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Materials by themselves do nothing; yet without materials man can do nothing. Nature
itself is a self-ordered structure which developed through time by the utilization of the same

properties of atomic hierarchy that man presides over in his simple constructions.
Materials and Man's Needs: Materials Science and Engineering; Summary Report, 1974

Preface

The use of materials is huge and diverse. The relationship between man and materials has
been occurring since the beginning of humanity, such it is so the materials themselves gave
their name to the different ages of civilization. For this reason there is a need to understand
the materials, resulting also in the development of current technology.

Nanoscience and nanotecnology is a very recent research field, formally taking place since
80’s. Actually, all related to “nano” including nanotechnology, nanomaterials,
nanoparticles and nanostructures have now become common words not only in research
publications but also in daily life. Nanostructured materials are widely used in different
applications in electronic and medicine fields. In specific as biosensors, optical filters, low-
threshold laser, controlled drug delivery and imaging.

As well as has been studying, the optical properties of nanostructures are greater than
micro- and macrostructures, and this is due to the size, at first because is comparable to
Broglie wavelength and then because increases the number of atoms on the surface in
relation to the total number of atoms in the crystal, which is that surface/volume ratio
increases resulting in a rise in dispersion in crystal systems. Optical phenomena occurring
in { nano )} materials involve interactions between electromagnetic radiation and atoms, ions
and/or electrons. Such as the case of up-conversion emission (UPC) or two-photon imaging
(TPI), which permit non-invasive imaging of subcellular components with the ability to
penetrate tissues hundreds of microns. Moreover morphological and fluorescence
quantification from TPI of endogenous fluorophores could be helpful to compare cancerous
and precancerous from normal tissue. Besides TPI has the capability to supervise a variety
of biomolecular markers that are strongly indicative of cancer. By the use of this technique
there is an extensive research of the use of traditional fluorophores as well as new different
luminescent contrast agents such as quantum dots and metallic nanoparticles.

As part of the study of electronic interactions, the surface plasmon resonance takes place as
an indispensable tool for the extensive comprehension of nanoparticles optical properties
due to it gives information related of size and shape. When size and shape change the
interaction between surface and electric field changes, red-shift was produced from the
deviations from spherical geometry. For non-spherical particles, the resonance wavelength
depends on the orientation of the electric field relative to the particle. The optical properties



of non-spherical particles are highly affected due to size variations of anisotropic shapes
and this is because the quite differences in frequencies associated with the various
resonance modes.

Besides, surface plasmons are especially useful to chemicals because their oscillating
electric field amplifies much some optical phenomena such as Raman scattering. Actually,
there are so many studies of different nanomaterials that increment raman signals (SERS
technique) to detect molecules at low concentrations, it has been used to detect low
concentration of biological samples of some diseases such cancer, Alzheimer (b-amyloid
peptide) and Parkinson (dopamine depletion). In the study of SERS processes, it is
generally accepted that electromagnetic enhancement and chemical enhancement
mechanisms are the principal phenomena involved in the amplification of Raman signals,
the success of SERS is highly dependent on the interaction between adsorbed molecules
and the surface of plasmonic nanostructures. However, the need to have specific devices,
dry substrates or determined nanoparticle arrengements involves time and money, that is
why less-expensive and fast methods are in continuous research and development. On the
other hand, for biomedical applications, imaging is favored by the nanoparticles scattering
and/or the upconverted luminescence of nanocrystals.

In this way, in this thesis is reported the use of conjugated ZrO2:Yb**-Er** nano-powder as
cellular biomarker having obtained important results in HelLa-Cells. Resulting in a
promisory conjugation protocol for biolabeling that could be an alternative to afford stable
colloidal dispersions of nanoparticles in water and efficiently label cancer cells. Moreover
gold nanoparticles for imaging of cervical tissue, nowadays one of the principal techniques
of analyze cervical tissue damages is by determine modifications in cell structures,
observing the growing of nucleus and the distribution in the epithelial membranes. It can
also find cervical cancer early, in its most curable stage. By marked cervical tissue with
gold nanoparticles we have obtained promising results in two-photon imaging,
photothermal ablation and SERS signals of the biological samples in the NIR regions. This
is important because in these regions several advantages are present such as avoiding
tissues autofluorescence, better contrast, penetrations to several microns and low tissue
damages. Finally it is reported the application of gold nanostructures to detect low
concentrations of Rhodamine B as starting point for the study at low concentrations
because to its distinct Raman features and adsorbability onto nanoparticles and a-glucose in
water, which is very important due to the difficulties in glucose detection due to its low
Raman scattering cross section, the mesurements of glucose has been interesting as proper
monitoring of diabetes mellitus requires effective screening of glucose levels within human
blood, besides the samples were measured in liquid which improve the time of results
acquisitions. Taking into consideration the following objectives:



General Objective:

Implement a method to obtain metallic and ceramic nanoparticles with controlled size and
shape that are highly stable and reproducible, to control their optical properties as well as
their interaction with biological samples, as well as the detection of specific analytes at low
concentrations in near infrared regions.

e Synthetize doped-zirconia nanocrystals and establish a preliminary protocol to
functionalize them by adding cancer biomarkers.

e Establish a preliminary marking protocol to internalize doped-zirconia nanoparticles
into HeLa cells.

e Synthetize gold nanoparticles with controlled size and shape.

e Establish a preliminary protocol of tissue staining witn gold nanoparticles and its
characterization by Confocal Microscopy and Raman Spectroscopy.

e Depositing and controlling a silica layer on the gold nanoparticles to control the
interaction between them.

e Study the effect of gold nanoparticles shape and size in optical properties, LSPR
and SERS response for detection of different molecules at low concentrations.

So is that, this work will be divided in an introductory chapter, four chapters to describe the
research and results obtained in this project, and the last one for general conclusions and
they were presented as follows:

Chapter 1. In this chapter are discussed general concepts of nanomaterials and their
bioapplications in addition to the different methods of synthesis and optical and
morphological characterization. Besides, the standard method to analyze human tissues will
be explained. These concepts are important to the complete understanding of the following
chapters.

Chapter 2. Here it will be described the use of doped-zirconium nanocrystals (non- and
functionalized) for the internalization in cervical tissue and HeLa cells, besides their
confocal characterization. The internalization of the conjugated nanoparticles in HeLa cells
was followed by looking at their strong red luminescence using two-photon confocal
microscopy. The results show the successful uptake of conjugated ZrO2:Yb3+-Er3+
nanoparticles in HelLa cells giving a promising method for labeling different types of
cancer cells for biosensing and bioimaging purposes.

Chapter 3. In this chapter will be described the use of gold nanoparticles as markers for
biological samples such as HeLa cells and cervical tissue, this is due to gold nanoparticles



are biocompatible and could present a large two-photon action cross-section that is why
these optical properties make gold nanoparticles an attractive contrast agent for biomedical
imaging of highly scattered tissue. The use of gold nanoparticles can expand the
capabilities of TPI to allow noninvasive imaging of a variety of new molecular signatures.

Chapter 4. In this chapter is shown the synthesis and characterization of Multi-branched
gold nanostructures un-covered and covered with a silica shell (MBGNs and MBGNs-
silica, respectively) as well as their use as SERS substrates for low-concentration detection
of Rhodamine B and a-Glucose. In this thesis were analyzed MBGNs and MBGNs-silica
coating to enhance the Raman signal, in this case with the presence of silica coating it is
promoted the aggregation and a stronger interaction with RB and a-glucose improving the
SERS signal. The successful detection within a clinically relevant concentration range
shows the promise of the MBGNs and MBGNs-silica as potential SERS substrates for
detecting molecules that strongly interact with silica coating or MBGN surface itself.

Chapter 5 General Conclusions

NOTE: This thesis includes material from three published papers by the author. Chapters 2
and 4 use materials from the articles: Tzarara LOpez-Luke, Jorge Oliva, Juan Vivero-
Escoto, Ana Lilia Gonzalez-Yebra, Ruben A. Rodriguez Rojas, Andrea Martinez-Pérez,
and Elder De la Rosa [1]. And coauthored with Tzarara Lopez-Luke, Alejandro Torres-
Castro, Damon. A. Wheeler, Jin Z. Zhang and Elder De la Rosa [2].
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Resumen

En el presente trabajo se sintetizaron nanoparticulas de oxido de zirconio dopadas con
yterbio y erbio (2% y 1%, respectivamente) y oro, las cuales presentan propiedades Opticas
interesantes para el uso en bio-aplicaciones, como es el caso de conversion hacia arriba
(ing. up-conversion) y luminiscencia por absorcion de dos fotones, en las cuales la
excitacion se da en el cercano infrarrojo. Para el marcaje de células HeLa, las

nanoparticulas de ZrO»:Yb*' Er¥* se conjugaron con biotina y anti-Ki67, para
posteriormente incubarse en estas células habiendo obtenido resultados prometedores
debido a la fuerte emisién roja de estas nanoparticulas ademas que no se habia hecho el
marcado de células con éste tipo de material. Por otra parte las nanoparticulas de oro,
sintetizadas por el método Turkevich, fueron usadas como marcadores del tejido de Cérvix
resultando ser una buena opcion de marcaje debido su capacidad de presentar luminiscencia
de dos fotones resultando en una buena opcion para imagen de muestras bioldgicas, ademas
que se hizo el andlisis de los tejidos por espectroscopia raman siendo realzada la sefial de
estos, pudiendo observar resultados preliminares para el estudio de diferencias entre tejido
sano y con presencia de carcinoma. A partir de estas particulas esféricas usandolas como
semillas se obtuvieron nanoestructuras multi-picos de oro, sin necesidad de usar surfactante
a la cuales posteriormente se les coloc6 un capa de silica para mejorar su estabilidad,
posteriormente cuando se tuvo controlada la sintesis de estas nanoestructuras, se hicieron
pruebas para determinar su efectividad en espectroscopia Raman como substratos para
obtener sefiales realzadas (SERS), para lo cual se pudieron obtener importantes resultados
ya que se detectd de Rodamina B y a-Glucosa en liquido a concentraciones de 50 pM y 5

mM (90 mg dL-1) respectivamente excitando con un laser de 785 nm.



Summary

In this thesis, nanoparticle of zirconium oxide doped with ytterbium and erbium (2% and
1%, respectively) and gold, which have interesting optical properties for use in bio-
applications, such as up-conversion and luminescence by two-photon absorption, in which
excitation occurs in the near infrared. For labeling of HelLa cells, the nanoparticles of ZrO:
Yb*, Er** were conjugated with biotin and anti-Ki67, later incubated in these cells having
obtained promising results due to the strong red emission of these nanoparticles in addition
that had not made the marking cells with this type of material. Moreover gold
nanoparticles, synthesized by the Turkevich method, were used as markers of Cervical
tissue out to be a good option for marking due to its ability to present luminescence two-
photon resulting in a good choice to image biological samples, as well that the analysis of
the tissues was being enhanced raman spectroscopy signal, being able to observe
preliminary results for the study of differences between healthy and carcinoma tissue. From
these spherical particles by using them as seeds, multi-branched gold nanostructures
(MBGNSs) were obtained, with non-surfactant to which subsequently were pladded a silica-
coating to improve stability, later when had controlled synthesis of nanostructures, MBGNSs
were proven to determine its effectiveness in Raman spectroscopy as substrates for
enhanced signals (SERS), for which we could obtain significant results since it was
detected Rhodamine B and a-glucose in liquid at concentrations of 50 pM and 5 mM ( 90

mg dL-1) respectively with a laser exciting 785 nm.
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1.1 Nanomaterials

As has been widely studied, the use of nanomaterials (accidentaly or not) has been taking place in
some historical stages, like The Lycurgus Cup (4™ Century, Roman period) in this example of
dichroic glass, modern analytic methods have discovered that colloidal gold and silver particles
(~70nm) in the glass allow it to look opaque green when lit from outside but translucent red when
light shines from the inside [1, 2]. Later, glowing, glittering “luster” ceramic glazes used in the
Islamic world (9"-17" Centuries) and subsequently in Europe, contained silver or copper or other
metallic nanoparticles [3]. Another example is the “Damascus” saber blades (13"-18" Centuries),
that contained carbon nanotubes and cementite nanowires resulting in an ultrahigh-carbon steel
formulation that conferred them strength, resilience, the ability to hold a keen edge, and a visible
moiré pattern in the steel that give the blades their name, this was corroborated by High-resolution
transmission electron microscopy where some images of carbon nanotubes were obtained after

dissolution in hydrochloric acid, showing remnants of cementite nanowires encapsulated by

carbon nanotubes [4].

