The extinction of nucleic acid in the 280 nm region may be
as much as 10 times that of protein at their same wavelength, and hence, a few
percent of nucleic acid can greatly influence the absorption. The advantages of this
method are that it is simple, and the sample is recoverable; the disadvantages,
include interference from other chromophores, and the specific absorption value for

a given protein must be determined.?*
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For proceed with the gquantitation, the protein solution must be diluted in the buffer
to a concentration that is well within the accurate range of the instrument. Measure
Azso of the protein solution, using quartz cuvets, microcuvets or microplate. The
value obtained will depend on the path length of the cuvet. Then, it must be adjusted

by the appropriate factor with the Beer-Lambert law states that:
A=¢cl Eg. 4.1

where ¢ = extinction coefficient, ¢ = concentration in mol/L and | = optical path length
in cm. Therefore, if € is known, measurement of A gives the concentration directly; €
is normally quoted for a 1 cm path length. The actual value of UV absorbance for a
given protein must be calculated form the amino acid composition, which can be
determined by amino acid analysis. The UV absorbance for a protein is then

calculated according to the following formula:
Azgo(1mg/mL) = (5690, + 1280, + 120, )/M Eq. 4.2

where nw, ny, and nc are the numbers of Trp, Tyr, and Cys residues in the polypeptide
of mass M and 5690, 1280 and 120 are the respective extinction coefficients for

these residues.?!

It is best to measure absorbance in the range 0.05-1.0 (between 10 and 90% of the
incident radiation). At around 0.3 absorbance (50% absorption), the accuracy is
greatest. Bovine serum albumin (BSA) is frequently used as a protein standard; 1
mg/mL has an Azso of 0.66. The presence of non-protein chromophores can increase
Azso. If nucleic acids are present (which absorb strongly at 260 nm), the following
formula can be applied. This gives an accurate estimate of the protein content by
removing the contribution to absorbance by nucleotides at A2so nm, by measuring

the Az60 which is largely owing to the latter.?!

Protein(mg/mL) = 1.55A,5, — 0.764,¢, Eq. 4.3
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It has been reported that the conjugation mechanism on citrate stabilized NPs is
accomplished by non-specific interactions of the 60 lysine residues that may have
electrostatic interaction with a negatively charged medium. Other studies report that
the protein loses its secondary structure portion when conjugated at the border of
the surface of the NP, but also it has been shown that after the conjugation much of

the structure of the protein is conserved and presenting no loss of their function.

The Raman scattering spectroscopy have been used to obtain information on
structures and the properties of molecules from their vibrational transitions. The
Raman shift is a two-photon event, and the property involved is the change in the
polarizability of a molecule with respect to its vibrational movement. The interaction
of the incident radiation polarizability creates an induced dipole moment in the
molecule, and the radiation emitted by this process contains the Raman shift
observed. The light scattered by the dipole molecules consist of both Rayleigh and
Raman scattering. Rayleigh scattering corresponds to the scattered light at the
frequency of the incident radiation, while the Raman radiation shifts in frequency
(and therefore in energy), with respect to the frequency of the incident radiation by
means of the vibrational energy that is gained or lost by the molecule. If the molecule
gains vibrational energy, this scattering is called Raman-Stokes, whereas if the
molecule loses vibrational energy, the process is known as Raman anti-Stokes

scattering (Fig. 4.9).%2
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Figure 4.9. Raman spectra of carbon tetrachloride (CCls), irradiated with laser of Ao=488 nm o v

=20.492 cm™. The peaks number correspond to Raman shift Av = (Vs - Ho) cm™.23

Vibrational spectroscopy contributes to the study of structures and the
physicochemical properties of conjugated systems. Stability studies of proteins are
based on the comparison between the native conformational and denatured states.
In the natural state, the conformation of the protein changes upon interaction with
other molecules, so there are different conformations with relevant functionality. The
different conformations possess intrinsic stabilities as they differ in their Gibbs free
energy. Even when there is not a significant conformational change in the native
state, there are local events such as changes in interactions that result in sub-states
by the energy differences between previous intramolecular interactions and the new

formed.

179



The formation of stable complexes between proteins and AuNPs can be
accomplished by different mechanisms and combinations: a) the electronic charge
attraction between the gold nanoparticles and the charges of the different protein
residues, b) the adsorption phenomenon involving the formation of hydrophobic
environment at the interface of the conjugate, and c) the affinity of gold to covalently

bind with free sulfhydryl groups (Fig. 4.10).
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Figure 4.10.  Possible interactions between proteins and the AuNPs surface.

In an aqueous environment proteins fold to expose their hydrophilic part by
intramolecular interactions of different chemical groups, and hence the

disappearance of other interactions.

Figure 4.11.  Cysteine arises by forming a disulfide bridge at the junction of two cysteines.
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The formation and breaking of disulfide bonds (S-S) that arise by oxidation of two
cysteines (Fig. 4.11), plays an important role in the stability of protein structure.’
Disulfide bridges are located between the segments of the helixes, i.e.; they are part
of the tertiary structure of proteins and are responsible of their folding.'® Serum

albumin has 17 disulfide bridges or bonds and a cysteine residue.

In Raman spectroscopy the band of S-S bond vibration appears near the 490 cm
and arises from a rotation between C-C and S-C bonds.17 It is expected that if this
vibration is not present, the state of the protein is denatured; but in the conjugates,
it is considered the possibility that the thiol group from the cysteine residues involved

previously in disulfide bonds, are now interacting with the surface of the AuNPs.1°

Because the amino acids composition, the vibrations most commonly present in a
Raman spectrum are characteristic of the amides, C-O and N-H bond, which are
similar to those present in secondary amides. The position of the amide bands I, Il
and lll is affected by the conformational state of the protein, in particular by changes
in the secondary structure: spiral form (a-helix), extended form (8) and random
form.Y” The band amide 1l (1200-1320 cm-1) is a shift towards lower frequencies in
the protein denatured state.?° Because the signal of the amide Il band has low
intensity and the signal from the amide | for the conformation of helix- a can be
inhibited by absorption of water,'” is common to choose for analysis the signals from
the amide Il band. This band is formed by a superposition of stretching signals of
the C-N bond and in-plane bending of the NH bond. The a-helix conformation
appears in the 1260-1300 cm range, the B-conformation at 1230 to 1235 cm™ and
the random conformation appears near the 1240-1250 cm™ band. It has been
estimated that the BSA contains relative amounts of alpha and random conformation
in a percentage of 55-60% and 45-40%, respectively,?2?? which can be detected by
the amide band peaks corresponding to the random shape and not necessarily

indicating protein denaturation.
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After solvation of the protein in water, these molecules penetrate the interior of the
protein and induce a conformation with hydrophobic regions, because the side
chains of hydrocarbons are approaching one another and some of the polypeptide
chains are forced to the B-conformation.?! An increase in the band intensity at 1247

cm?is indicative of an increase in the percentage of disordered structure.

Other vibrations indicate the presence of a-helical conformation, the band at 941 cm-
! due to stretching vibration of the bond between C-C atoms, and its intensity
indicates a high percentage of this protein conformation, and characteristically
stretching vibration of the S-S bond at frequency 500-515 cm?, for the gauche-

gauche-gauche configuration of BSA.18

The six disulfide bridges located between protein domains, restrict the compact
arrangement between subdomains, and are responsible in conformational state
transitions (a—f), as well as the isomerization of domains | and Il without losing the
helix conformation, and also for the unfolding of domain Il in the cooperative
process.'® The largest contribution to the intensity of the stretching vibration in the
range 650-750 cm, is provided by the C-S bond vibration of the cysteine residues,
since there are only three methionine residues per BSA molecule. Also it has to be
considered that vibrations of the C-S bond do not show sharp, defined bands in the

spectrum.
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4.4. Experimental Procedure of Conjugation with Bovine Serum

Albumin

Materials and Methods

Deionized water was used for all experiments. The bovine serum albumin (BSA),
HEPES and cibacron blue CL6 was obtained from Sigma Aldrich, the salts used for
phosphate buffers were obtained from Baker, K2HPO4, KH2PO4, NazHPO4 and
NaH2PO4. All reagents were used as received without further treatment of
purification. All glassware was cleaned with aqua regia (HCI:HNO3, 3:1), rinsed with
plenty deionized water and sterilized before use. The UV-Vis spectra was acquired
on a Cary 60 UV-Vis-NIR spectrophotometer and fluorescence spectra on a Cary
Eclipse at excited A = 280 nm, both at ambient temperature. The electron
micrographs were acquired in the transmission electron microscopes (Jeol JSPM-
5200 and Tecnai F30), the scanning electron micrographs in a Quanta SEM. The z-
potential and hydrodynamic diameter were determined by dynamic light dispersion
Nano Zetratrac. The protein quantification was acquired in a 2 pL microplate UV-Vis
spectromether, Epoch from BioTek. The Raman spectra was acquired in the region
100-2000 cm™ on a two lasers (534, 633 nm, the last was used) equipped Renishaw
spectrophotometer, the spectra were processed by deconvolution techniques,

applying a Lorentzian function, using the QtiPlot software.

Spectroscopic Analysis of Conjugated. MB-AuNPs freshly synthesized were
centrifuged and washed three times and finally re suspended at the same volume,
in HEPES buffer 25 Mm with BSA concentration of 10 mg/mL. For UV-Vis
measurements, samples were left to rest overnight and the spectra were capture
before and after the conjugation. For Raman analysis, conjugated samples were
washed three times by centrifugation and de concentrated of NPs was deposited in
a clean cover glass and left to dry at ambient temperature avoiding dust

contamination. Also were acquired Raman spectra of MB-AuNPs and solutions of

183



HEPES and BSA. For fluorescence curves, the solutions for conjugation were mixed

at the moment prior the measurements.