In 1959 Richard Feynman of the California Institute of Technology gave what is considered to be
the first lecture on technology and engineering at the atomic scale [5], "There's Plenty of Room at
the Bottom™ at an American Physical Society meeting at Caltech. In that lecture Feynman
explored, apparently simple, possibilities of working at the atomic scale which would have
amazing results. He mentioned ideas such as writing at small scales, manipulations at atomic level,
as well as designing molecules one atom at a time and the challenges involved in developing
miniature machines. Although atoms were seen for the firt time in 1955, developments in electron
microscopy were taking place even before Feynman's lecture. Remarkable advances have been
made on the nanoscale, such as developments in lithography, the discovery of fullerenes and

improvements in microscopy that have made it possible to see, name and move atoms at will [6].

The concept of 'nano’ refers to 1x10° m, that is to say one billionth of a meter. Having said that, a
Nanoparticle is defined as an atomic arrangement with a size range of 1-100 nm [7]; however,
there are some particles bigger than 100 nm that show similar behavior as ones of nanometric
scales, these nanoparticles demonstrate unusual catalytic, optical and electronic properties in
contrast to bulk materials. This is due to the surface/volume ratio resulting in an increase in their

interface interacting atoms. These properties vary with the manufacturing technique used for
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controlling their size and shape, thus making them interesting building blocks for nanoscale

structures, assemblies and devices.

Their optical properties are closely related to the electrical and electronic properties of the
material; however, other factors are also involved when dealing with optical properties. For
nanometric scale, particles are confined in dimensions that are smaller than the wavelength of light
therefore the physics of these systems cannot be explained by classical theories but requires

quantum mechanics. That is why the study of these properties is important.

At this time there are many types of nanoparticles, such as those that have different shapes as
nanospheres, nanorods, nanocrystals, nanolayers, nanostars, nanocubes, quantum dots, nanofibers,
nanoporous, nanobars, and others. Moreover, nanoparticles have potential in different applications
as well as end products, like sensors, pharmaceutical drugs and quantum dots, or as part in end
products, like carbon black in rubber products. The physical and chemical properties of
nanomaterials facilitate interface electronic signal transduction with biological recognition events

and to design advanced and innovative bioelectronic devices.

In this work we will present the synthesis and applications of gold and doped zirconium oxide as
biomarkers in biological samples, this interest born from the optical properties of these materials,
firstly gold nanoparticles have interesting properties like the possibility of changing the surface
plasmon resonance (SPR) from visible to near infrared regions and this is caused by varying their
size and shape with is useful for medical application, another important property is to present two
photon luminescence which is useful for imaging due to the advantages like high cross section and
contrast, low damping and biocompatibility, another use of gold nanostructures is the capability of
serve as Raman enhancers presenting SERS activity for detection al low concentration of several
analytes for different types of diseases, the importance of find better contrast agents for determine
disease levels or changes in their molecular composition is crucial for early detections, also the

necessity of have faster detection techniques is essential for disease treatments. On the other hand
we have interesting properties with ZrO2:Yb**-Er®* nanoparticles because their ability to convert
low-energy near-infrared (NIR) radiation into higher-energy visible luminescence through a
process named upconversion (UPC) and its potential benefits for the use of nanocrystals with UPC

emission in biological applications such as no damage of tissues and improving contrast in



biological specimens due to the absence of autofluorescence upon excitation with IR light, that is

why this material has potential applications in imaging.

The characterization techniques are crucial to know the specific properties that we were looking
for; at the beginning it was necessary to have structural and optical characterization, we used
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) for
determine the size and shape of our material; for determine the light absorbance level of gold
nanoparticles UV-Vis Spectroscopy were used, and for analyze the characteristic spectra of the
corresponding functional groups or bindings we use Raman Spectroscopy, for the case of doped
zirconium oxide we analyze its crystalline structure by X-Ray Diffraction and during the
functionalization the samples were analyzed by Infra-Red (FTIR) to evaluate the presence of
different functional groups; to determine the superficial charges it was necessary to use Zeta
Potential and the average sizes by Dynamic Light Scattering which gives us a general idea of how
the material is incrementing their size by adding specific molecules during the functionalization.
The optical characterization involves Confocal Microscopy to analyze the interaction of gold and
doped zirconium oxide with biological samples, Two Photon Imaging of gold in cervical tissue as
cell structure biomarker and the Photoluminescence of doped zirconium oxide to evaluate the UPC

properties of the material.
1.1.1 Bioapplications

Nanomaterials have unique capabilities for a variety of biomedical applications ranging from
diagnosis of diseases to novel therapies. In particular, nanotechnology may greatly expand the
impact of biophotonics, particularly optical imaging and biosensing, by providing more robust

contrast agents, fluorescent probes, and sensing substrates [8].

One of the most important aspects in biomedical applications is the fact that nanoparticle size
range are comparable to common biomolecules, which provides the opportunity to have
intracellular labeling or antibody targeting. Moreover, nanostructures may be modified to have
better integration with biological systems, as well as modify their surface by different coatings to
encourage aqueous solubility, biocompatibility, or biorecognition. Nanostructures can also be

embedded within other biocompatible materials to provide nanocomposites with unique properties

[9].



These versatile behaviors are highly dependent on the physical and chemical properties of
nanoparticles such as morphology, size, surface charge, surface modifications, and chemical
composition. Generally, nanostructures have optical properties much higher to the molecular
species they replace such as higher quantum efficiencies, greater scattering or absorbance cross
sections, optical activity over more biocompatible wavelength regimes, and considerably greater
chemical stability or stability against photobleaching. Furthermore, some nanostructures provide
optical properties that are highly dependent on particle size or dimension. The capacity to
systematically change the optical properties through structure modification not only enhances the
traditional uses, but can also lead to applications beyond the reach of conventional molecular

bioconjugates [9].

The first use of gold nanoparticles takes place in 1971 when the immunogold staining method was
invented by Faulk and Taylor; they absorbed anti-salmonella rabbit gamma globulins to gold
particles for one step identification and localization of salmonella antigens [10]. Although indirect
labelling techniques with gold probes were introduced by Romano et. al. in 1974 [11]; They
reported the protein A labeling to detect primary immunoglobulin. Since that time, the labeling of
targeting molecules, such as antibodies, with gold nanoparticles has revolutionized the
visualization of cellular components by electron microscopy [12]. Such was the case of Roth et. al.
in which thin sections of biological samples were analyzed by electron microscopy [13]. Since
then, the use of colloidal gold in transmission electron microscopy has grown at an enormous rate
and this is due to the high electron density of gold nanoparticles coupled with the ease of use of
different particle sizes for examination at various magnifications. The optical and electron beam
contrast properties of gold colloid have provided excellent detection capabilities for applications,
including immunoblotting, flow cytometry, and hybridization assays. Furthermore, conjugation

protocols to attach proteins to gold nanoparticles are robust and simple [14].

On the other hand, among the diverse in vitro biodetection methods, luminescent bioassay is at
present an important analytical tool because of its convenient optical signal transduction, high
sensitivity and fast response [15-18]. As is widely known, when an appropriate wavelength is
used, penetration depth may be substantial and light can reach regions of complex molecular
edifices which are not accessible to other molecular probes. In addition, the emitted photons are

easily detected by highly sensitive devices and techniques, including single-photon detection.



Some of the barriers to overcome are photobleaching because the time-resolved detection needs to
be larger than 107-109 s, corresponding to excited state lifetimes between 100 and 1 ns. There
are some semiconductor materials that have been used as luminescent materials, such as the case
of quantum dots, despite they are used due to their high luminescence, their tunability in the entire
visible range and good photostability, they have high toxicity, making them of little help for in
vivo applications [19]. There exist other alternatives such as trivalent lanthanide ions, Lnlll, that
present singular properties, allowing easy spectral and time discrimination of their emission bands
which span both the visible and near infrared (NIR) ranges. At the beginning, biological cells were
stained with lanthanides (europium thenoyltrifluoroacetonate) observing bright red spots under

mercury lamp illumination [20]; however the experiment takes long time.

Nowadays, there are many semiconductors, as well as research and development of different
doped-crystals for biomedical applications, such as the case of ZrO> which is widely known due to
its hardness and important optical properties like high refractive index, photochemical stability
and low phonon energy that improve the probabilities of radiative transitions [21-23]. This
material can be modified to obtain different size, shape and crystalline phases [24-27] beside it has
been used as support matrix of different lantanides presenting important luminescent properties
[28-30]. These developments like the optimization of bioconjugation methods or time-resolved
luminescence microscopy resulted in applications in many fields of biology and medicine as in the

case of tissue [31, 32] and cell imaging [33, 34] or analyte sensing [35] and drug delivery [36].
1.2 Nanomaterial’s synthesis

As we see, nanomaterials involve structures that have at least one dimension in nanometric scale,
such as nanoparticles, nanorods, nanowires, thin films or also bulk materials made of
nanostructures. Actually there are many technologies to produce nanostructures or nanomaterials,
and these techniques are grouped in various ways. One form is to classify them according to the
growth media such as vapor phase growth, liquid phase growth, solid phase formation or hybrid
growth. On the other hand the techniques can be classified according to the form of products, like
nanoparticles (colloidal processing, flame combustion or phase segregation), nanorods or
nanowires (template-based electroplating, solution- liquid-solid growth or spontaneous anisotropic
growth), thin films (molecular beam epitaxy or atomic layed deposition) and finally

nanostructured bulk materials (photonic band-gap crystals by self-assembly of nanoparticles) [37].
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In this work, gold nanoparticles were synthetized by chemical processes in which gold
nanoparticles were obtained by growing the reduced gold in a liquid medium composed of various
reactants. Doped-Zirconia was obtained by a precipitation process and a hydrothermal process.
Both methods are low-cost, do not need special or complex devices, all involved parameters are
easily controllable and easily reproducible.

1.2.1 Reduction Synthesis

There are different ways of reduction synthesis, resulting in different characteristics of the final
product. Not only the strength of the reductant is important, so is the presence of a stabilizer.
Different authors have proposed various methods to reduce gold as in the case of the single phase
water based reduction of a gold or silver salt by citrate, introduced by Turkevich et al. [38, 39] and
the refined by Frens [40] producing almost spherical particles with varying sizes; the method of
Brust et al. [41] where gold nanoparticles are produced in organic liquids that are normally not
miscible with water (like toluene) involves the reaction of a chlorauric acid solution with
tetraoctylammonium bromide (TOAB) solution in toluene and sodium borohydride as an anti-
coagulant and a reducing agent, respectively; the Martin Method [42] where gold nanoparticles are
generated in water by reducing HAuCls with NaBHa4, gold nanoparticles are stablilized by using an
stabilizer such as citrate, or with HCI and NaOH for long term storage or only for few hours
respectively; however one must be careful with the ratios of NaBH4/HCI ions and NaBH4/NaOH

ions.

Turkevich method is generally used to produce modestly monodisperse colloidal gold nanospheres
of around 10-20 nm in diameter. It involves the reaction of small amounts of boiling chlorauric
acid with small amounts of sodium citrate solution. The colloidal gold will form because the
citrate ions act as both a reducing agent, and a capping agent. This method was chemically studied
by Chow and Zukoski [43] in where the formation of gold colloids produced by the citrate
reduction of chloroauric acid is explored as a function of temperature and reagent concentration.
As gold ions are reduced, the reaction medium changes from black to purple to blue before turning
deep red. These color changes are shown to result from a decrease in particle size over the course
of the reaction. Increases in particle surface potential over the course of the reaction are shown to

result from competitive adsorption of citrate and gold ions.
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Figure 1.1 Reactions involved during the citrate reduction of chloroauric acid for nucleation and crystal
growth of gold nanoparticles. (taken from chem553project)

1.2.2 Seed Mediated Method

A seed-mediated method is that where the nanoparticle synthesis is conducted through successive
nucleation and growth steps and also has direct consequence on the basic mechanism being
extremely sensitive to physical and chemical parameters [40, 44-53]. In some of the solution-
phase metal nanoparticle synthesis procedures, the control of nucleation and growth steps are done
by changing the reducing agent or stabilizer concentration so the size and shape can be easily
controlled [40, 50, 51, 54-57]. For solution-phase gold nanoparticle synthesis, it has been observed
an initial slow nucleation followed by a nucleation surge associated with autocatalytic surface

growth [58].
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Figure 1.2 Schematic illustration of the possible evolution from fcc metal seeds to stars and dendrites under
kinetically controlled synthesis (taken from Junyan Xiao and Limin Qi [59]).

1.2.3 Hidrotermal Synthesis

Hydrothermal synthesis offers many advantages over conventional and non-conventional ceramic
synthetic methods. All forms of ceramics can be prepared with hydrothermal synthesis, namely
powders, fibers, single crystals, monolithic ceramic bodies, and coatings on metals, polymers, and

ceramics.

Hydrothermal process involves H>O both as a catalyst and occasionally as a component of solid
phases in the synthesis at elevated temperature (> 100°C) and pressure (> a few atmospheres) to
crystallize ceramic materials directly from solution. However, researchers also use this term to
describe processes conducted at ambient conditions. Syntheses are usually conducted at
autogeneous pressure, which corresponds to the saturated vapor pressure of the solution at the

specified temperature and composition of the hydrothermal solution [60].
1.2.4 Conjugation and functionalization

Bioconjugates are involved in many biomedical applications. The idea of merging biological and

nonbiological systems at the nanoscale has been investigated for many years. The implicated



bioconjugation chemistry in based on combining the functionalities of biomolecules and
nonbiological ones to obtain molecular species that could be applied as markers in cellular and
molecular biology, biosensing and imaging [14]. Specific binding of nanoparticles to cell surfaces,
cellular uptake, and nuclear localization have all been demonstrated following conjugation of
semiconductor nanocrystals to appropriate targeting proteins, such as transferrin or antibodies [61-
66].

For the case of gold nanoparticles there are different ways to bioconjugate them, depending on
targeting type, some instances are, for example Xianfeng Zhou and coworkers conjugated low
molecular weight chitosan (Chito6) to gold nanoparticles (GNPs), which formed physically stable
complexes with DNA and transfected cells more effective than high molecular weight chitosan
(Chito102) in vitro [67], or the case of Yokota, S et al. that presented the first preparation of gold
nanoparticles that used an ideal solvent for structural carbohydrates such as cellulose, namely hot
80% N-methylmorpholine-N-oxide (NMMO)/H20, and the in situ conjugation of the gold
nanoparticles with thiolabeled cellulose through spontaneous chemisorption [68]. Kumar et al.
showed that the incubation of the plant fungus pathogenic Helminthosporum Solani with an
aqueous solution of chloroaurate ions, produces a diverse mixture of extracellular gold
nanocrystals with different sizes and shapes. Then the nanoparticles were conjugated to the anti-
cancer drug doxorubicin (Dox) and taken up readily into HEK293 cells [69]. Maus and coworkers
demonstrated that conjugation of the conantokin G peptide to the solvent exposed interface of the
passivation layers results in maximal binding interaction between the peptide functionalized
AUNPs and the targeted N methyl D-aspartate receptors on the cell surface Conantokin G coupled
AuUNP may be used to spatially restrict N methyl D-aspartate receptor blockade on neuronal

surfaces [70].

On the other hand the addition of PEG into gold nanoparticles is one of the most effective ways to
reduce their cytotoxicity, because it is necessary to avoid nanoparticle recognition by the
reticuloendothelial system due to the capitation of nanoparticles in organs such as the liver and
spleen, clearing them from circulation and dramatically decreasing target-site delivery of the drug

[71, 72]. So is that important as it refers to conjugation.
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1.3 Optical and morphological Characterization

It is increasingly recognized that nanomaterials present a range of characterization challenges that
have the potential to inhibit or delay the scientific and technological impact of nanoscience and
nanotechnology. The behavior of NPs is critically dependent on several particle characteristics,
including size, surface area, surface reactivity, electronic properties, chemical composition and

reactivity.
1.3.1 UV-Vis Spectroscopy

Electromagnetic radiation can be considered as a combination of coupled alternating electric and
magnetic fields that travel through space. When radiation interacts with matter, a number of
processes can occur, including reflection, scattering, absorption, fluorescence/phosphorescence
(absorption and reemission), and photochemical reaction (absorbance and bond breaking) among
others. In general, when measuring UV-visible absorption spectra, we want only absorbance to
occur. Because light is a form of energy, absorption of light by matter causes the energy content of

the molecules (or atoms) to increase.

Surface plasmons are surface electromagnetic waves that propagate in a parallel direction to the
interface between a metal and dielectric or vacuum. Since the wave is on the boundary of the
metal and the external medium (air or water for example), these oscillations are very sensitive to

any change of this boundary, such as the adsorption of molecules to the metal surface.

Surface plasmon resonance is a spectroscopic characteristic of noble metal nanoparticles, which
gives rise to a sharp and intense absorption band in the visible range. The physical origin of the
absorption is a collective resonant oscillation of the free electrons of the conduction band of the
metal. For a spherical nanoparticle that is much smaller than the wavelength of the incident light,
its response to the oscillating electric field can be described by the approximation of Mie theory.

1.3.2 Scanning and Transmission Electron Microscopy

Nowadays Electron Microscopy is widely used for material characterization; this is because it
allows resolving nanometric scale features. These equipments provide insight into the

morphological nature of the materials, but also information about surface chemical composition.
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Scanning Electron Microscopy (SEM) consists in accelerated electrons carrying significant
amounts of kinetic energy, and this energy is dissipated as different signals produced by electron-
sample interactions when the incident electrons are decelerated in the solid sample. The obtained
signals are secondary electrons (for SEM images), backscattered electrons, diffracted
backscattered electrons (used to determine crystal structure and orientation), photons
(characteristic X-rays used for elemental analysis and continuum X-rays), visible light

(cathodoluminescence—CL), and heat.

On the other hand, Transmision Electron Microscopy (TEM) consist in a high energy beam of
electrons which passes through a very thin sample, and the interactions between the electrons and
the atoms can be used to observe different characteristics such as crystal structure, dislocations
and grain boundaries. Chemical analysis can also be performed. TEM can be used to study the
growth of layers, their composition and defects in semiconductors. High resolution can be used to

analyze the quality, shape, size and density of very small particles.
1.3.3 Zeta Potential and Dynamic Light Scattering (DLS)

To know how is the nanoparticle behavior, as in the case of surface charges for electroctathic
interactions with biological samples, techniques as Zeta Potential could be helpful. The
development of a net charge at the particle surface, which is attributed of the superficial functional
groups, affects the distribution of ions in the surrounding interfacial region, resulting in an
increased concentration of opposite charge ions close to the surface. The magnitude of the zeta
potential or the electro-kinetic potential between two superficial layers of the colloidal particles,
gives an indication of the potential stability of colloidal systems. A colloidal system is when one
of the three states of matter: gas, liquid and solid, are finely dispersed in another one.

When all the particles in suspension have a large negative or positive zeta potential then they will
tend to repel each other and there is no tendency to aggregation. However, if the particles have
low zeta potential values then there is no force to prevent the particles coming from together and
flocculating. The general dividing line between stable and unstable suspensions is generally taken
at either +30mV or -30mV. Particles with zeta potentials more positive than +30mV or more

negative than -30mV are normally considered stable.
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Another technique for continuous analyses of colloidal samples Dynamic Light Scattering (DLS)
is a technique where the size of particles, typically in the sub-micron region, is measured, this
technique gives us a fast general idea of the nanoparticles behavior during a functionalization
process; it is also referred to as Photon Correlation Spectroscopy or Quasi-Elastic Light
Scattering. It is based on the Brownian motion experienced by particles suspended in a liquid.
Larger nanoparticles show slow Brownian motion. DLS monitors the Brownian motion by light
scattering; the speed at which the particles are diffusing is measured by recording the rate at which

the intensity of the scattered light fluctuates.
1.4 Raman Spectroscopy

Raman spectroscopy is a technique where we can have information about vibrational, rotational
and other low frequency transitions in molecules and use it for sample identification and
quantification. It uses a laser beam on a sample and detecting scattering light. With this different
responses are obtained: a) Rayleigh or elastic scattering, which is the majority of the scattered
light and is at the same frequency as the excitation source and b) Inelastic scattering that is when
the frequency of photons in monochromatic light changes upon interaction with a sample. Photons
of the laser light are absorbed by the sample and then reemitted. The frequency of the reemitted
photons is shifted up or down in comparison with original monochromatic frequency, which is
called the Raman Effect. Plotting the intensity of this "shifted" light versus frequency results in a
Raman spectrum of the sample where the band positions will lie at frequencies that correspond to
the energy levels of different functional group vibrations. Raman spectroscopy can be used to

study solid, liquid and gaseous samples.

This technique is based on molecular deformations in electric field E caused by molecular
polarizability a. The laser beam can be considered as an oscillating electromagnetic wave with
electrical vector E. After interaction with the sample it induces electric dipole moment P = aE
which deforms molecules and due to this periodical deformation, molecules start vibrating with
characteristic frequency vm (Amplitude of vibration is called nuclear displacement).
Monochromatic laser light with frequency wvo excites molecules and transforms them into

oscillating dipoles emitting light of three different frequencies:
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1. Elastic Rayleigh scattering. A molecule with no Raman-active modes absorbs a photon with
the frequency vo. The excited molecule returns back to the same basic vibrational state and emits

light with the same frequency vo as the excitationsource.

2. Stokes frequency (“Stokes”). A photon with frequency wvo is absorbed by a Raman-active
molecule which at the time of interaction is in the basic vibrational state. Part of the photon’s
energy is transferred to the Raman-active mode with frequency vm and the resulting frequency of

scattered light is reduced to vo— vm.