Spectrometry Quantification of Protein. For calibration curves, HEPES buffer
solution at 25 mM and pH 7.4 was used to prepare solutions with BSA concentration
of 0.2 to 10 mg/mL at ambient temperature. For the quantification of conjugated
protein, MB-AuNPs freshly synthesized were centrifuged and washed three times
and finally re suspended in HEPES buffer 25 Mm at the same volume, then an
increase concentration of BSA was added from 0.2 to 10 mg/mL and left to rest
overnight. Later, the samples were washed three times by centrifugation and re
suspended. The absorbance at 280 nm was acquired with the multi plate

microreader in triplicate for condition.

Analysis of efficacy of conjugated MB-AuNPs@BSA throw interaction of
conjugated BSA with cibacron blue. For this assay we use, spheres of blue
sepharose CL-6B of 45-165 pum and with an albumin bond capability of 5mg/mL in
phosphate buffers 0.1M, pH 7.0 were used. Shortly, 100 mg of dry frozen CL-6B
were hydrated with 0.4 mL of Milli Q water, after 30 min were washed in a sintered
glass filter with 20 ml of deionized water, finally were re suspended in 0.4 mL of
phosphate buffer 1x a pH 7.4. For the assays with MB-AuNPs@BSA, a ¥ dilution of
CL-6B was used for optical microscopy analysis and colloids of 5.2 x 10° NPs/mL,
the test with BSA only was carried out with a solution of 0.2 mg/mL of BSA. The
samples analyzed by SEM, were prepared with a 1/8 dilution of CL-6B and the same
NPs concentration. In the cases of samples of CL-6B mixed with MB-AuNPs, after 5
min of the mix, were washed three times with deionized water. And then, a drop of
20 pL was deposited on an aluminum pin and left to dry. Before the low-vacuum

SEM observation, a layer of carbon was deposited on the pins
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4.5. Assembly of Results and Discussion

First characterization of the conjugated nanoparticles was the behavior or the
localized surface plasmon resonance (LSPR), the absorbance spectra on the Fig.
4.12 show a 7 nm shift of conjugated spectra against the MB-AuNPs spectra. The
shift indicates a change in dielectric constant of the nanoparticle surrounding media.
In addition, has to be noticed a wider absorption band. Both changes may indicate

a possible conjugation of the protein to the nanopatrticle surface.
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Figure 4.12. UV-Vis spectra of MB-AuNPs and MB-AuNPs@BSA.

For a better analysis of the surrounding area of the MB-AuNPs, samples were
analyzed by TEM microscopy before and after the addition of BSA (Fig. 4.13). In the
micrographs of albumin samples, a uniform protection of lower contrast is observed

(Fig. 4.14); also, at higher magnification a thinner amorphous component was
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observed. There is reported that a layer of HEPES covering a NPs can have a 1.5

nm of thickness.24

b)
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Figure 4.13. TEM micrographs of MB-AuUNPs@BSA a) without staining, b),c) with positive staining

wit uranyl acetate and d) the corresponding magnification of red square in c).

Due to the difficulties of preparing this type of samples for TEM analysis, we
considered an unreliable technique to ensure de conjugated formation. However, by
STEM analysis of no staining samples, an amorphous material surrounding the
crystal structure of NPs was observed (Fig. 4.14). Then we have a consistent layer
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of amorphous material along the NPs, but at this point we do not know if corresponds

to the HEPES layer from the synthesis of NPs or to the protein.

Figure 4.14. STEM micrograph of MB-AuUNPs@BSA.

It has been reported and inhibition of fluorescence signal from tryptophan groups
from the albumin, due to an interaction of the residues with the NPs surface. Also, a
shift in the emission band can be observed if the is a conformational change of the
protein structure, with may indicate hydrophobic areas in the residue surroundings

due to conjugation.
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Then, we carried out fluorescence analysis of conjugated samples, at ambient
temperature at different times to detect differences in fluorescence emissions (see
Fig. 4.15). Since the beginning of conjugation, an evident attenuation in the intensity
band emission was observed, and apparently there is no indication of drastic
conformal changes, then que continued with the Raman analysis of the protein

structure after interaction with the NPs.
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—— MB-AuNPs@BSA_t0
—— MB-AuNPs@BSA_t6

Intensity, a.u.

T T T EE—
350 400 450 500

Wavelength, nm

Figure 4.15. Fluorescence spectra of MB-AUNPs@BSA a different times after conjugation begins.
The black line spectra correspond to a sample of 10 mg of BSA without NPs, the same concentration

of protein was mixed with MB-AuNPs.

The Raman spectra of solid HEPES was acquired for better comparison of the
synthesized MB-AuNPs, we may remember that HEPES is the organic molecule that
directs the branched formation during synthesis, thus, prior conjugation is the

molecule that covers and stabilizes the NPs.
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Along the Raman bands of interest in the HEPES spectra (Fig. 4.16), the piperazine
ring vibrations appears at 1185, 1120 y 1049 cm.2 It is important to localized these
bands because they are in the same region of interest of main protein bands. In the
spectra acquired from solid HEPES, we can clearly identify the 1027 cm band, and
the 1047, 1164, 1206, 1237 cm™ that corresponds to ring vibrations of piperazine
ring. The same bands has lower intensity in the spectra from samples prepared with
HEPES solution and MB-AuNPs (see Fig. 4.17), in the last the 1044, 1120, 1214,
1238 y 1249 cm can be identify, those bands indicates an asymmetric vibration of

the SOs part.
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Figure 4.16. Raman spectra of solid HEPES, the laser used was at 633 nm.
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In the Raman spectra of crystalized BSA, can be identified the amide | band at 1658
cm?, the presence of this band indicates an a-helix structure, also the native state

of the protein (see Fig. 4.17).
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Figure 4.17. Espectros Raman de las nanoparticulas multirramificadas, BSA y conjugado.

In the MB-AuNPsS@BSA spectra an increase in the band at 1250 cm™ (amide I
band region) and the simultaneous decrease in the 938 cm™* band, may suggest the
possible degradation of protein, as have been seen in studies were protein is

exposed to heat.?®
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Figure 4.18. Raman spectra of the amide Il band, acquired from the MB-AuNPs@BSA simple.

We must considerer that albumin in native state have a 55 % of helix and 45% of
random conformation, then, we analyzed the intensities of the amide Il band
according to Table 4.2, and those corresponds to ratio of native state of protein. Also
may be considered that the systems analyzed here has special properties of
electromagnetic enhancement fields, then intensity of signals can be affected by the
MB-AuUNPs properties.?’28
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Table 4.2. Raman signals presents in the spectra of Fig. 4.17

MB- MB-
BSAsolid | BSAsoin | AUNPS@BS Vibration mode Ref.
AuNPs A
138 137 138 C-N Torsional
488 480 CNC, piperaz.ine ring 25
deformation
511 S-S Strain
661 C-S Strain 26
673 C-S Strain
851 Tyrosine 26
898 900 . -
947 911 C-S Strain
1003 988 Bending out of plane, 26
pyrrole
1044 .
1120 1123 1181 C-CoC-N Strain *
1214 1197 C-N asymmetric tension 25
1249 1250 Amide lII, rar_wdom %
conformation
1260 C-N asymmetric tension 2
1266 1279 Amida Ill, a-helix
1296 26
1323 1309 1312 C-H Bending
1398 1390 COO Symmetric 26
1465 1451 1454 1461 CHs, CH2 Bending
1497
1532 1524 NH Bending 30
Amida Il, tryptophan
1558 N-H Bending out of plane 26
C-N Strain
1595 1596
1606 C=N Strain of tryptophan %
pyrrole Pirrol del triptéfano
Amida | Hélice-a
1658 1656 26,30
C=0 Strain
2496 OH Tension
2863 2873 2874 C-H Straip of aromatic
2030 | 2929 2902 ngs
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Once we have stablished that protein is interacting with the MB-AuNPs and that its
structure is preserved, we carried out a quantification of proper amount of BSA
needed for full coverage of NPs and the formation of the protein corona. A calibration
curve of BSA solutions in HEPES (Fig. 4.19) with increase concentration was
acquired to assure proper dilution and constant absorbance value of BSA solutions.
As expected, the conjugated albumin tends to increase according to the amount
available in the solution, but above the 10mg/mL of BSA available, only the ~3%

interacts with the NPs (see Fig. 4.20).

Calibration Curve of Absorbance of Protein at 280 nm
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Figure 4.19.  Calibration curves of BSA solutions prepared in 25 mM HEPES buffer.

Considering the 3% of BSA conjugated as full coverage of NPs surface, we carried
out a Z-potential analysis to detect the changes in surface charge and determine the
stability. Results are presented in Table 4.3, the z-potential value corresponds to

reported charge for protein corona on NPs.3!
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Figure 4.20. Cuantificacion de BSA conjugada con MB-AuNPs por espectrofotometria UV-Vis.

Table 4.3. DLS results of the readings of MB-AuNPs and MB-
AuNPs@BSA.

MB-

MB-AuNPs
AuNPs@BSA

Mobilidad u/s/Vicm -2.95 -2.26
Potencial Z mV -37.72 - 29.66
Carga fC - 0.03436 - 0.02279
Conductivity us/cm 17 71
Size nm 200 240

194



Then, at this point we consider we have a conjugated system, MB-AUNPs@BSA
where protein BSA preserves its native conformational state and therefore its
function. We decide to test the function y determine if the complex will perform as
expected when interacts with living cells. For this, agar spheres with cibacron blue
(blue sepharose CL-6B) were used as test anchor matrix. Primarily, we mixed the
CL-6B with BSA solution to observe the agglutination of spheres and ensure its
efficacy (Fig. 4.21), later CL-6B was mixed with MB-AuNPs and MB-AuNPs@BSA.
Obvious agglomeration of CL-6B in presence in observed when the agar spheres
are mixed with BSA, later, when interact with the NPs, barely difference is
perceptible. Samples of CL-6B were exposed to MB-AuNPs and MB-AuNPs@BSA
and later observed under scanning electron microscope to better analysis of complex
function. In Fig. 4.22 we can observe the bare CL-6B spheres and the EDS analysis,
no signals besides de organic material and aluminium pin. The images of Fig. 4.23
corresponds to CL-6B exposed to MB-AuNPs, in the secondary electrons
micrographs is observed brighter regions, then in the backscattering electrons can
be observed the same regions, then we considered to be because of the presence
of heavy material, the EDS analysis performed in this area (inset) shows the Au
signal. It is not expected that MB-AuNPs interacts with the cibacron blue, but we
must consider that NPs are made from a hard material against the jelly nature of
agar. We analyzed the sample of the CL-6B with MB-AUNPs@BSA (Fig. 4.24), in
this sample is clearly observed the increased presence of heavy material, once is
analyzed with EDS, Au signal is detected again, then the brighter spots corresponds
to accumulations of MB-AuNPs@BSA.