3. AntiStokes frequency (“Anti-Stokes™). A photon with frequency wvo is absorbed by a Raman-
active molecule, which, at the time of interaction, is already in the excited vibrational state.
Excessive energy of excited Raman active mode is released, the molecule returns to the basic

vibrational state and the resulting frequency of scattered light goes up to vo + vm.
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Figure 1.3 Schematic for process involved in collecting Raman spectra. (Right, Taken from Murphy et al.,
2011[73])

141 SERS

Surface-Enhanced Raman Spectroscopy utilizes the Raman effect from molecules that were
adsorbed on specific metal surfaces, being able to achieve magnifications stronger than Raman
signal from the same molecules in bulk volume. The proposed reason for this is that since the
intensity of the Raman signal is proportional to the square of electric dipole moment P=aE, there
are two possible reasons: the enhancement of polarizability a, and the enhancement of electrical
field E.
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The first enhancement of polarizability a or chemical enhancement may occur because of a
charge-transfer effect or chemical bond formation between metal surface and molecules under

observation.

The second one called electromagnetic enhancement takes place between the interactions of the
laser beam with irregularities on the metal surface. It is probable that laser light excites conduction
electrons at the metal surface leading to a surface plasma resonance and strong enhancement of the

electric field E.

For SERS there are two highlighted parameters, the first one is the molecules that are going to be
detected (probe) and the second one is the metallic structure onto which they adsorb (SERS
substrate), both are independent however a degree of compatibility is convenient due to there is a
certainty that the probe goes onto substrate to finally profit the Raman signal amplifications. In
general terms a good SERS substrate is one that provides the largest enhancement or
amplification. Moreover, SERS enhancements are generated by resonant responses of the substrate
so is that they are commonly wavelength dependent. At the end good enhancements are given by a
limited excitation wavelength range, otherwise if the excitation is at the wrong wavelength the
SERS substrate will not serve [74].

The most interesting range of excitation for SERS is in the Visible/Near-Infrared region, which is
the typical range for molecular Raman scattering experiments, that is why gold and silver
structures are the most used for SERS and plasmonics. These structures have the right optical

properties to sustain good plasmon resonances in the Visible/Near-Infrared region.
1.5 Tissue Staining with nanoparticles

Tissue staining is an established histological technique that reveals structural patterns that are not
clear or sufficiently visible to be observed directly. The first dyes used for staining of tissue
structures were colored substances isolated from natural resources—e.g., indigo, saffron,
hematoxylin, azocarmine, and orcein. These dyes were commonly used for dyeing textile fibers

and later found wide application in histology [75].

In 1971 Faulk and Taylor used colloidal gold for bioapplications having invented the immunogold

staining procedure, since then the labeling of targeting molecules with gold nanoparticles has been
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an important tool for the visualization of cellular components by electron microscopy [12]. Gold
nanoparticles have excellent optical and electron beam contrast properties which has led to
detection capabilities for different applications such as immunoblotting, flow cytometry and

hybridization assays.
1.6 Imaging

Actually, the advanced techniques of visualizing tissue structures are named as “tissue imaging”
and they range from in vivo imaging to high resolution for complete organs or cell tracking
respectively. Classical histological methods are based on specific chemical staining of tissue
sections, specific proteins, peptides, lipids, metabolites or other biomolecules; however these
standard techniques provided only limited information about chemical composition or structural
specificity, on the other hand antibody-based techniques developed for visualization of fixed
structures are generally not compatible with imaging in vivo due to protein degradation or limited
penetration into tissues. Nowadays funtionalized nanoparticles are applied in bioimaging
technology, due to their effectiveness to migrate to specific sites, interact with the target tissue or
deposit in controlled sites [75].

1.6.1 Confocal Microscopy

Confocal microscopy is one of the most significant advances in optical microscopy because it
allows visualization deep within both living and fixed cells and tissues and affords the ability to

collect sharply defined optical sections from which three-dimensional renderings can be created.

This technique offers several advantages over conventional optical microscopy, including the
ability to control depth of field, elimination or reduction of background information away from the
focal plane, and the capability to collect serial optical sections from thick samples. The
fundamental clue to the confocal approach is the use of spatial filtering techniques to eliminate
out-of-focus light or glare in specimens whose thickness exceeds the immediate plane of focus.
Confocal microscopy is a widely used technique, due in part to the relative ease with which high-
quality images can be obtained from samples prepared for conventional microscopy, and the

growing number of applications in biology such for both fixed and living cells and tissues.
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2.1 Introduction

Lanthanide-doped nanomaterials are promising platforms for bio-applications due to their ability
to convert low-energy near-infrared (NIR) radiation into higher-energy visible luminescence
through a process named upconversion (UPC) [76, 77]. There are several potential benefits for the
use of nanocrystals with UPC emission in biological applications such as: no damage of tissues;
anti-Stokes emission; long lifetimes; photo-stability; increased contrast in biological specimens
due to the absence of autofluorescence upon excitation with IR light; and simultaneous detection
of multiple targeted analytes [78-81]. Other advantages of the up-conversion emission are the
reduction of photobleaching and scattering in tissues, which avoid the use of complicated and
high-cost femtosecond lasers and photomultiplier tubes [82-85].

For biomedical applications such as cancer detection, biolabeling and bioimaging; luminescent
nanoparticles preferably have to form a stable colloidal solution under physiological conditions.
However, common nanomaterials with strong upconversion emission such as Yb**-Er** co-doped
Y208, Yb**-Ho* co-doped Y203, Yb**-Er¥*-Tm*" doped NaYF4 are hydrophobic [86-88]. Some
efforts have been made to convert hydrophobic upconversion nanoparticles into hydrophilic ones
using techniques such as polymer capping, surface silanization, and surface ligand oxidation [88-
93]. Recent methods also include ligand exchange in NaGdF4: Ho®**-Yb* and NaYF4:Yb**-Er**
phosphors [94].

Cancer detection in early stages is a priority for many medical groups around the world. In
2012, according to World Health Organization (WHO), cervical cancer was one of the most
prevalent cancer types in the world. To detect and diagnose cancer, there are several biomarkers
[95-98]; for example, Ki-67 protein is expressed in all phases of the cell division cycle, but its
expression level is strongly down regulated in the resting GO phase. This characteristic makes
Ki67 protein an excellent biomarker for cell proliferation [99-101]. This biomolecule can be used
as a prognostic marker in many types of cancers [102-106]. Moreover, it has been demonstrated
that cervical human cancer (HeLa) cells can be labeled using doped or undoped nanomaterials
such as, NaYF4Yb**-Er¥*, NaYFs:Yb*"-Er**@CaF. core@shell, NaGdF.:Yb**-Er**/Silica/Au,
CaF, and carbon nanoparticles. These nanomaterials were internalized in HeLa cells observing
visible light from the nanoparticles under infrared excitation [107-111]. Despite these platforms

are efficient to label HelLa cells, they still show several problems related to the complexity of their
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fabrication. For example, the synthesis of NaGdF4:Yb*" Er*" nanoparticles have some drawbacks
for biomedical applications; therefore, gold or silica need to be used to render them biocompatible
properties [112-114]. In addition, one of the problems with carbon nanoparticles is the fact that
they need to be excited with near UV light, which can damage tissues around the cancer cells
[109].

Rare earth doped zirconia (ZrO2) nanophosphors present efficient emission in the visible
region when they are under infrared excitation [115-117]. The ZrO2 low phonon energy (470 cm’
1y increases the number and the probability of radiative transitions in rare earth doped ZrO, [118].
Strong upconversion emission has been obtained doping ZrO2 with different pairs of rare earths
such as Yb**-Tm*, Yb-Ho*", Er** and Yb*-Er®* [119]. Furthermore, ZrO, nanophosphors can
be synthesized by low cost methods such as sol-gel [120, 121], sol-emulsion—gel [122, 123],
spray pyrolysis [124, 125] and precipitation [126]. Interestingly, ZrO2 is a non-toxic material, it
has been used as biocompatible dental material to make pigments [127-130]. Due to all those
reasons, ZrO is an excellent candidate for developing novel biolabeling and bioimaging
platforms. In this work, ZrO2:Yb**~Er®** nanocrystals were chemically conjugated with antiKi-67
protein by a novel method using (3-aminopropyl)triethoxysilane (APTES) and conjugated Biotin
molecules as ligands. To the best of our knowledge, there are no reports about the use of
luminescent ZrO,:Yb*" Er** nanocrystals to label Hela cells. Furthermore, the effect of the
ligands on the luminescent properties of these nanoparticles was studied. In addition, the
internalization of the conjugated nanoparticles in HelLa cells was followed by looking at their
strong red luminescence using two-photon confocal microscopy. The results show the successful
uptake of conjugated ZrO2:Yb**-Er** nanoparticles in HeLa cells. We envision that this is a
promising method for labeling different types of cancer cells for biosensing and bioimaging

purposes.

2.2 Experimental
2.2.1 Preparation of ZrO,:Yb*-Er®* Nanoparticles

ZrO2:Yb**-Er** nanoparticles were prepared following a precipitation process previously reported
with some modifications [131]. ZrOCl>-8H.O and YbCls-:6H20 (99.9%) were purchased from
Aldrich, and ErClz-6H20 (99.99%) was acquired from RE Acton. The ammonium hydroxide
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(NH4OH) at 30 vol% was supplied by Karal. In a typical experiment, Yb**-Er** co-doped ZrO;
with a molar ratio of 2:1 for Yb*":Er*" was prepared by dissolving 2.6333 g of ZrOCly, 0.2362 g
of YbCI3:6H20 (2 mol % of Yb203) and 0.1351 g of ErClz-6H20 (1 mol % of Er203) in 50 ml of a
mixture of HO/EtOH (1:1 wt%). After 15 minutes under stirring, the non-ionic surfactant
Pluronic F127 was introduced in the mixture at molar ratio of F127/ZrO, = 0.0082.  Afterwards,
30 ml of NH4OH was added to precipitate the salts. The resulted suspensions were transferred into
a sealed autoclave and a hydrothermal treatment was carried out at 80° C for 12 hours. After this,
the autoclave was allowed to cool down for 30 minutes and the solutions were washed twice with
absolute ethanol and water in a centrifuge at 4000 rpm for 10 minutes. Subsequently, the powders
were put in a ceramic crucible and dried at 80° C for 12 hours. Finally, all samples were annealed

at 1000° C using a heating rate of 5 °C/min.
2.2.2 Conjugation and Functionalization of ZrO2:Yb3+-Er3+ nanoparticles

The conjugation of ZrO,:Yb**-Er** nanoparticles with Ki67 protein was carried out by following a
previously reported method with some modifications [90]. This process was performed as
follows: 0.1 g of Yb*"-Er®* doped ZrO; nanoparticles were stirred with 490 pl of APTES for 24
hours. This bifunctional compound has amine- and alkoxysilane groups. The alkoxysilane reacts
with the OH moieties on the ZrO,:Yb*'-Er** nanoparticles surface, leaving the amino groups
exposed for further functionalization. The samples were washed once with ethanol and water to
eliminate the excess of residues, and centrifuged at 6000 rpm for 10 min. The samples were dried
at 40 °C for 12 hours. The Yb*-Er** co-doped ZrO nanoparticles coated with APTES were
dispersed in 670 ul of PBS 1X (Phosphate Buffered Saline, pH = 7.4) and then 200 ul of 1:500
Biotin-anti-rabbit (mouse 1gG) from BIOCARE was added to the suspension to bind the carboxyl
groups of the 1gG with the amino groups exposed in the nanoparticles, this suspension were kept
at 4 °C for 12 hours. After that, the nanoparticles were washed with distilled water and centrifuged
at 6000 rpm for 10 min to remove the supernatant. The conjugated material was kept at 37 °C for
12 hours. Subsequently, 300 ul of PBS 1X and 10 pl of antigen Ki-67- rabbit antibody from
BIOCARE were added to the nanoparticles and stored for another 12 hours at 4 °C. Finally, the
conjugated ZrO,:Yb**-Er®** nanoparticles were washed with distilled water and centrifuged at 6000
rpm for 10 min. The final material was dispersed and stored in distilled water.
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2.3 Structural Characterization (XRD, Raman, HRTEM, SEM, FT-IR)

X-ray diffraction (XRD) patterns were obtained using a SIEMENS D-5005 equipment using a Cu
tube with Ka radiation at 1.5405 A, scanning in the 20—-80° 20 range with increments of 0.02" and
a sweep time of 2 s. RAMAN patterns were obtained using a Renishaw Raman System (inVia
Raman Microscope), which uses a 785 nm laser and a 50x objective. The nanoparticles were
suspended in isopropyl alcohol at room temperature and dispersed with ultra-sonication.
Afterwards, the solution of nanoparticles was dropped on 3 mm diameter lacey carbon copper
grids to obtain the HRTEM images in a FEI Titan 80-300 with accelerating voltage set to 300 kV.
In addition, the nanoparticles micrographs were obtained by a SEM Hitachi SU8010 at 30.0 kV.
The Fourier transform infrared (FTIR) spectra were obtained using a Perkin-Elmer
spectrophotometer with a DTGS detector and a spectral resolution of 4 cm™. The samples were

prepared using the KBr pellet method and the spectra were obtained in the range of 1000 to 4000

cm™.

2.4 Optical Characterization

2.4.1 Photoluminescence Characterization

Photoluminescence (PL) characterization was performed using a CW semiconductor laser diode
with an excitation power of 350 mW and centered at 970 nm. The luminescence emission was
analyzed with a Spectrograph Spectra Pro 2300i and a R955 photomultiplier tube from
Hamamatsu. The system was PC controlled with Spectra Sense software. The samples were
supported in 1 mm capillary tubes in order to guarantee the same quantity of excited material.
Special care was taken to maintain the alignment of the setup in order to compare the intensities

between different characterized samples. All measurements were performed at room temperature.

2.4.2 Incubation and Confocal Microscopy

HeLa cells were grown at a density of 5 x 10* cells/mL in a six-well culture plates with coverslips
at the bottom of them and incubated in 3 mL of RPMI-1640 cell media for 24 hr at 37 °C under

5% CO,. After this, the cell media was replaced by 3 ml of ZrO,:Yb*-Er** nanoparticles,
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ZrO2: Yb**-Er**-APTES, and ZrO2:Yb**-Er**-APTES-Biotin-Anti-rabbit/rabbitAntibody-antiKi67
with a concentration of 100 pg/mL and incubated for 6h. Finally, the cell-plated coverslips
corresponding to each sample were washed twice with PBS buffer (ImM, pH 7.4) and stained
with nuclei-staining NucBlue® Live solution for 15 min. All the cell-plated coverslips were fixed
with a solution of 4% formaldehyde. The fixed and stained coverslips were placed in microscope
slides and analyzed under a two-photon Olympus FV1000 MPE SIM Laser Scanning Confocal

Microscope.

2.5 Zeta Potential and Dynamic Light Scattering Measurements (DLS)

Dynamic light scattering (DLS) and zeta potential measurements were carried out using a Malvern
Instrument Zetasizer Nano (red laser 633 nm). The samples were dispersed in PBS (1 mM, pH =

7.4) with a concentration of 1 mg/mL. The DLS and Zeta-potential were analyzed at 25 °C.

2.6 Results and Discussion

2.6.1 Crystalline Structure and Morphology

The XRD pattern of the ZrO2:Yb*'-Er®* nanopowder is shown in Figure 2.1(a). This plot shows
peaks corresponding to (1,0,1), (0,1,1), (2,1,1) and (1,1,2) planes, respectively. All the peaks are
associated to the tetragonal phase of zirconia, according to JCPDS 37-1413 card [132]. The
ZrO2:Yb**-Er** nanopowder obtained by precipitation method was analyzed by Raman
spectroscopy, see Figure 2.1(b). The peaks at 626, 552, 525, 445, 336, 260, 238 and 185 cm™
represent the spectrum. The peaks located at 445 cm™ and 626 cm™ as well as the shoulders

located at 185 cm™ and 260 cm™ are in agreement with the tetragonal phase of zirconia [133].
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Figure 2.1 Structural characterization of ZrO2:Yb3+-Er3+ nanocrystals: (a) X-Ray diffraction (b) Raman
spectroscopy, using a laser of 785 nm.

The nanocrystals sizes were determined by TEM and a representative micrograph is presented in
Figure 2.2(a). The nanocrystals have an average size of 20 nm and spherical shape. Besides,
Figure 2.2(b) is a SEM image which shows well-dispersed nanocrystals and this was caused by the
introduction of PF127 during the synthesis process [134]. The size and dispersion of the co-doped
ZrO2:Yb**-Er** nanocrystals was controlled from the nucleation process due to the presence of
ammonia, water/ethanol and surfactant Pluronic PF127 [131]. To promote the efficient
internalization in HelLa cells, it is important to have particles in the nanoscale size regime. In
addition, the colloidal stability of the nanoparticles is also significant to avoid the formation of

aggregates, which may prevent the effective interaction between the nanoparticles and the cell
surface.
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Figure 2.2 (a) TEM image and (b) SEM image of ZrO2:Yb3+-Er3+ nanoparticles.

2.6.2 FT-IR, Zeta Potential and DLS

Figure 2.3 shows the FTIR spectra of ZrO2:Yb**-Er** nanocrystals and ZrO,:Yb**-Er** prepared
with APTES, Biotin-Anti-rabbit(Mouse IgG) and RabbitAntibody-AntiKi-67, respectively. These
spectra provide information regarding functional groups and impurities on the surface of
nanoparticles. They also corroborated that the process of functionalization and conjugation was
successfully achieved. Figure 2.3(a) shows the FTIR spectra of non-functionalized nanoparticles

ZrO2:Yb**-Er**. It depicts small peaks associated to OH groups in the range of 3200 cm™ to 3600
cm™. Moreover, a peak is also observed at 450 cm™, which is related with Zr-O stretching

vibrations [135]. The spectrum in Figure 2.3(b) shows a broadening of the bands centered at 3600
and 564 cm™ due to the presence of Si-OH and Si-O-Si bonds respectively [136, 137]. Other
peaks at about 2923cm™ and 2351 cm™ are related with C-H bonds and CO: impurities,
respectively. The band located in the range of 3000 cm™-3400 cm™ is associated with amine
groups [138, 139]. The CO. impurities adsorbed in the surface of the nanoparticles can come from

the synthesis and/or the environment during the measurement process, which was probably caused
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by the granular characteristic of the nanopowder. The OH groups were introduced during the
hydrolysis and condensation process where the M-OH (M=Zr, Er, and Yb) bond was formed due
to the excess of hydroxyls in solution. According to the FTIR spectra in Figures 2.3(a) and 2.3(b)
the contamination produced by those hydroxyl groups is very low. Biotin-Anti-rabbit (Mouse
IgG) protein is conjugated to the nanoparticles containing APTES by forming an amide bond
between the free amino groups located at the surface of ZrO2:Yb**-Er**/APTES and the carboxyl
groups exposed in the 1gG protein. The ZrO2:Yb*'-Er¥*/APTES/Biotin FTIR spectrum is shown
in Figure 2.3(c), the spectrum illustrates a new band associated to the amide bon at 1770 cm™.
Moreover, a peak centered at 658 cm™ is also associated to Biotin according to literature [140,
141]. These data further comfirms the functionalization of nanoparticles. The next step is to
analyze the process of conjugation with the antigen Ki-67-rabbit Antibody (ZrOa:Yb**-
Er¥*/APTES/Biotin/AntiKi-67), see Figure 2.3(d). The bands related with Biotin are still observed
and there is a general decrease of the peaks related with impurities such as CO2 and OH radicals.
However, it is observed that there is a widening of the 658 cm™ band when AntiKi-67 is adding.
Based on this information, it is expected that AntiKi-67 is readily available to interact with HelLa

cells.
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Figure 2.3 FTIR spectra of ZrO2:Yb3+-Er3+, ZrO2:Yb3+-Er3+/APTES, ZrO2:Yb3+-Er3+/APTES/ Biotin
and ZrO2:Yb3+-Er3+/APTES/Biotin/AntiKi67.
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The conjugation of the nanoparticles was also analyzed by Zeta-potential and DLS
measurements see Table 2.1. Zeta-potential changed from negative to positive when the
ZrO2:Yb**-Er** nanoparticles surface is modified with APTES, as an indication that the amino
groups are covering the nanoparticles surface. Moreover, the Zeta-potential was shifted from
positive to negative after Biotin and Antigen Ki-67 proteins were chemically attached to the
surface of the material, suggesting the presence of carboxylate groups [142, 143]. The value of -
36 mV obtained in ZrO2:Yb*"-Er** APTES/Biotin/AntiKi67 also indicates that nanoparticles can
be stable in PBS due to their high electrostatic repulsion, which is suitable for bioapplications. A
high negative value also suggests a high adsorption of nanoparticles on the nucleus of HeLa Cells
[144]. Moreover, DLS measurements showed that the hydrodynamic diameter of the nanoparticles
increased when the different molecules were added, the average sizes for  ZrO,:Yb**-Er**,
ZrO2:Y*-Er*/APTES and ZrO,:Yb**-Er**/APTES/ Biotin/AntiKi-67 were 748 nm, 1232 nm
and 4694 nm, see Table 2.1. The size of the nanoparticles in ZrO2:Yb**-Er®* does not coincide
with that one measured with TEM, probably due to the agglomeration of nanoparticles that were
dispersed in PBS.

Table 2.1 Nanoparticle characterization using DLS and Zeta Potential for ZrO2:Yb**-Er®",

ZrO2:Yb* -Er**-APTES and ZrO2:Yb**-Er**-APTES-Biotin-AntiKi67 nanocrystals.

ZrO2:Yb*- | ZrOx:Yb**-Er- ZrO2: Yb* -Er*-
Er’* APTES APTES-Biot-AntiKi67
DLS (d, nm) 748 1232 4694
Zeta potential -36.8 +10.8 -36.0
(mV)

Figure 2.4 shows a schematic representation for the functionalization and conjugation of the

nanoparticles. The OH moieties produced after ZrO,:Yb**-Er** synthesis react with the
alkoxysilane groups of APTES to afford asilica shell on the nanoparticles leaving the amine
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groups exposed onto the surface of the material. In the next step of the reaction, the Biotin-Anti-
rabbit (mouse 1gG) molecule is conjugated to the amino groups by using the COOH moieties of
the IgG. At this point, the Anti-rabbit can interact with the biomolecule AntiKi67-Rabbit
Antibody.
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Figure 2.4 Schematic representation of the functionalization and conjugation of ZrO,:Yb**-Er**
nanoparticles.