When complex MB-AuNPsS@BSA is a system that can interact with albumin

receptors and improves the stability of the nanoparticles.
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Figure 4.21. Agglutination test of Blue Sepharose CL-6B with a) 0.2 mg/mL of BSA, b) MB-AuNPs at
5.2x10° NPs/mL and c) MB-AuNPs@BSA at 5.2 x10° NPs/mL.
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Figure 4.22. Electron micrographs in ETD (up-left) and BSD (up-right) of Blue Sepharose CL-6B. And
EDS analysis.
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Figure 4.23. Electron micrographs in ETD (up-left) and BSD (up-right) of Blue Sepharose mixed with
MB-AuNPs. In BSD the bright spots may due to presence of MB-AuNPs, for correlation an EDS
analysis (down) was performed in the area of green inset.
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Figure 4.24. Electron micrographs of Sepharose sample prepared with MB-AuNPs@BSA. The BSD

micrographs suggest the presence of the NPs, correlation was realized with EDS analysis.
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5.1. Introduction

Besides the nanomaterials (NMs) released into the environment due to natural
process, the anthropogenic nanomaterials (e.g. flocculation of nanometric metallic
oxides into acid mine drainage) has risen the need to define their impact on human
health and the environment due to their reactive properties, and the establishing of
regulations for their production and subsequent handling according to their material
composition and application.! Also, the increase interest in the properties of NMs
and their many applications, have introduced them into manufacturing chains.
Among the fields of applications, the medicine has gain interest in aim to improve

the diseases detections methods and treatments.

The present chapter cover the background theory and the experimental work
realized for the achievement of the last general objective of the project subject of this
thesis: iv) Evaluation of cytotoxicity of nanoparticles in cultured cells. The
section 5.2 of the present chapter summaries some of the in vitro assays available
for the evaluation of materials toxicity, we focus on the methods used. Also, is
presented a compendium of the published results in toxic evaluation of gold
nanoparticles (AuNPs). The methods and experimental work developed for this

thesis are presented starting from section 5.3.
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5.1.1. Therelevance of the toxicity evaluation of nanomaterials on

cellular systems

The NMs has been synthesized for several applications in different fields. The field
of importance for these thesis is the medicine. The application of nanotechnology to
medicine has been called Nanomedicine, the research in this area has the goal of
improve the medical diagnosis and treatment of diseases.? The Nanomedicine is not
considered a separate branch of medicine, but the research in this area implies an
interdisciplinary  interaction between nanoscience, nanoengineering and
nanotechnology with life sciences.?® The nanomedicine intends the fabrication of
NMs for advanced diagnostics and biosensors, targeted drug delivery and smart

drugs.

The nanomedicine, like medicine, can enter the clinics and can be part of
conventional clinical practice assuming all aspects of translation are satisfied,
including safety, regulatory, and ethical requirements.®> The success of
nanomaterials in medical applications has raised questions about their unintentional
effects on the human body. The main concern will be about particles <50 nm, which
can enter the cells by endocytic process,* and there are still many unanswered
guestions about their fate in the living body. Because of the diversity of materials
used and the wide range in size and shape of nanoparticles, these effects will vary
alot.?2 Then, research the role of nanoparticles in pathogenesis of diseases, and their
use in therapy may be the future of medicine.® In essence, a fundamental
understanding of nanomaterial toxicology (nanotoxicology) is highly desirable.® The
nanotoxicology,”® can define toxic modes of action that could potentially arise in

occupational environmental, or medical applications of NMs.10

Has been a concern in develop new assays or standardizing the existing ones to
evaluate the effects of exposition to NMs,! considering routes of exposure as the
respiratory system, skin and intestinal tract. Also, to determine if the necessary dose

for the chose applications is safe.
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With the purpose of provide specific target signals to NPs, they have been
conjugated with aptamers and oligonucleotides,'>~* peptides,>® proteins,'’18
antibodies,*®?° and other molecules.?* With the conjugation, the surface chemical
characteristics of NPs may change, therefore, it is important to perform the in-vitro
evaluation before and after the conjugation.
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5.2. Cytotoxicity of Gold Nanoparticles

The term “cytotoxicity” refers to the toxic effects of a specific material or substance
on individual cells. In toxicology studies, identical cell cultures are exposed to
different forms and concentrations of the toxin. The toxicological evaluation of a NMs
with medical application begins with the in-vitro biocompatibility studies with normal
and malignant cells, and are followed with studies involving animals, and finally the

clinical trials.
5.2.1. Cytotoxicity Assays

Laboratory methods used to identify exposure biomarkers expanded rapidly in the
late 1970s and the 1980s, then it became possible to reliably measure potential
toxicity from a variety of sources: diet, polluted air, medications, alcoholic beverages,
and others. In 1997, International Standard ISO-10993 was formulated in order to
provide a comprehensive and general guideline on biocompatibility test for materials
intended for medical applications, including in vitro genotoxicity, carcinogenicity and
reproductive toxicity. Additionally, are described assays to evaluate the interactions
of materials with blood, their in-vitro cytotoxicity and systemic toxicity, as well as
methods for the characterization of physicochemical, morphological and

topographical properties of materials.??

The Table 5.1 contains the different in-vitro assays utilized to evaluate the potential

cytotoxicity of several materials.

Table 5.1 Common biological endpoints assessed by in-vitro toxicity tests.

Biological endpoint | Detection method

Cell size and shape

Cell-Cell contacts

Nuclear number, size, shape and inclusions
Nuclear or cytoplasmic vacuolation

Trypan blue dye exclusion

Diacetyl fluorescein uptake
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Cell morphology

Cell viability




Cell counting

Replating efficiency

Cellular proliferation (e.g., 1Cso)

Mitochondrial integrity (MTT, MTS and XTT tetrazolium
salt assays)

Lysosome and Golgi body activity (Neutral red uptake)
Cofactor depletion (e.g., ATP content)

Loss of enzymes (e.g., LDH), ions or cofactors (e.g.,
Ca?*, K*, NADPH)

Leakage of pre-labeled markers (e.g., >Cr or
fluorescein)

Cell counting

Total protein content (e.g., methylene blue,coomassie
Cell proliferation blue, kenacid blue)

DNA content (e.g., Hoechst 33342)

Colony formation

Attachment to culture Surface

Cell adhesion Detachment from culture surface

Cell-Cell adhesion

Thymidine incorporation into DNA

Uridine incorporation into RNA

Amino acids incorporation into proteins

Cell metabolism

Membrane Leakage

Radioisotope
incorporation

Taken from Ref. 23

The basic evaluation is the visual inspection of cell cultures under bright field
microscopy, in order to detect any morphological change, cell adhesion and
proliferation. Moreover, the colorimetric assays are a standard evaluation of

plasmatic membrane integrity, mitochondrial activity and DNA replication.

The simplest colorimetric assay to evaluate the effect of NPs on viability and
membrane integrity is commonly performed through the use of neutral red or trypan
blue. The neutral red, or tolylene red, is a weak cationic dye capable of pass through
plasmatic membrane by diffusion and accumulate in lysosomes. If the cell
membrane is disrupted, the uptake of neutral red decrease or it may leak out, these
process allow to differentiate between live and death cells by the spectrophotometric
quantification of neutral red uptake. The trypan blue is an azo dye that only
permeates in the cells with damage cell membrane; therefore, only the death cells
stain blue.
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Other viability assays include the use of two different chemicals, Calcein-AM (calcein
acetoxymethyl ester) and Ethidium H-1 (ethidium homodimer-1). These assays
evaluate the esterase intracellular activity; the calcein-AM (electrically neutral) is
internalized into the cell by diffusion, and at the intracellular environment is
transformed by the mitochondrial esterase activity in calcein, a green fluorescent
molecule that is retained by living cells (exc./em. ~495 nm/~515 nm). On the other
hand, the cell membrane integrity is evaluated with ethidium H-1, this molecule does
not permeate de plasmatic membrane of living cells, only damage membranes of
death cells and increase 40 times its fluorescence to binding nucleic acids, the

ethidium H-1 is red fluorescent (exc./em. ~495 nm/~635 nm).2*

Other cytotoxicity assay involves monitoring the release of lactate dehydrogenase
(LDH) due to cellular death. The lactate dehydrogenase (LDH) is an enzyme usually
stable present at the cytosol, when the plasmatic membrane is damage the LDH is
rapidly released into the cell culture supernatants. In LDH assay, the enzyme
released from damaged cells oxidizes lactate to pyruvate, which promotes
conversion of tetrazolium salt 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
phenyltetrazolium chloride, (INT) to formazan (see Fig. 5.1), a water-soluble
molecule with absorbance at 490 nm. The amount of LDH released is proportional
to the number of cells damaged or lysed.?®> Because the practical use and standard
assay commercial systems available, this assay has been used for the evaluation of
cell death in cultured cells exposed to AuNPs nanoheaters and treated by

photothermal therapy (PTT, PhotoThermal Therapy).?®
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Figure 5.1. Biochemistry of LDH assay. In the first enzymatic reaction, released LDH reduces NAD*
to NADH/H* by oxidation of lactate to pyruvate. In the second, the catalyst (diaphorase) transfer H/H+
from NADH/H+ to the tetrazolium salt INT which is reduced to formazan (coupled enzymatic reaction).