2.6.3 Luminescent Properties

The mechanism of up-conversion emission in Er¥*~Yb** co-doped ZrO, is well established in the
literature [145]. Figure 2.5 shows a strong red emission band with peaks at 653 nm and 657 nm as
well as a weak green band after excitation at 970 nm. Green and red emission bands are assigned

to 2Hio+*Sa—"*l1s2 and *Fep—*lis2 transitions of the Er** jon and they are caused by the

successive absorption of two photons after energy transfer from Yb®" ions [134]. According to
previous works, the emission is predominantly red because OH groups have a vibrational energy

(3000 cm™-4000 cm™) which produces non-radiative relaxations from the mixed level 2Hiio+*S3

toward the *Fo level [146]. In our case, the presence of OH moieties in all samples is
corroborated by the FTIR spectra in Figure 2.3. The inset in Figure 2.5 shows that the integrated

31



emission corresponds to the red band. Moreover, it is observed that the red emission of the
samples ZrO,:Yb**-Er¥*/APTES (Z-A) and ZrO»:Yb**-Er**/APTES/Biotin (Z-A-B) decreases
progressively respect to the sample of reference without conjugated (ZrO2:Yb**-Er**) (2).
Nevertheless the emission is improved when the nanoparticles were conjugated with AntiKi67
(APTES-Biotin-AntiKi-67) (Z-A-B-K). The integrated red emission diminished with the addition
of APTES and Biotin molecules because other contaminants such as CO, C-H and amine groups
appeared and the presence of hydroxyls increased. These elements may act as quenching centers
of luminescence and also create defects which behave as traps for luminescence [146, 147]. It is
important to point out that the sample with APTES-Biotin had the highest levels of impurities (see
figure 2.3(c)), therefore it showed the lowest luminescence. In contrast, the sample with APTES-
Biotin-AntiKi67 had the lowest amount of contaminants (OH, CO2 and C-H) (see Figure 2.3(d));
and therefore, it presented the highest red emission, see Figure 2.5.

144 = = =Zr0_:Yb" Er”
— - ZrO_:Yb" Er"/APTES 653 nm677 nm
12 « = Zr0,;Yb"-Er’/APTES/Biotin
1 & = Z10_:Yb"-Er’ /APTES/Biotin/antiKi67
10+ "
-y 51
= ] 5
< 84 84
-
z 153
‘% 61 gz
s |
= 1E4]
=
— 4
] O
2.
E \
O-M
500

600 '
Wavelength (nm)

Figure 2.5 Photoluminescence spectra of ZrO2:Yb3+-Er3+, ZrO2:Yh3+-Er3+/APTES, ZrO2:Yb3+-
Er3+/APTES/Biotin and ZrO2:Yb3+-Er3+/APTES/Biotin/AntiKi67. Inset shows the integrated emission of

the samples.
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2.6.4 Imaging of ZrO,:Yb**-Er®" Nanocrystals incubated in HeLa Cells

Figure 2.6 shows the images obtained by the two-photon confocal microscope after HelLa cells
were incubated with the different materials synthesized in this work. Figure 2.6(a) shows that the
ZrO2:Yb**-Er** nanoparticles are situated out of the cell, probably due of to the negative charge on
the surface of the nanoparticles, which limits the internalization in HeLa cells. Figure 2.6(b)
depicts ZrO2:Yb**-Er** /APTES nanoparticles located on the cytoplasm of Hela cells, these
nanoparticles have no antiKi67, but they have APTES on their surface, this indicates that the
positive charge on the surface of the nanoparticles enhance the internalization in HelLa cells.
Figures 2.6(c) is an image of HeLa cells with nanoparticles conjugated with antiKi-67, it is
observed that 6 hours of incubation is sufficient to reach the cytoplasm of HelLa cells. It is
observed that there are a greater number of particles within the cell and near the nucleus. The most
accepted theory is that nanoparticles are internalized via endosome-mediated transport or through
ribosome exchanges [108]. In general the red emission from nanoparticles is strong in all images,
which demonstrates the efficient luminescence generated by the nanoparticles synthesized in this
work. It is worthy to notice that there was no auto-fluorescence from the cells after exciting the
UPC nanoparticles with 970 nm. Furthermore, these images denote different sizes of emission

points this is probably induced by the nanoparticles conglomerations.

v ;','-‘ ' -
Figure 2.6 Confocal microscopy images of (a) ZrO2:Yb3+-Er3+, (b) ZrO2:Yb3+-Er3+/APTES, ()
Zr0O2:Yb3+-Er3+/APTES/Biotin/AntiKi67 nanoparticles after 6 hours of incubation in HeLa cells.
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Compared to other methods for conjugation of nanoparticles, our technique avoids the use of
other elements such as carbon and citrate, which are relatively toxic [107, 109]. Moreover, it uses
biomolecules (antigen and antibody) to lead our nanoparticle toward a targeted organelle; to the
best of our knowledge, this kind of molecules has not been used on luminescent nanoparticles.
Finally, further research is needed not only to improve the distribution and internalization of
nanoparticles, but also to label specific organelles inside the HelLa cells. Those studies are in

progress and they will be presented in a subsequent work.

2.7 Conclusions

In summary, we sconjugated Yb**-Er** co-doped ZrO, nanoparticles using Biotin-
AntiRabbit(mouse 1gG) and RabbitAntibody-AntiKi67 biomolecules. The successful conjugation
was confirmed by FT-IR, Zeta-potential and DLS. The nanoparticles internalized in HelLa cells
demonstrated a strong red luminescence and were observed using a two-photon confocal
microscope. The photoluminescence spectra indicated that the up-conversion red emission of Er**
ions is affected by the molecules located on the nanocrystals surface. An enhancement of the red
emission was obtained in the nanoparticles with the conjugation with AntiKi-67. This was mainly
caused by an enormous reduction of impurities compared to the rest of samples. Our results
indicate that the method of conjugation depicted in this work can be a promising alternative to

afford stable colloidal dispersions of nanoparticles in water and efficiently label cancer cells.
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3.1 Introduction

It was in 1857 when Michael Faraday was fascinated by the colloidal gold, this was reported from
the famous Bakerian Lecture to the Royal Society in London by the paper named “Experimental
relations of gold (and other metals) to light” [148] and whose investigations was focused in
examine the interaction of light with metal particles, besides the formation, nature and properties
of this ruby gold. About 100 years later Turkevich et al [38, 39] used electron microscopy to
disclose that the Faraday’s preparation methods to obtain colloidal gold produce particles with
average sizes of approximately 6 nm. Nowadays Gold nanoparticles are widely used in many
fields for their unique optical and physical properties, such as surface plasmon oscillations for
labeling, imaging, and sensing.

Certainly, surface plasmon absorption is the most bewitching property of gold nanoparticles,
which mainly is based on collective oscillation of a large number of free electrons in a continuous
band structure and can be tuned by changing parameters such as particle size [149]. For example,
for gold particles with sizes larger than the wavelength of the light, the frequency and bandwidth
of surface plasmons can be quantitatively described with Mie theory [150] although particle size
approaches the electron mean free path (~50 nm for gold), they can still be described with a
modified Mie theory [149, 150]. Other structural parameters such as shape, aggregation,
composition and roughness also significantly influence surface plasmons and related properties
such as surface enhanced Raman scattering (SERS) and photo-thermal conversion [151-154].
There are many people that have studied these plasmonic properties of gold nanoparticles [155-
158].

Gold nanoparticles (AuNPs) could be categorized by shape, size, and physical properties. The first
achievement in the field of AuNPs was Au nanospheres, and then many other forms were
obtained, such as nanorods, nanoshells, and nanocages. Other types of AuNPs were also produced
with great surface enhanced Raman scattering properties, as SERS nanoparticles. The synthesis
methods were continuously developed for many years. As result, the many simple synthetic

protocols became available, and their sizes and shapes could be well controlled.
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In colloidal gold or gold nanospheres the diameters could range from 2 nm to 100 nm, which
could be synthesized by reducing aqueous HAuCIs solution with addition of various reducing
agents under different parameters and conditions. Sodium citrate or sodium borohydride, are two
of the most commonly used reducing agents, producing monodisperse Au nanospheres [39-42].

The size of nanospheres could also be controlled by changing the ratio of reducing agents and Au.

A powerful technique for early diagnosis of epithelial cancer is the Two-photon imaging (TPI),
because it permits non-invasive imaging of subcellular components with the ability to penetrate
tissues hundreds of microns [159-161]. Moreover morphological and fluorescence quantification
from TPI of endogenous fluorophores could be helpful to compare cancerous and precancerous
from normal tissue. Besides TPI has the capability to supervise a variety of biomolecular markers
that are strongly indicative of cancer. By the use of this technique there is an extensive research of
the use of traditional fluorophores [162] as well as new different luminescent contrast agents such
as quantum dots [163] and metallic nanoparticles [164-167]. Although quantum dots have much
larger two photon action cross section than organic fluorophores (>10 000 GM compared to 1-300
GM for organic fluorophores), they are highly toxic reducing their possible in vivo applications.
However gold nanoparticles are biocompatible and could present a large two-photon action cross-
section [168].

According to the first investigations of TPI, it was found that two-photon induced luminescence,
which depends on excitation intensity, also could be seen from roughened surfaces [169] due to
the resonant coupling of specific frequencies of light to surface plasmons. The serial process of
two-photon luminescence implicate a sequential absortion of photons and emission from the
recombination of electrons in the sp-band and holes in the d-band [170]. Nevertheless this process
is different from two-photon excitation in fluorophores in which near simultaneous absorption of
two coherent photons is needed. It has been reported that gold nanostructures present efficient
single and two-photon induced luminescence [171, 172] and this is due to their ability to support
surface plasmon resonances with low cushioning [166] besides their longitudinal plasmonic
resonance tunable to near-infrared wavelengths that is helpful because biological tissues exhibit
small extinction coefficients. These optical properties make gold nanoparticles an attractive
contrast agent for biomedical imaging of highly scattered tissue. The use of gold nanoparticles can
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expand the capabilities of TPI to allow noninvasive imaging of a variety of new molecular

signatures. In this work gold nanoparticles were used as tissue stain,

In this work, we have used gold to stain HeLa cells and cervical tissue. The AuNPs have
the property of two photon luminescence (TPL) and it could be obtained by exciting in NIR
regions which is very important for in vivo applications due to the deep penetration and low
damages that this wavelength present. When gold nanoparticles interact with biological samples
the can be internalize or add to specific cell components by electrostatical charges or their
functional groups that induce aggregation and then affords strong interaction with them. The
amount of fluorophores that have visible emission by being excited in NIR wavelengths is low,
besides of their problems of photo-bleaching and blinking REF. Having obtained the TPL
emission of gold nanoparticles we found that they could be a well candidate for imaging because

by using them we realize that the cell structure in cervical tissue can be well defined.

3.2 Experimental, Synthesis of Gold Nanoparticles

First the precursor solutions were prepared as follows: 0.1 M HAuCI, solution was prepared by
adding 0.5 g of HAuCl4 (Gold 11 Chloride Hydrate, 99.999% from sigma-aldrich) to 14.715 ml of
deonized water from Quimicurt, this solution is protected from light and kept at room temperature.
A sodium citrate solution was prepared by dissolving 0.0375 g of sodium citrate (from sigma-
aldrich) in 3.75 ml of deonized water. 0.1 M NaBH4 solution was prepared by adding 0.01135 g of
NaBH4 (from sigma-aldrich) to cold deonized water (at 4° C). Finally to prepare 0.04 M sodium
citrate solution, 0.047 g of sodium citrate was added to 4 ml of deonized water at room

temperature.

To obtain gold nanospheres (AuNS) the Turkevich Method was used, by mixing aqueous HAuCl4
solution and sodium citrate as reducing agent, as follows. In 25 ml of boiling water, 250 pl of 0.1
M HAuUCI4 solution and 3.75 ml of 1%wt. sodium citrate solution were added respectively, under
stirring (400 rpm). After a few minutes the solution turned ruby red, when this happened the
solution was cooled down to room temperature. Finally colloid was filtered and kept in storage at

4° C, see figure 3.1. Moreover, to obtain gold nanostructures, not necessarily spheres, gold was
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reduced with NaBHa, this type of nanostructures were obtained by adding 200 of HAuCI4 to the
previously prepared 0.1 M NaBHj solution and then storage at 48 hrs and stabilized with the 0.04
M Sodium citrate solution, this type of nanoparticles were only used for Raman spectroscopy.
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Figure 3.1 Diagram of gold nanospheres synthesis by following Turkevich method.

Boiling temperature

3.3 Preliminary work on gold nanoparticles and HelLa Cells

Gold Nanoparticles were prepared by following the previously mentioned Turkevich method, after
that the colloidal gold was washed twice in a centrifuge at 13000 rpm for 20 min, the resulting
colloidal gold was analized by DLS and Zeta Potential to have an estimation of size and
superficial charge, resulting in the values of table 4.1 that shows the gold nanoparticles in water
and table 4.2 for gold nanoparticles in two different quantities of Phosphate Buffer Solution
(PBS).

Table 3.1 DLS and Zeta Potential of gold nanoparticles in water

Water DLS (d/nm) Zeta Potential (mV)
AuNP Soln 100% | 63 -27.1
AuNP Soln 70% | 29 -33.9
AuNP Soln 50% | 31.42 -29.9
AuNP Soln 30% | 38.58 -29.9
AuNP Soln 10% | 40.06 -27.2
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Table 3.2 DLS and Zeta Potential of gold nanoparticles in PBS

PBS DLS (d/nm) Zeta Potential
(mV)

50% 650 -26

50% 1036 -24.7

50% 1427 -24.7

30% 640 -27

30% 724.6 -25.1

30% 733.6 -25

As it is observed when gold nanoparticles are in PBS are apparently more aggregated, probably
due to the affinity of functional groups such as hydroxyls that are present in this buffere solution,
after that the gold nanoparticles were incubated by different times with a molecule that has thiol
and hydroxyl groups (SH-OH) and subsequently with amino-Poliethilenglycol (amino-PEG) this
is because of the high affinity firstly between gold and thiol groups and secondly between
hydroxyl and amino groups, three incubation times were tried (marked as Rx1, Rx2 and Rx3
respectively), having the following DLS and Zeta potential results, see table 4.3.

Table 3.3 Gold Nanoparticles incubated with a SH-OH molecule and amino-PEG

AUNP’s DLS Zeta Potential
(d/nm) (mV)
AuUNP-SH (Rx1) 30 hrs 33.31 -44.6
AUNP-SH (Rx1) 48 hrs 30.53 -34.5
AuUNP-SH-PEG (Rx1) 15 31.69 -22.5
hrs
AuUNP-SH-PEG (Rx1) 40 36.03 -23.1
hrs
AUNP-SH-PEG (Rx1) 48 40.25 -28.9
hrs
AuUNP-New (Rx2) 55.66 -37.8
AUNP-SH (Rx2) 1 hrs 22.98 -42
AUNP-SH (Rx2) 24 hrs 28.21 -39.2
AUNP-SH (Rx2) 72 hrs 32.67 -21.1
AUNP-SH-PEG (Rx2) 15 56.45 -14.4
hrs
AUNP-SH-PEG (Rx2) 40 48.94 -17.9
hrs
AUNP-SH (Rx3) 20 hrs 72.92 -39.6
AuUNP-SH-PEG (Rx3) 24 46.94 -25.8
hrs
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Finally these gold nanoparticles were incubated and functionalized with Folic Acid for 48 hrs, and
three different tests were conducted by using gold nanoparticles in different steps of
functionalization. The first group consisted of single gold nanoparticles incubated for 12 hrs in
HeLa Cells and with cell nucleus stained with NucBlue®; the second group were gold
nanoparticles with SH-groups incubated for 12 hrs in HelLa cells and finally gold nanoparticles
functionalzed with folic Acid were incubated by 12 hrs in HeLa cells, having the following results,

see figure 3.3-3.4 respectively.

u b e u‘

Figure 3.2 Single Gold nanoparticles incubated in HeLa cells for 12 hrs. The cell nucleus was stained with
NucBlue®.

4

e

— 4 {
Figure 3.3 Gold nanoparticles funtionalized with SH-groups incubated in HeLa cells for 12 hrs. The cell
nucleous was stained with NucBlue®.

Figure 3.4 Gold nanoparticles funcionalized with Folic Acid incubated in HeLa cells for 12 hrs. The cell
nucleous was stained with NucBlue®.
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3.4 Gold Nanoparticles in Cervix Tissue

To prepare cervix tissue impregnated with gold nanoparticles, the histologic specimen embedded
in paraffin, mounted on a glass microscope slide, is heated at 60° C during 1 hour. Then to
deparaffinize, the mounted tissue was immersed in Xylene twice (15 minutes each) after that the
tissue was rehydrated by using different concentrations of absolute EtOH as follows: EtOH 100%
(10 minutes), EtOH 90% (10 minutes), EtOH 70% (10minutes) and EtOH 30% (10 minutes)
followed by immersion in PBS 1X (5 minutes). Finally the sample was rinsed in distilled water (5

minutes).

To incubate the tissue the water excess was removed and the outline of the specimen marked
(avoid making contact with the tissue) with and hydrophobic ink (Pap-pen®) before placing the
histologic specimen in a Hot-bar and covering with the gold nanoparticles solution. The sample
was incubated for 2 hours at 37° C being careful that the tissue was not dry; if it was required,
more gold solution was added. At the end the tissue was carefully rinsed with distilled water, few
drops of DABCO* were added, and covered with a coverslip making sure that no bubbles formed,

see figure 3.5.

The histologic specimen of cervix

tissue embedded in paraffin, mounted e ( )
on a glass microscope slide A 4 A
= | =
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l, PBS 1X EtOH 30% EtOH 75% EtOH 90% EtOH 100%
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over with a coverslip.
no bubbles

Figure 3.5 Schematic process of gold nanoparticles tissue marking.
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3.5 Gold Nanoparticles and Cervix Tissue Characterization

The morphology and size of the AuNPs were analyzed by transmission electron microscopy
(TEM) using a FEI Titan 800-300 with accelerating voltage set to 300 kV. UV-Vis absorption
measurements were carried out using a Perkin Elmer Lamda 900 spectrometer with a spectral
resolution of 2 nm. The optical characterization of cervix tissue was obtained by using a Confocal-
Microscope Carl-Zeiss Model LSM-710-NLO at 543 nm and Two Photon Imaging (TPI) at 900
nm at 0.15 and 0.7 % of power. Raman mapping spectra were collected using a Renishaw Raman
System (inVia Raman Microscope) with a 20x objective lens and the-excitation laser was operated
at 785 nm. The integration time for each Raman measurement was 20 s and the mapped area was
100x100 microns. For the Raman signal detection, the laser excitation light was directly focused
onto the surface of the sample solution (250 pl) with a laser power of ~5mW and the

aforementioned integration time.

3.6 Results and discussion

The size and morphological characterizations were performed by TEM images, and are shown in
Figure 3.6(a), where it was confirmed that AuUNPs were obtained with an overall outer diameter of
~15 nm. Figure 3.6(b) shows the UV-Vis Spectrum of AuNP dispersed in aqueous solution. For
AUNP, the Surface Plasmon Resonance (SPR) is centered at 520 nm which is consistent with the

particle size and the color of AuNPs solution obtained with the Turkevich method [38].
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Figure 3.6 () TEM micrographs of gold nanoparticles (left). (b) UV-Vis spectra of spherical gold
nanoparticles where SPR is situated at 520 nm (right).

47



Figure 3.7 shows the scanning electron microscopy images (SEM) of carcinogenic cervix cells
incubated with gold nanoparticles, as we can corroborate gold nanoparticles are situated mostly in
the nucleus of the cell, we propose that this is due to electrostatic charges, gold nanoparticles have
negative charge in their surface and the nucleus has positively charged aminoacids, although the
UV-Vis spectra shows a red-shifted band this is because of the nanoparticles agglomeration.
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1.00kV LED SEM WD 9.6mm 18:39:35 *10,000 1.00kV LED SEM WD 9.6mm 18:44:07
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350 400 450 500 550 600 650 700 750

— 100nm cIo 7/30/2015 Wavelength (nm)
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Figure 3.7 (a-c) SEM micrographs of a cell in a carcinogenic cervix tissue incubated with gold
nanoparticles. (d) UV-Vis spectra of carcinogenic cervix tissue with gold nanoparticles.

In Figure 3.8 there is observed there are images of Dispersive X-ray Spectroscopy (EDS) mapping
of the cells shown above, where it is corroborated that gold nanoparticles are situated in the
nucleus surface. Moreover, the Energy of these cells displayed the elements that are present in the

cells, see figure 3.9.
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Figure 3.8 EDS map of a cell in a carcinogenic cérvix tissue with gold nanoparticles.

M Map Sum Spectrum
Wik o
C 434 02
Au 349 032
(o} 10.0 01
N 76 01
Si il 0.0
& 10 01
P 0.0 0.0

Figure 3.9 EDS spectra of a cell in a carcinogenic cérvix tissue with gold nanoparticles.

In figure 3.10 the SEM of cervix cells that have the presence of papilloma virus incubated with

gold nanoparticles is observed, gold nanoparticles are situated principally on the nucleous surface
of the cell, and again considering the fact that this is die to the surface charges, gold nanoparticles
have negative charge in their surface and the nucleous that has aminoacids positively charged. In
addition, in Figure 3.11 the mapping of the cells shown above is displayed, where it is
corroborated that gold nanoparticles are situated on the nucleus. Moreover, the EDS of these cells

displayed the elements that are present in there, see figure 3.12.
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Figure 3.10 SEM micrographs of a cell in cervix tissue infected with papilloma virus and incubated with

gold nanoparticles (a-c).
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Figure 3.11 EDS maps of a cell in cervix tissue infected with papilloma virus and incubated with gold

nanoparticles.
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Figure 3.12 EDS spectra of a cell in cervix tissue infected with papilloma virus and incubated with gold

nanoparticles.

Figure 3.13 presents confocal and two-photon images of cervix tissue incubated with gold
nanoparticles using the 543 and 900 nm as excitation wavelengths, respectively. The images show
successful structural marking, well images of cellular distribution, and brightness after being
incubated with gold nanoparticles. The unlabeled cells show a relatively uniform distribution of
two photon fluorescence signal throughout the nucleous. No signal is associated with the
cytoplasm, which does not have significant concentration of gold nanoparticles that can be excited
in the NIR region. The discrete bright spots in the nucleous of nanoparticle-labeled cells are
indicative of uptake aminoacid labeled with nanoparticles inside cells. Two Photon Luminescence
(TPL) images of cells treated with nonspecifically conjugated nanoparticles (Figure 3.13) show

agglomeration of contrast agent and little attachment to the cytoplasm.
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Figure 3.13 Micrographs of cervical tissue, a) auto-fluorescence with excitation at 543 nm, b) two-photon

fluorescence excited at 900 nm. c) Overlapping of the (a) and (b) figures

By tuning the excitation wavelength from 800 to 1100 nm, it was found that 900 nm yielded the
brightest TPL signal from the nanoparticles as well as the brightest signal from the cancer cells.
This wavelength corresponds to the longitudinal plasmon resonance frequency of the

nanoparticles.

Two-photon-induced luminescence from the gold nanoparticles was verified by measuring the
dependence of the emission intensity on the excitation power. The deposited gold nanoparticles in
cervical tissue at different emission regions were examined. A linear dependence of the incident
power was observed for increasing excitation powers from 0.5 to 0.7 %, indicating that the

excitation is a two-photon process (Figure 3.14 and figure 3.15)
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Figure 3.14 Emission intensity dependence of gold nanoparticles on different excitation power at 900 nm
varying the power percent from 0.5 to 0.7 respectively.
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Figure 3.15 Linear dependence of incident power and intensity.