The MTS assay is used for the evaluation of mitochondrial activity, it is based on the
reduction of yellow tetrazolium salt, to purple formazan crystals by metabolic active
cells (Fig. 5.2), then the crystals formed are solubilized and the solution is quantified
by UV-VIS spectroscopy.?’ The cellular reduction of tetrazolium salt is believed to
occur both in the mitochondria by the enzyme succinate dehydrogenase and also
extra-mitochondrial involving the pyridine nucleotide cofactors NADH and NADPH,
these cofactors acts as intracellular carries of reducing equivalents (electrons) and

they are produced by the dehydrogenation of metabolic active enzymes.
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Figure 5.2. Molecular structures of MTS tetrazolium and its formazan product.

Other evaluation of cytotoxicity based on tetrazolium salts is the WST assay; consist
in the quantification at 450 nm of the product yellow-orange formazan.?® Other, the
resazurin or alamar blue is a colorimetric assay where the non-fluorescent dye is
reduce by cellular metabolic activity to pink fluorescent dye, since during oxygen

consumption is an electron acceptor for NADP and FADH enzymes.

There are cytotoxic assays to evaluate sublethal effects of nanopatrticles, since not
all effects compromise the cell membrane or affect metabolic functions. The
oxidative stress is referred to as an imbalance between the production of reactive
oxygen species (ROS) and the cells ability to reduce ROS, which may be as a result
an increased ROS production, a decrease in the cells defense mechanisms, or a
combination of both. An overproduction of ROS may induce oxidative stress,
resulting in cells failing to maintain normal physiological redox-regulated functions
further resulting in oxidative modification of proteins to generate protein radicals,
initiation of lipid peroxidation, DNA strand breaks and modification of nucleic acids,

modulation of gene expression, thereby leading to cell death and genotoxic effects.?®

Other analysis of viability is the quantification of DNA synthesis at the stages of cell

proliferation. The nitrogenous base used is 5-bromo-2’-deoxyuridine (BrdU), and

analogue of thymidine, that is incorporated at the DNA synthesis in proliferating cells.
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Then, a primary antibody anti-BrdU, conjugated with peroxidase (POD), bonds to the
BrdU.?* For label the BrdU incorporated to DNA, the last has to be denaturalized. It
iIs important to mention, that the antibody does not reacts with other cells

components as thymidine, uridine or DNA.?°

The oxidative stress can be detected by glutathione activity assay. The glutathione
(GHS) is an antioxidant compound which is oxidized to glutathione disulfide (GSSG)
in the presence of reactive oxygen species (ROS). To evaluate glutathione activity
as stabilizer of oxidative stress, a high rate of GSH/GSSG have to be maintain by
the glutathione reductase enzyme. The assay of the level of GSH is realize with the
Ellman reactive 5,5’-dithio-bis-2-nitro-benzoic acid (DTNB), which reacts with the
GSH sulthydryl group and produce a yellow product, 5-thio-2-nitrobenzoic acid
(TNB). Glutathione reductase also reutilize GSH of GHS-TNB complex, process that
produces more TNB. The rate of production of TNB is directly proportional to GSH
concentration in the sample, and can be quantified by absorption at 405 or 412 nm.?>

The NPs may have the ability to cause damage to the genetic material, since they
are capable of crossing the cell membranes and cause chromosomal fragmentation,
DNA strand breakages, point mutations, oxidative damage and alterations in gene
expression. The DNA is highly susceptible to oxidative damage,?® and the binding of
a carcinogenic molecule to DNA may be the step leading to the damage of DNA.
The consequences may range from a simple substitution in one of the DNA base

pairs to a large rearrangement of a chromosome.*°
5.2.2. Interaction of Nanoparticles with Cultured Cells

Besides the indirect exposure to NMs, like gases of combustion engines, sun
protection lotions and cleaning products, the intended administration of NMs, points
to main systems and cells models to considered for toxic evaluations (see Fig. 5.3).3!
The intravenously administered NPs will travel through the bloodstream to their

destiny site, therefore is expected to passed the time of administration, the NPs will
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be eliminated by the urine.?? Then, we consider that immune cells and those lining
urinary tract (urothelial cells) are important cells models to primary test of cytotoxicity

of NPs. Later, is important to considered cells models of specific organs where NPs

Interaction\;

with blood

can accumulate.

Intravenousely
,

administred
NPs

Particl)

Clearence

Accumulb

in organs

Figure 5.3. For medical applications of NPs, it is important to test the toxicity in the indirect
systems of interactions, once the NPs are administered.

5.2.2.1. Urothelial Cells

The wall of the urinary passages, including the surfaces of the renal pelvis, the
ureters, the bladder, and proximal parts of the urethra (see Fig. 5.5), is covered by
a specialized epithelium, the transitional epithelium or urothelium. The urothelium is
stratified and composed of three types of cells: basal precursors cells, intermediate

cells and large superficial umbrella cells (see Fig. 5.7).33
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Adrenal gland

Renal artery

Renal vein
Kidney Renal pelvis
Superior
mesenteric
Inferior vena cava artery
Uppar Abdominal
unnary Ureter aorta
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urinary
tract _ /
Urethra \
Figure 5.5. Structure of urinary tract. The urinary tract has the function of filters waste products

and discharges them to the outside of the body as urine. It consists of the kidney, ureter, bladder and

uretra.’*
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Figure 5.6. The urothelium consists of several layers of transitional cells, divided into (top to

base) umbrella, intermediate and basal cells.®®

5.2.2.2. Adipose Derived Stromal Cells, ADSCs

The adipose tissue is widely distributed all over the body, and exhibits different
properties according to their anatomical localization. There are white and brown
adipose tissue, both have a highly differing fine structure and location (see Fig. 5.6).
White adipose tissue is found in the subcutaneous tissue, where it exists mainly as
single adipocytes and in small groups often along capillaries or in the peritoneal
cavity where it forms a compact tissue, the visceral fat. The white adipose tissue
represents an important source for energy. There are two types of brown adipose
tissue, the classical and the beige, that can be found intermingled with white
adipocytes, in contrast to white adipocytes, the classical brown adipocytes contain
numerous lipid droplets that differ greatly in size. The brown color of the tissue is
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due to an abundance of mitochondria. The brown adipose tissue is compact and rich
in capillaries and sympathetic nerve fibers. The brown adipose tissue is of vital

importance under conditions of need of extra heat.*¢

Retro-orbital

Brown Adipose deopts

adipose tissue

Facial subcutaneous
adipose tissu

Pulmonary adipose
tissue

Periadventitial : | Supraclavicular
adipose tissue ) Epicardial
dipose tissue

Subcutaneous
adipose tissue

Abdominal
subcutaneous
adipose tissue

Bone marrow
adipose tissue |

Gluteal
subcutaneous
adipose tissue \

Copyright © LifeMap Sciences, Inc. - Discovery.lifemapsc.com

Figure 5.6. Subcutaneous white adipose tissues from different embryonic origins are located in
the face and the body regions. Inner white adipose depots are depicted in the intra-abdominal, lung,
kidney and heart regions. The brown adipose tissue is mainly distributed in the cervical, paravertebral

and sub-clavicle regions.*’
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Adipose tissue, especially white adipose tissue, has been identified as an alternative
source of adult stem cells; there is a large reservoir of donor tissue, which is also
readily accessible. Since the identification of preadipocytes,®® a number of
investigators have characterized adipose-derived stromal cells (ADSCs) that are
easily and relatively painlessly isolated from white adipose tissue. The ADSCs can
differentiate into multiple mesenchymal cell types such as osteoblasts,

chondrocytes, myocytes, cardiomyocytes, fibroblasts and adipocytes.3?

Our interest in adipose cells is due to a possible indirect exposure to NMs, after the
administration of therapeutic NPs. Studies in male mice, showed that post injection,
AuNPs were accumulate predominantly within the periphery of the abdominal fat
tissue, few cluster were seen further into the tissue between the adipocytes at 24 h
post injection. The SEM micrographs showed that AuUNPs were only found in the
abdominal fat tissues and the liver. There were no AuNPs present in the other major

organs investigated in this study, including brain, kidney and heart.*°
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5.2.3. Reported Cytotoxicity of Gold Nanoparticles

Since de past decade, the AuNPs have gain attention for medical applications, due
to their optical properties, relative easy synthesis and surface conjugation. Along
with the in-vitro test for therapeutic applications, have raised the toxicological assays
for evaluate the possible risks at cellular-level (Cell internalization, cytotoxicity,
genotoxicity, apoptosis, etc.) and at the whole organism level (organ distribution,
accumulation and clearance, degradation and metabolism, immunogenicity, and

inflammation).*!

There are several reports on AuNPs cytotoxicity, even if some of them conclude that
AuNPs are not toxic for cells, slight changes in form or surface chemistry may
present the opposite results. Studies conducted with AuNPs of less than 2 nm show
to be toxic for cells, causing necrosis, mitochondrial damage and oxidative stress.
Other groups assaying 2 nm nanoparticles but having different surface charge,
negative, demonstrated that AUNPs were not toxic at the same doses compared with
the positively charged surface NPs. The Table 5.2 listed some of cytotoxicity assays
results performed in different cellular lines using functionalized AuNPs. For interest
of comparison with our synthesized MB-AuNPs, we highlight the reports of
cytotoxicity of AuNPs prepared with HEPES buffer versus citrate stabilized NPs,
show higher in-vitro cell viability and lower generation of ROS in L929 mouse
fibroblasts. It is important to notice that, at 5 and 10 ppm of HEPES-prepared AuNPs,
a higher metabolic activity than control groups was observed, also as AuNPs
concentration increased, L929 cell proliferation was inhibited at different degrees.
The in-vivo test of the HEPES-prepared AuNPs show lower inflammation compared

to citrate-NPs exposure.??
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Table 5.2. Cytotoxicity of gold nanopatrticles.

Cell line Surface conjugation [Cells] [NPs] Assay Exposure Toxicity Year
COSs-7 PEI 2 3x10%well MTT 6h,42h 70-80% 20034
HepG2 BSA, peptide 85% confluence | d=20-25 | LDH 12h <5% 2003
nm
CO0Ss-1 NH3, COOH 80% confluence, | 0.38, MTT, trypan blue 1,2.5,6,24h LD50 20044
96 wells 0.75, 1.5
03 pum
Hela, BSA, peptide 75% confluence | d=22 nm, | LDH 3h Reduced viability | 20044
3T3/NIH, 150 pM of 20% in Hela,
HepG2 and 5% in 3T3
MDA-MB-231 | Coumarin-PEG-SH 10° /well 50-200 Cell Titer 96 24 h Non toxic 20054
96 wells pg/mL
d=10 nm
RAW264.7 Lysine, PLL, FITC 10%well 10-100 MTT 24-72 h 100 upM, 72 h, | 2005*
96 wells UM RNS reduced viability
d=3-8 nm | Pro-inflammatory to 85%
cytokines
Total proteins test
CF-31 Citrate 24 wells 0.8 Proliferation 2-6 days Vacuole present | 20068
mg/mL, d | Morphology and decrease of
=13 nm Protein synthesis cell adhesion and
proliferation
L929 0.11 - 6.3 | Morphology 0-48h 1.4 nm, necrosis | 20074°
Hela mM MTT 12 h
SK-Mel-28 d =0.8-15 | ICso
J774A1 nm
J774A1 None 5 x10%well 1-10 ppM | Proliferation 24-72 h Short-term 2009
24 wells d = 2-40 | Morphology inflammatory
nm response
HelLa PVP 2.5x10%well 0.831nM | MTT 24-48 h 25 nm, decrease | 20125
ATCC 25404 | Acrilic resine, AC d = 2-25 in activity in 30 %,
nm 2 nm, 90% of

activity
maintained

was




L929

Citrate
HEPES

96-well plates
1,2x10* cells/well

5-25 ppm

MTT
ROS

24,48 h

Higher activity for
510 ppm  of
Hepes.

Inhibition of cell
viability for 20 and
25 ppm of citrate

201422

Fibroblast
cells
RFPECs

Citrate
HEPES

5x103 cells/well
96-wells plates

0.2 — 400
pg/mL

MTS

1 -4 days

Morphology
integrity at 24h
ICso-citrate-4d = 27.7
pg/mL
ICs0-HEPES-4d = 13.8
pg/mL

Toxic at 40pg/mL
of citrate NPs
Reduced viability
in 20% for HEPES
NPs.

201552

Calu-1

HEPES

4x103 cell/well

200
pg/mL

WST-1

72h

Reduced viability
in 20%

201653
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5.3. Experimental Procedure of Cytotoxic Evaluation of

Multibranched Gold Nanoparticles in Cultured Cells

The evaluation of naked multibranched gold nanoparticles (MB-AuNPs) that were
synthesized according to the methods described in Chapter 3 and MB-AuNPs
conjugated with bovine serum albumin (MB-AuNPs@BSA) following protocols of

Chapter 4, were performed in cultured human cells.
5.3.1. Cytotoxicity Assays in Cultured Urothelial Cells

The in-vitro model used for assays with urotelial cells, was the UROtsa cells. UROtsa
cells are derived from normal urothelial cells that were immortalized by transfection
with the SV40 virus T-antigen. This antigen inhibits the normal activity of the cell

cycle regulatory proteinP53, therefore, cells grow indefinitely without aging.>*

Although immortalized, UROtsa cells show the normal characteristics of urothelial
cells, a normal chromosome number, with no ability of tumor formation in nude mice;
cannot grow anchorage independent and they senesce when they reach complete
confluence in cell culture. UROtsa cells have been shown to be an excellent model

for toxicity studies of different substances targeting the urinary tract.>*5°
Materials and Methods

UROitsa cells were kindly donated by Dr. Sens from the University of North Dakota.
Cells were cultured in 96-well plates (1x108 cells/well) in DMEM medium (Dulbecco’s
Modified Eagle Medium), high-glucose with phenol red and supplemented with 10 %
of fetal bovine serum (SFB). 24 h after plating in culture dishes, the medium was
replaced by DMEM without phenol red and supplemented with 2% FBS; cells were
then treated with MB-AuNPs or MB-AuNPs/BSA at concentrations that ranging from
5.2x108 to 10° NPs/mL. The different assays were performed at 24 and 48 h after
the addition of NPs. For all the assays, the conditions were analyzed by triplicate,
with the subtraction of culture medium as background and one-way reverse ANOVA

analysis was realized.



The commercial system used for MTS assay was Cell Titer 96°° from Promega, in
which  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) is used. The evaluation of cell proliferation was performed with

an ELISA kit of Roche for BrdU quantification in proliferating cells.

Morphological Analysis. The UROtsa cells cultures were observed under bright
field microscopy after 24 h exposure at concentration of 5.2x10° MB-AuNPs/mL and

MB-AuNPs@BSA, with the aim of find visual changes in the cell morphology.

Membrane Integrity Monitoring. The LDH evaluation was carried as follow, 24 and
48 h after UROtsa cells were exposed to different concentrations of MB-AuNPs and
MB-AuNPs@BSA, 100 pL of medium of each experimental condition was recovered
and transfer to a clean flat-bottom 96 wells-plate. Then 100 pyL of 1:45 catalyst
(diaphorase/NAD+) and dye (INT) solution was added to each well. The plate was
protected from the light and mixed at 60 rpm for 15 min. Absorbance was then
measured at 490 nm. The wavelength used as reference was higher than 600 nm.
The data cytotoxicity percentage, was evaluated according to the formula:
Experimental value — Control

Citotoxicity (%) = Controlt — Control %X 100

Positive control corresponds to cells treated with triton X-100, to promotes the total

lysis.

Mitochondrial Activity Evaluation. Briefly, after 24 and 48 h of cells exposure to
MB-AuNPs and MB-AuNPs@BSA, 20 pL of CellTiter 96 AQueous Was added to each
well, and were left to rest for 2 h in a CO2 humidified atmosphere at 37 °C.

Absorbance was determined at 492 nm.

Evaluation of Cell Proliferation. Briefly, after 24 h of seeded the UROtsa cells in
96 well plate (1x10%well), MB-AuNPs and MB-AuNPs@BSA were added at
concentrations from 1x108 to 106 NPs/mL along with 10 pL of BrdU labeling reagent

[100 uM], and were reincubated 24 h at humidified atmosphere. After the 24 h, all
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medium was removed and was added 200 pL/well of FixDenant solution and left to
rest for 30 min at ambient temperature, this solution has the function of fixing cells
and denature DNA, to facilitate the access to incorporated BrdU. Then, all liquid was
removed and was added 100 pL/well of 1:100 monoclonal antibody conjugated with
peroxidase (Anti-BrdU-POD), and was left to rest for 90 min. Later, the liquid was
removed and the wells were washed with PBS 1X (Phosphate Buffer Saline), with
the end of removing the free antibodies. Finally, to each well was added 100 pL of
substrate solution (tetramethyl-benzidine) and was left to rest at ambient
temperature for 30 min. Before the UV-Vis analysis, 25 pL of H2SO4 [1M] was added
per well to stop the reaction. The readings were acquired at 450 nm, using 690 nm
as wavelength reference, the one-way reverse ANOVA method was used to

analyzed the readings.
5.3.2. Cytotoxicity Assays in Cultured ADSCs

For the evaluation of toxicity due to accumulation of MB-AuNPs in adipose tissue,
assays of cell proliferation were carried out in subcutaneous adipose-derived stromal
cells (ADSCs).

Materials and methods

The ADSCs were inoculated in 24 well-plate (1x10* cells/well) in L15 medium
supplemented with 10 % of fetal bovine serum (Basal Medium, BM). After 48 h, cells
were rinsed with PBS, and new medium with MB-AuNPs@BSA were added, at
increasing concentrations of NPs (see Table 5.3). After 24 h of exposure to NPs, the
wells were rinsed three times with PBS and re-fed with BM. The cells were
maintained at conventional atmosphere, at 37°C in a humidified 5% CO2 atmosphere
with changes of medium every three days. Cell morphology was evaluated with
bright field optical microscopy and cell viability was monitored for several days by

direct cell counting in a hemacytometer.
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Table 5.3. MB-AuNPs concentration

pgr Nanoparticles Au Mol
35 2.6 x 107 3.6 UM
1.75 1.3 x 108 18 uM
35 2.6 x 108 36 uM
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5.4. Assembly of Results and Discussion

Cytotoxicity Assays in Cultured Urothelial Cells

The Fig. 5.8 presents the micrographs acquired of UROtsa cells cultures exposed at
the concentration of 5.2x10° MB-AuNPs/mL and MB-AuNPs@BSA. In the
micrographs can be observed that, there is no visual chances in the cells walls

neither in the nucleus due to exposure of NPs.

Control

200 Pixel
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Figure 5.8. Morphological evaluation of UROtsa cell exposed for 24 h to MB-AuNPs.

The results of LDH assay (Fig. 5.9) that evaluate the membrane integrity, showed a

bimodal behavior in both types of NPs. A decrease in cytotoxicity is observed as the
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concentration of NPs diminish form 107 NPs/well, and later is an increase for order
of NPs concentration of 10°-10* NPs/well. The increase in LDH release, may due to
an internalization of NPs in the cell, because at major NPs dispersitiy in the medium
cell, NPs can interact singularly with the cells. In all evaluations, the cytotoxicity in
minor for MB-AuNPs@BSA, this may be an indicative of better biocompatibility of
NPs, when are conjugated with the protein. From the results can be observed that
for 24 and 48 h assays, the concentration of less toxicity was in the order of 10°
NPs/well for MB-AuNPs@BSA.

24 h 48 h
0.30- - {
0.25 -
0.20 -
S
®
<
Q 0.15 1 -
®
2
o
8 010 .
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0.00 - -
control0r710761075107410"3  Contral0"71076 10751074 10A3 NPs/well
[ MB-AuNPs I MB-AuNPs@BSA
Figure 5.9. LDH-bassed cytotoxicity evaluation of UROtsa cells exposed to different

concentrations of MB-AuNPs (NPs/mL) naked or conjugated with BSA

The analysis of the mitochondrial activity (MTS assay) is presented in Fig. 5.10. At
concentrations of 10° NPs/well a decrease in mitochondrial activity is detected for
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24 and 48 h when MB-AuNPs@BSA are used. At 48 for same NPs, higher
mitochondrial activity is observed for the lower concentration of NPs.

24 h 48 h
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[ MB-AuNPs [l MB-AuNPs@BSA

Figure 5.10.  MTS quantification of UROtsa cells by absorbance spectroscopy at 490 nm, the
measurement was realized after 24 and 48 h of exposure to MB-AuNPs and MB-AuNPs@BSA.

According to LDH assay, it is possible that direct interactions of NPs with cells occurs
at concentrations from 10° to 10% NPs for well. Besides, we have to consider the

possible internalization because of BSA conjugation.

The 48 h MTS assays results show an increase in activity of succinate
dehydrogenase, this effect can be associated to major mitochondrial activity for the
MB-AuUNPs interaction, or to a higher proliferation of UROtsa cells, then, for better
understanding of NPs effect in cellular activity, we opted for evaluate the cells

proliferation throw incorporation of a nitrogenous base analogue to cellular DNA. For
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this assay, ELISA kit for quantification of incorporated BrdU in proliferating was used,

the analysis of readings are showed in the next figure.

24 h
0.7-

0.6
0.54
0.4 4

0.3 4

Absorbance, a.u.

0.2 4

0.1+

0.0
control 00710761075107410"3

[ MB-AuNPs

48 h

control 0071076 10"51074 10”3

Il VB-AuNPs@BSA

Figure 5.11. BrdU incorporation assay in UROtsa cells exposed for 24 and 48 h to MB-AuNPs

and MB-AuNPs@BSA.

Results from BrdU incorporation, suggest that MB-AUNPs@BSA promotes an

increase in UROtsa cells proliferation. The effect is more perceptible when the NPs

concentration is decreased, it could be due to less agglomeration of NPs and better

interaction of single NPs to cells.

Cytotoxicity Assays in cultured ADSCs

After exposure of ADSCs to MB-AuNPs@BSA, morphological evaluation and cell

proliferation was performed by direct observation of the cells by bright field
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microscopy. At the morphological evaluation (see Fig. 5.12) , no perceptible damage

to structure and to cellular proliferation was observed.

Day 3

Figure 5.12. Optical micrographs capture of cells wells exposed to MB-AuUNPs@BSA, acquired at
20X. A monolayer proliferation and structure integrity is preserved.
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Figure 5.13.  Cell proliferation of subcutaneous adipose-derived stromal cells (ADSCs) expose to
increase concentration of MB-AUNPs@BSA.

Besides the observation of monolayer proliferation of cells, the wells were monitored
for several days by direct cell counting in a hemacytometer, the analysis are
presented in the graph of Fig. 5.13. The data corresponds to mean value of two
wells. The red arrow indicates the day when the NPs were added to BM. The

counting was performed at 48 and 72 h after the BM with NPs was changed.
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6. General Conclusions

It is presented a seeded-growth synthesis method that uses non-aggressive
chemicals for obtaining multi-branched gold nanoparticles and secondary growth
branching by tuning the seed size. Analysis of the UV-Vis spectra and SEM
micrographs allowed us to understand the role of each reactant in the final shape
and optical response of the nanoparticles. The HEPES molecule was used as
directing shape agent, it mainly directs the grow of tips from seeds with a random
order; and the hydroxylamine was the surface reducing agent that also can act as a
directing shape agent, but this role secondary to the reducing role. A faster depletion
of the reactants (by higher concentration of hydroxylamine) during the grow reaction

promotes the growth of larger tips with second-order branches.

We have determined that the synthesized multi-branched gold nanoparticles
increase the temperature in a localized area irradiated with a 785 nm laser. The
temperature increment recorded was AT~ 5 °C, which is good enough for effective
and minimally harmful gold nanoparticles based photothermal therapy techniques.
Also, the 16MB-AuNPs embedded in the phantom gel is a system that rapidly
absorbs the proper incident energy, achieving a plateau of constant temperature
within 60 s which is consistent during three different cycles. This evaluation indicates
that MB-AuNPs are an interesting system for been tested as nanoantennas in
biological models. Furthermore, the evaluation of their photo-thermal behavior in
cultured cells is necessary before tests in in-vivo models. We also propose to carry
on the test with an irradiance lower that the ANSI regulation and because the
experimental conditions reached in our phantoms, we expect that the transduction
of light into thermal energy will be more effective, due to the limitation of MB-AuNPs

reshaping.

The complex designed with the MB-AuNPs conjugated with bovine serum albumin
MB-AuNPs@BSA has been proved to be stable as it has a z-potential of -29.66 mV,
also the protein preserves the main function after interaction with gold surfaces, the



Raman spectra show the preservation of the a-helix structure, we also observed
vibrations of the HEPES molecule, which may indicate that after conjugation the
HEPES is partially replaced by the protein. The bonding of the complex to cibacron
blue, indicates the signal preservation of protein, which will allow to the protein to
perform the function as vehicle until aloumin receptors are reached. Finally, is

concluded that a full coverage protein corona y generated around the nanoparticles.

If our complex system is suitable as nanoantenna for localized photothermal
therapies, we considered important to evaluate the cytotoxic effect of the complex in
their passive state, this means when is not acting as heat transducer and interacts
with normal cells. The in-vitro cytotoxicity assays show no significant toxic response
from urothelial and preadipocytes cells when are exposed to MB-AuNPs@BSA. Cell
membranes were no affected, neither proliferation and cells continued growing in
monolayer; also the mitochondrial activity remain stable. We consider important the
further analysis of NPs-cell interaction, by another assays that will provide better
idea of the physical mechanism of interaction, and conclude if there is cell

internalization of NPs.

Systems as MB-AuNPs@BSA have promising properties, and have given an idea of
the path to follow in order to design nanomaterials suited for nanomedicine

applications.
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Nanoheaters are promising tools for localized photothermal therapy (PTT) of malignant cells. The anisotropic AuNPs present
tunable surface plasmon resonances (SPR) with ideal NIR optical response to be applied as theranostic agents. To this purpose,
nanoparticles with branches are suitable because of the electromagnetic field concentrated at their vertices. We standardized
a protocol to synthesize multibranched gold nanoparticles (MB-AuNPs) by the seed-growth method and found a size-seed
dependence tunability on the hierarchy of branching. Once the optical response is evaluated, we tested the temporal stability as
nanoheaters of the MB-AuNPs immersed in skin-equivalent phantoms by dynamic infrared thermography (DIRT). The most suited
sample presents a concentration of 5.2 x 10° MB-AuNPs/mL showing good thermal stability with AT = 4.5°C, during 3 cycles of
10 min at 785 nm laser irradiation with power of 0.15 W. According to these results, the MB-AuNPs are suitable nanoheaters to be

tested for PT'T in more complex models.

1. Introduction

The last twenty years’ research reports on nanostructured ma-
terials clearly indicate their potential to develop new tech-
nologies for different specialized areas. The extensive investi-
gation work in shape controlled synthesis of metal nanopar-
ticles (NPs) has allowed the achievement of structures with
complicated geometric forms and the use of nontoxic chem-
icals for their synthesis. Gold plays a particular and special
role in this area of size and shape controlled synthesis, and
because of their properties, those NPs are studied for tech-
nological applications in fields such as renewable energies,
catalysis, medicine, and photonics. Because of the optical and
low-reactive properties of gold nanoparticles (AuNPs), they

have been considered for medical applications as theranostic
agents, which means that they can be simultaneously used for
drug delivery [1], medical imaging [2-5], localized photother-
mal therapy (PTT) [6], and biological sensing [7, 8].
Nowadays, for some specific theranostic applications
AuNPs are designed with anisotropic shapes, characteristic
that tunes their surface plasmon resonance (SPR) from the
visible to the near (NIR) and middle infrared (Mid-IR) re-
gions of the spectra, also presenting local concentration of
electromagnetic fields on the vertices [9]. The most common
anisotropic AuNPs studied and used have been the gold
nanorods (AuNRs) and stellated or spiky AuNPs, here termed
multibranched gold nanoparticles (MB-AuNPs). The fact that
NIR absorbance of MB-AuNPs fits the so-called therapeutic
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window present in the human tissue (700-1200 nm) [10], a
spectral region where maximum penetration of light occurs
due to the minimal absorption of blood components, such
as hemoglobin and water [11], is important for these applica-
tions.

With the goal to apply these gold nanoheaters on the PTT
of cancer (localized heating for killing cancer cells) [12], we
have to understand their thermal response under controlled
conditions. Thermal response has been evaluated by dynamic
thermography technique, as infrared imaging tool for real-
time recording of the temperature increases (AT). Since the
evaluation of nanosystems in real tissue samples presents
many out-of-control factors, such as the complexity in the
formation of protein corona on the nanoparticles and their
interaction with the physiological cellular environment [13,
14], and besides the lack of the reproducibility of results due
to the difficulty in finding identical specimens, we decided
the use of gel phantoms as skin-equivalent model [12, 15-
17] which emulates the dielectric properties of the human
body surface. Previous reports had evaluated the thermal
response of AuNRs [18] in agar phantoms with intralipid® (fat
emulsion) as scattered agent [19] and suggested to be effective
for tumor irradiation of 10 mm depth from the illuminated
tissue surface. We use for the accurate analysis of MB-
AuNPs nanoheaters an optimal agar phantom model, with
permittivity close to that of the human skin in the 60 GHz
band [20]. The skin-equivalent phantom uses polyethylene
powder (PEP) to decrease the real and imaginary parts of the
permittivity.

In this report we use the organic molecule HEPES, 2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid, as shape
directing agent. HEPES is one of the good buffers used in
cell culture [21] and is also used as reducing and shape
directing agent [22, 23] in the synthesis of nanoparticles
by wet-chemical [24-26] and hydrothermal methods [27].
The shape promoted by HEPES in nanoparticle formation is
mostly multibranched, varying from few to several peaks.

Previously reported seeded-growth synthesis protocol, in
which the HEPES act as directing agent and hydroxylamine
(NH,OH-HCI) [28-30], is used as reducing agent [31] over
the seeds surface; the hydroxylamine has the role of avoiding
new nucleation events during the peak growth stage. It has
been also reported that hydroxylamine influences or pro-
motes the growth of stellated gold nanoparticles [32]. Thus,
we start from this method that involves two molecules, both
with capping and direct-shaping properties. The function
of the HEPES and hydroxylamine during the growing stage
of peaks has been determined by our experimental design
on concentrations of the reactants. The seed-growth method
allows obtaining good monodispersity in the final product
shape and size. We also had found a size-seed dependence
tunability on the hierarchy of branching.

In this work, we evaluated the optical response of MB-
AuNPs by UV-Vis spectroscopy, and their morphology by
electronic microscopy (SEM and HRTEM). Particle density
was determined by inducted coupled plasma spectrometry
(ICP), and the temporal stability as nanoheaters was tested
in skin-equivalent phantoms by dynamic infrared thermog-
raphy (DIRT).

Journal of Nanomaterials

2. Materials and Methods

Deionized water was used for all experiments. The reagents
used for NPs synthesis were obtained from Sigma-Aldrich:
HAuCl,-3H,0, HEPES, NH,OH-HCI, and sodium citrate.
For the preparation of skin-equivalent-phantom, polyethy-
lene powder (PEP) was obtained from Baker, Agar from
Sigma-Aldrich, and TX-151 from Oil Center, and all reagents
were used as received without further treatment or purifica-
tion. All glassware was cleaned with aqua regia (HCl: HNO;,
3:1) and rinsed with plenty of deionized water. The samples
were characterized with UV-Vis absorption spectroscopy,
acquired on a Cary 60 UV-Vis-NIR spectrophotometer at
room temperature. ICP elemental quantification was per-
formed on Variant 730-ES spectrometer. The electron micro-
graphs were acquired in a transmission electron microscope
JEOL 2100, and scanning electron micrographs in a FEI-
Helios Nanolab. The X-ray diffractograms were obtained in a
Bruker DX-8 system at CuKa source of wavelength 1.54056 A.
The dynamic thermographs were taken at a distance of 0.3 m
from the skin-equivalent phantom [15, 33], using a high-res-
olution infrared camera with thermal sensitivity better than
40 mK and a 480x360 focal plane array of VOx microbolome-
ters (FLIR T600, FLIR Systems Inc., Wilsonville, OR). The
phantoms were evaluated with a 785 nm laser diode with a
spot size of 3.5 mm and optical power of 0.15 W. Temperature
measurements of the skin-like phantom were taken with
and without MB-AuNPs. Data was analyzed with FLIR-IR
Research software.

2.1. Synthesis of Multibranched Gold Nanoparticles (MB-
AuNPs) Using a Seed-Growth Method. The 16 and 18 gold
nanospheres (AuNSs) used as seeds were prepared by a
reverse-modified Turkevich method [34] by citrate reduction
of gold salt. Shortly, in a three-neck round-bottom flask
with a condenser mounted, a citrate solution was brought to
boiling by a heating mantle for 5 mins; then a gold solution
of initial concentration of 25 mM was added, and after a
light red ruby color appeared the system was left to react
for half hour. For the synthesis of 16 nm AuNSs, the total
concentration of sodium citrate and gold salt was 1.8 mM and
0.16 mM, respectively; and for 18 nm AuNSs were 0.75 mM
and 0.25 mM. After the reaction was completed, the seeds
solution was left to cool down at ambient temperature and
used without modifications.

For the MB-AuNPs synthesis we used three concentra-
tions of HEPES buffer [25, 50, 75 mM] as solution. Briefly,
under slowly stirring within an ice bath (~4°C) to 12.5mL
of HEPES 50 uL of AuNSs (16 or 18 nm) was added, as well
as 30, 60, or 120 uL of hydroxylamine [0.1 M], and finally
the dropwise addition of gold salt solution with rate of
0.375 mL/min to a final concentration of 0.07 or 0.13 mM. For
the reaction to be complete it is necessary to leave the sample
to rest 8 h in the fridge. The samples were washed three times
by centrifugation and a drop of the concentrated colloid was
deposited on an aluminum pin for SEM and on a lacey carbon
copper grid for HRTEM. For UV-Vis measurements, the
samples were analyzed as synthesized. The samples for ICP
quantification were centrifuged and the NPs concentrated
was dissolved in aqua regia.
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2.2. Fabrication of Skin-Equivalent Phantom. For the fabrica-
tion of the control phantom a previously reported protocol
was used, and the reagents concentration was maintained
[20]. The procedure is as follows: a Buchner flask with deion-
ized water and agar was heated until ~80°C under slow mag-
netic stirring and vacuum. Once the agar was dissolved and
the boiling point was reached, the vacuum and heating were
turned off, the TX-151 was added and mixed gently with a stir-
ring rod until its complete incorporation, and then the PEP
was added to decrease the real and imaginary parts of the per-
mittivity. After complete PEP incorporation the vacuum was
turned on for a moment to avoid bubbles in the final phan-
tom. Finally, the mix was placed into a petri box (¢ = 55 mm)
and left to solidify at ambient temperature. When phantoms
with nanoparticles were prepared, a 1x concentrated of
prewashed MB-AuNPs colloid was added and completely
incorporated before TX-151 addition. For comparison, other
phantoms with AuNSs were prepared, at the same NPs
concentration of MB-AuNPs.

3. Results

3.1. Multibranched Gold Nanoparticles (MB-AuNPs). In order
to prepare monodisperse MB-AuNPs, presynthesized gold
single-crystalline and multitwinned nanoparticles are used
as seeds for the growth of peaks [28, 29], which grow along
preferential crystallographic directions of the metallic core
[35]. According to previous reports, the capping agents [36]
have preferential adsorption by specific crystalline faces of the
metal seeds [37]; and this promotes an accelerated growth rate
along specific crystallographic directions [7, 32, 38-40].

The AuNSs, obtained by the reverse Turkevich method,
were monodispersed in size (see Figures 1 and SI-1); by ICP
spectroscopy was determined the concentration of 2.39 x 10"
and 3.66 x 10'' NPs/mL for 16 and 18 nm AuNSs, respectively.
We will see later that the structural characteristics of the
AuNSs will influence the growth process of peaks; as can be
seen in Figure 1(a), the 16-AuNSs present more symmetrical
shape and monocrystalline structure, being different from 18-
AuNSs samples (Figure 1(a)) that show multitwinned struc-
ture and nonspherical multifaceted shapes. During the stage
of peaks formation, the promotion of second-order branch-
ing (Figure 3) is up to the seed structure [41] and the stabilizer
agent protection [7] at the nanoparticle surface, observed in
the MB-AuNPs synthesized from 18 nm nanospheres (18 MB-
AuNPs), with 0.13 mM of gold salt. Also, we observed that
the growth mechanism of the MB-AuNPs is influenced by the
chemical characteristics of the reagents present in the growth
solution and by its molar ratio with respect to gold ions.

Therefore, both hydroxylamine and HEPES are dual
agents, with reducing and shape capabilities. Manipulation of
the role played by each reactive is made through experimental
conditions such as temperature (e.g., to slow the HEPES
reducing action) and concentration of hydroxylamine (using
the necessary to reduce the gold ions). Within the molar rates
used in this work, the hydroxylamine governs the reaction
kinetics and the final shape of the peaks and the HEPES
modulate the peaks growth. A simple way to know if the
HEPES has been or not contributing as reducing agent is by

means of UV-Vis spectroscopy (see Figure SI-2), since the
nitrogen species from degraded HEPES can be detected by
its absorption at ~346 nm [22]. It is important to mention
that, in the reaction where no hydroxylamine is used, the
color changes of the colloid take place slowly, evidencing that
HEPES is a slow reductor. Increasing the concentration of
HEPES (from 25 to 50 mM), the growth of narrow peaks is
promoted while the cores remain small. Then the addition of
hydroxylamine is necessary to modulate the kinetics without
excess of HEPES and will help to obtain better definition
on the peaks and a monodisperse size and shape sample
(see Figure SI-3). From the mechanism reduction of Au**
by hydroxylamine proposed by Minati et al. [42], the molar
ratio of Au3+:NH20H (1:3) was used to synthesize the
sample with 16 nm nanospheres (16 MB-AuNPs), in order
to avoid the intervention of HEPES reducing action (see
Figure SI-2). We observed that, when hydroxylamine is
present and increases its molar rate, the change of colors
gets faster indicating the necessary use of a mild reducing
agent (hydroxylamine) simultaneously with a directing shape
agent (HEPES) for better anisotropic growth. We also have
determined that an excess of hydroxylamine promotes the
second-order branching in 18 MB-AuNPs, which was synthe-
sized with molar rate of Au**:NH,OH of 1:6 (see Figure
SI-4).

It had been reported that the size of the NPs used as seeds
influences the shape of final products [30, 43]. In our results
we observed that from 16-AuNSs, MB-AuNPs of 80 nm of
diameter can be obtained, synthesized with 0.07 mM of gold
salt (16 MB-AuNPs, see Figure SI-5), and the colloid presents
a maximum absorbance at 728 nm (Figure 2). On the other
hand, dendritic growth is only perceptible in 18 MB-AuNPs
(Figure 3), even if the concentration of gold ions is increased
in the samples synthesized from 16-AuNSs (see Figure SI-6).
The increase in gold ions leads to bigger cores and smaller
length of peaks, due to an addition of gold atoms between
peaks for minimization of energy, instead of the growth of
longer peaks [44, 45].

At this stage we have shown that both sets of samples
(16 and 18 MB-AuNPs) present good optical response for
being used as nanoheaters. The next criteria for choosing a
sample is the critical size for being used in an in vitro or
in vivo environment. Thus, we decided the use of 16 MB-
AuNPs for being tested as nanoheaters; however, the optical
response of 18 MB-AuNPs in the 830 nm (Figure 3) is suitable
for applications in nanostructured system for SERS [46].

3.2. Thermal Response of MB-AuNPs. Infrared (IR) imaging
is based on the fact that any object at a temperature above
absolute zero (-273°C) will emit IR radiation, even if only
weakly. The human body has a low thermal emittance,
radiating in a wavelength range that starts at around 3 ym and
peaks in the vicinity of 10 ym and trails off from this point
into the extreme IR and, negligibly, beyond it. The emissivity
of human skin has a constant value between wavelengths of
2 and 14 ym of 0.98 + 0.01 for black skin and 0.97 + 0.02 for
white skin [47]; thus, human skin has a known and almost
invariant emissivity in this wavelength region that makes IR
imaging an ideal procedure to evaluate surface temperature of
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FIGURE 1: (a) SEM micrograph of 16 + 1.69 nm of spheres gold nanoparticles (16-AuNSs). (b) TEM micrograph of 18.18 + 2.33 nm sphere

gold nanoparticles (18-AuNSs) used as seeds.
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FIGURE 2: (a) SEM micrograph of 16 MB-AuNPs synthetized with 16-AuNSs. (b) UV-Vis spectra of 16-AuNSs and 16 MB-AuNPs with a band

centered at 520 nm and 729 nm, respectively.

the human body [48, 49]. Because of the above arguments, the
skin-equivalent phantoms with 0.62+0.01 reported emittance
[17] is a well suited model for IR thermal evaluation.

The thermal response of 16-AuNSs and 16 MB-AuNPs was
evaluated inside the skin-equivalent phantoms by dynamic
thermography. The samples were irradiated at 0.15 W power
laser by 3 cycles of 10 mins and recorded with an IR camera,
and the thermographs shown at Figure 4 were extracted
at 555s using the FLIR-RIR software, which allows the
analysis of single points, line profiles, and averages of cir-
cle/rectangular areas. The plot in Figure 4(a) shows data from
a line profile analyzed at different times, and it clearly can be
observed that not only the incident laser area has been heated

but also there is a radial propagation by diffusion of the gen-
erated heat; thus there is energy transmitted to the adjacent
regions due to the immersed NPs. This effect is also observed
in the control phantom analysis, but over a smaller area and
with more uniform temperature as can be seen in Figure SI-7.
Figure 4(b) reports the information on how fast the system
absorbs the energy, achieving constant temperature at early
irradiation times (60 s). This was also performed for evidence
the continuity of the thermal response of immersed 16 MB-
AuNPs in the phantom as a function of time.

The plot in Figure 5 corresponds to a dynamic thermal
analysis, and from it we can appreciate the difference in
the temperature reached by the three phantoms: the largest
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FIGURE 3: SEM micrographs (a) of 18 MB-AuNPs with second order branches and UV-Vis spectra (b) of 18-AuNSs and 18 MB-AuNPs; they
have a band centered at 524 nm and 830 nm, respectively.
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increase of localized temperature is measured in the sample
prepared with 16 MB-AuNPs, compared to the phantom with
16-AuNSs and the one without the addition of NPs, used as a
control.

A red-shift of the LSPR is present for anisotropic MB-
AuNPs compared with spheres (see Figure 1), and a substan-
tial increase in the heating efficiency with respect the sphere
is expected. In our results, the maximum temperature incre-
ment in 16 MB-AuNPs phantom was achieved in 60s and
maintained during all the laser irradiation. This temperature
increment is AT = 4.5°C and when the light source is turned
off, a fast decay is observed. The comparison between the
AuNSs and MB-AuNPs at the same concentration shows the
evident increase of thermal response due to the anisotropic
shape of MB-AuNPs and the localized SPR’s synergy, because
the MB-AuNPs absorbs closer to the wavelength of laser
irradiation. In the case of the phantom with 16-AuNSs, the
increment in temperature can be described for the excitation
of hot-spots created in the interaction among spherical
NPs [50, 51]. The fact that there were not physical changes
observed in the phantoms under laser irradiation, as leaking
or deformation, even after the three cycles evaluation is
important to mention.

4, Discussion

We have shown that the control on the width, the length, the
number of peaks, and the degree of dendritic growth gives
rise to an easy tuning of the plasmon resonance spectra [6]
and their corresponding higher transduction of light into
heat, and therefore gold nanoheaters are good candidates for
IR absorption for efficient photothermal therapy of malignant
cancer cells.

The structural characteristics of the AuNSs influenced the
degree of ramification of the nanoparticle tips, resulting in
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second-order branches for MB-AuNPs synthesized from 18-
AuNSs, which present crystalline defects promoting directed
anisotropy. From 16-AuNSs we could obtain monodisperse
samples. After analyzing the impact of HEPES and hydrox-
ylamine on the final tips shape, we estimated that the optimal
molar ratio of hydroxylamine: Au ions is 3:1, where this
amount is enough to avoid the intervention of HEPES in the
reduction. Even if an excess of hydroxylamine may resultin a
better definition of tips, it can also cause the agglomeration of
MB-AuNPs, due to the resulting high ionic force of the solu-
tion, that could not be used for clinical applications, and the
same argument is valid for higher concentration of HEPES
(75 mM). On the other side, the increase on the molar con-
centration of Au ions (and necessary hydroxylamine) leads
to bigger cores and smaller length of tips; thus it shifts the SPR
to lower wavelengths making them not practical for PTT.

Regarding the dynamic thermography results for 16 MB-
AuNPs, we found that not only the incident laser area is being
heated, but also there is a radial propagation of the released
heat, which means there is transmission of energy around
the adjacent region of the spot due to the immersed NPs.
Therefore, the addition of MB-AuNPs results in the produc-
tion of more efficient centers for scattering and reemission
of energy.

The temperature increment achieved by the nanoheaters
in this work (AT ~ 5°C) is good enough for effective and min-
imally harmful gold nanoparticles based photothermal ther-
apy techniques [52]. This temperature increment from multi-
branched gold nanoparticles immersed in a phantom gel (as a
model approach for the real environment in bioapplications)
satisfies biomedical requirement for the treatment of superfi-
cial diseases (mycoses, fungal infections, and many different
types of skin cancer) [53].

5. Conclusions

A synthesis method that uses nonaggressive chemicals for
obtaining multibranched gold nanoparticles and secondary
growth branching by tuning the seed size is presented. Anal-
ysis of the UV-Vis spectra and SEM micrographs allows us to
understand the role of each reactant in the final shape of the
nanoparticles. The HEPES molecule mainly grow tips from
seeds with a random order; and the hydroxylamine can act as
a directing shape agent, but this role only follows after its
reduction role has been finished in the reaction. A faster
depletion of the reactants (by higher concentration of hydrox-
ylamine) during the grow reaction promotes the growth of
larger tips with second-order branches.

We have determined that the synthesized multibranched
gold nanoparticles increase the temperature in a localized
area irradiated with a 785 nm laser. The temperature incre-
ment recorded was AT = 4.5°C. The 16 MB-AuNPs embedded
in the phantom gel is a system that rapidly absorbs the proper
incident energy, achieving a plateau of constant temperature
within 60 s which is recovered during at least three different
cycles. This evaluation indicates MB-AuNPs as an interesting
system for being tested as nanoheater in biological models.
Furthermore, the evaluation of their photothermal behavior
in cultured cells is necessary for their direct application in
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medicine. We also propose to carry on the test with an irradi-
ance lower than the ANSI regulation. Due to the experimen-
tal conditions reached in our phantoms, we expect that the
transduction of light into thermal energy will be more effect-
ive, due to the limitation of MB-AuNPs reshaping.
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Supplementary Materials

Figure SI-1. Histograms of diameters and frequency distri-
bution data of populations of (a) 200 AuNSs for 16-AuNSs
and (b) 100 for 18-AuNSs. Figure SI-2. The increase of the
molar concentration of HEPES promotes strong anisotropic
formation of the MB-AuNPs. Figure SI-3. Scanning electron
microscopy micrograph of 16 MB-AuNPs; the monodisper-
sity and nonagglomeration of the NPs can be observed.
Figure SI-4. Diagram of the concentrations of reactants
used for the samples analyzed. Figure SI-5. Histograms of
diameters and frequency distribution data of populations
of 50 16 MB-AuNPs. Figure SI-6. SEM micrographs of MB-
AuNPs synthesized in a medium of HEPES [50 mM], with a
molar ratio Au3+/NH2OH of1: 3, with (a) 16-AuNSs and (b)-
(c) 18-AuNSs. Figure SI-7. Thermography of skin-equivalent
phantom used as control. (Supplementary Materials)
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