Figure 3.16 shows two different SERS spectra of cervical tissue, one of them only presents
Human Papiloma Virus (HPV) and the other one present carcinoma, here it is observed the
differences between the main peaks that are characteristic of this type of samples are observed the
bands at 967, 1089, 1228, 1253, 1340 and 1456 cm™ are typical of cervical tissue as it has been
reported The ratio of intensities at 1454 to 1656 cm™ was greater for squamous dysplasia than all

other tissue types, while the ratio of intensities at 1330 to 1454 cm™ was lower for samples with
squamous dysplasia than all other tissue types [173].
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Figure 3.16 SERS spectra of two different cervical tissue with gold nanoparticles, one with HPV damage
and the other one with carcinoma, analized at 789 nm. In this figure it is also observed the Raman spectra
when the tissue is analized without the presence of gold nanoparticles and no-peaks are present.

Moreover, when the tissue samples were analized by Raman spectroscopy it was observed that a
laser ablation was presented and as it is well known AuNPs have been shown to be an ideal agent
for enhancing laser-based ablation therapies mostly because of their tunable optical properties and
surface plasmon resonance (SPR) effect [174-176]. In figure 2.13 we can observe damage caused
due to the presence of gold nanoparticles, when cervical tissue was analized by Raman
spectroscopy at 785 nm, and as we can assume that the presence of gold favor the photothermal
effect causing burning of the tissue. As we know the characteristic resonant frequency for SPR
strongly depends on AuNPs size, shape, interparticle interactions, dielectric properties, and local
environment [177]. As examples, an increase of the particle size induces a redshift in the SPR,
while it has been calculated that clustered aggregates of several nanoparticles can manifest wide
broadening of the peaks in the absorption spectrum [178, 179]. Finally photothermal therapy is a
promising method for the localized ablation of malignant tissues that are difficult to remove by
surgery [175, 176, 180, 181]. Distinct energy sources have been used to provoke the thermal
ablation of biological samples including laser-based techniques [175] for instance, laser induced
thermal therapies are used for treating cardiac arrhythmias, prostate cancer and varicose veins
[182].
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Figure 3.17 Micrographs of cervix tissue with gold nanoparticles before and after mapping with a laser of
785 nm.

3.7 Conclusion

We have demonstrated the effective use of gold nanoparticles as bright contrast agents for TPL
imaging. Two-photon-induced luminescence from the gold nanoparticles was verified by
measuring the dependence of the emission intensity on the excitation power. Gold nanoparticles
were deposited on a cervix tissue. We have demonstrated the effective use of gold nanoparticles as
bright contrast agents for TPL imaging. By staining cervical tissue the cell nucleus imaging could
be carried out with very high signal-to-noise ratios. In cases where imaging depths will be limited
by the maximum available power that can be delivered to the imaging plane without causing
damage to tissue, gold nanoparticles might provide sufficient brightness to extend the maximum
depth of imaging. Additionally, we have shown that the use of gold nanoparticles can expand the

capabilities of TPI to allow noninvasive imaging of biological samples.
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4.1 Introduction

The detection of molecules at low concentration in solution with high sensitivity and specificity
has been of great interest in fields such as biomedical research and diagnosis [183-186]. In
particular, surface-enhanced Raman scattering (SERS) is a powerful, ultrasensitive, and non-
destructive spectroscopic technique that can detect analytes down to the single molecule level
while simultaneously providing molecular specific information [187-189]. Many studies have
demonstrated enhancement factors of 10° or higher, leading to Raman signals that are comparable
to or even higher than those of the fluorescent organic dyes [190-192]. SERS is a technique
resulting in strongly increased Raman signals of molecules at or near metal nanostructures,
typically noble metals such as gold and silver. In particular, SERS has been exploited to detect
low concentration of biological samples such as different types of cancers [193-198], Alzheimer’s
disease (B-amyloid peptide) [199, 200], the hepatitis C virus [201], and Parkinson’s disease
(dopamine depletion) [202, 203]. In the study of SERS processes, it is generally accepted that
electromagnetic enhancement [204] and chemical enhancement [205] mechanisms are the
principal phenomena involved in the amplification of Raman signals. Effective SERS depends on
absorption of incident light by the metal nanostructures based on their surface plasmon resonance
(SPR) [204] where the excitation wavelength is resonant with the metal-molecule charge transfer
electronic states [205]. The success of SERS is highly dependent on the interaction between
adsorbed molecules and the surface of plasmonic nanostructures. In the last years, many studies
have strived to optimize substrate structure and configuration to maximize enhancement factors
such as new plasmonic materials [206-208] with different shapes and sizes [209, 210] that support
increased SERS enhancement. The SPR of a metal nanoparticle may be tuned throughout visible
and near-infrared (NIR) wavelengths by varying the size and shape or the aspect ratio [211-214].
Particularly, the plasmons of metallic nanostars, nanoshells, and nanorods can be used to tune the
SPR into the NIR region [215-221], which is desired for in vivo biomedical applications due to
deeper tissue penetration [222-224].

Gold nanoparticles have been widely studied for bio detection applications due to their unique
optoelectronic properties. Various types of AuNPs [225-228], both in aqueous [229-231] and
organic solutions [41, 232], have been developed to serve as excellent SERS substrates. Moreover,

the silanization of various metal nanoparticle systems has shown great success in protecting their
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surface characteristics and facilitating bioconjugation [233, 234]. The SERS activity of gold and
silver nanostructures has been experimentally verified using Rhodamine B as an analyte due to its

distinct Raman features and adsorbability onto nanoparticles [235, 236].

One of the important applications of SERS is detection of glucose. Glucose in particular is
interesting as proper monitoring of diabetes mellitus requires effective screening of glucose levels
within human blood. Several studies have been reported previously [237-240]. Van Duyne and
coworkers have done extensive work on SERS detection of glucose [241-243] in which they
observed that SERS was successful in the detection of glucose at physiological concentrations
using in vitro and in vivo sensing techniques. Yang and coworkers proposed the use of a photonic
crystal fiber as a container of a different concentration solutions of D-glucose, and obtained a low
concentration detection via Raman spectroscopy [244]. Dinish et al. implemented a nanogap
SERS substrate with a deep-UV lithography technique for glucose sensing [245]. Very recently,
Al-Ogaidi worked with gold nanostar@silica core—shell nanoparticles conjugated with glucose
oxidase (GOx) enzyme molecules developed as the SERS biosensor for label-free detection of
glucose, by examining SERS peak of H20, [246]. However, it is still challenging to achieve high
reproducibility, good uniformity, and long-term stability of SERS substrates. As mentioned,
glucose is extremely difficult to detect through conventional SERS methodologies because of its

small Raman cross-section and weak absorption to bare metal surfaces.

In the present work, we have carried out a systematic study of the SERS signals of
Rhodamine B (RB) and a-glucose adsorbed on colloidal multi-branched gold nanostructures
(MBGNSs) and MBGNs with a silica coating. The MBGNs demonstrated their ability to detect
these two molecules at low concentrations, compared to AuNPs where no Raman signal was
observed. While MBGNSs serve to enhance the Raman signal, the MBGNs-silica coating induce
aggregation and then affords strong interaction with RB and a-glucose resulting in an increase of
hot spot density that improve the SERS signal. Since SERS detection of a-glucose in water is
generally challenging, the successful detection within a clinically relevant concentration range
shows the promise of the MBGNs and MBGNs-silica as potential SERS substrates for detecting
molecules that strongly interact with silica coating or MBGN surface itself.
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4.2 Synthesis of Multi-branched Gold Nanostructures

4.2.1 Materials

All chemicals were reagent grade. HAuCls, sodium citrate, silver nitrate, ascorbic acid, 3-
aminopropyltriethoxysilane (APTES), Rhodamine B and a-glucose were purchased from Sigma-
Aldrich. HCI was purchased from Karal, (~38% in H20), deionized water was purchased from

Quimicurt, and ethanol was purchased from Jalmek.

4.2.2 Preparation of MBGNs and MBGNs-silica

Multi-branched gold nanostructure were prepared by a seed-mediated growth method following
previously reported protocols with some modifications [247] where a gold seed solution was
synthesized using the Turkevich method [231]. Briefly, the addition of a 1% citrate solution to a
boiling solution of 1 mM HAuUCIs under stirring yielded a red color characteristic of gold
nanospheres (AuNP). The stable particles were filtered by Whatman filter papers of 110 nm, and
then kept at 4 °C for long-term storage. To synthesize MBGNSs, the solutions that are involve are a
0.5 mM HAUCI, solution, a 1M HCI solution, the gold seed solution prepared by the Turkevich
method, a 0.01M silver nitrate solution and a 0.1 M ascorbic acid solution. At first there was an
extended study to optimize the amount of reactants to obtain the best results in nanostructure
morphologies resulting in a SPR red shifting, at the beginning the Silver nitrate was varied, as is
indicated in table 4.1. It is believed that the major role of Ag" is to assist the anisotropic growth of

Au branches on certain crystallographic facets on multi-twinned citrate seeds [248-251].

Table 4.1 Quantities of reactants, varying the amount of AgNO3 solution to obtain multi-branched

hanostructures

Sample HAUCI, (ul) HCI (ul) Gold seeds (pl) AgNO:3 (ul) Ascorbic Acid
(ul)

1 _Ag5 25 10 100 5 63

2_Agl0 25 10 100 10 63

3 _Agls 25 10 100 15 63

4 Ag20 25 10 100 20 63

5_Ag30 25 10 100 30 63
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Figure 4.1 UV-Vis spectra of multi-branched gold nanostructures obtained by varying the amount of Silver

Nitrate.

After that, the best results, using the red shifting in SPR as criterion, were given by the samples

prepared with 15 and 30 pl of silver nitrate solution. After this, then the amount of HCI was varied

as indicated in table 4.2.

Table 4.2 Quantities of reactants, varying the amount of HCI solution for the obtain of multi-

branched nanostructures

Sample HAuCl, HCI (ul) Gold seeds AgNOs3 Ascorbic
(1) (uh) (k) Acid (pl)
1 HCI_15 25 15 100 30 63
2 HCI_20 25 20 100 30 63
3 HCI_30 25 30 100 30 63
4 HCI_40 25 40 100 30 63
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Figure 4.2 UV-Vis spectra of Multibrached Gold nanostructures obtained by varying the amount of HCI.

Our best result, by the SPR red shifting, was by using 20 ul of HCI solution. Finally the amount of

HAUCIs solution was varied as shown in table 4.3.

Table 4.3 Quantities of reactants, varying the amount of HAuCl4 solution for obtain multi-

branched nanostructures

Sample HAUCI4 HCI (ul) Gold seeds AgNOs3 Ascorbic

() (uh) (H) Acid (pl)
Au35Ag20 35 20 100 20 63
Au40Ag20 40 20 100 20 63
Au45Ag20 45 20 100 20 63
Au35Ag30 35 20 100 30 63
Au35Ag30 40 20 100 30 63
Au35Ag30 45 20 100 30 63
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Figure 4.3 UV-Vis spectra of Multibrached Gold nanostructures obtained by varying the amount of
HAUCI,.

With all of these results we obtained the optimized amount of reactants to obtain the shapes that
we were looking for, being the sample that was prepared by adding 40 pl of HAuUCIs, 30 ul of
AgNOs and 20 pl of HCI. However, different samples were analized by transmission electron
microscopy and the results that we choose for have the best shape were the samples that were

prepared by using 40 pl of HAuUCls, 20 pl of AgNOs and 20 pl of HCI as it is shown in figure4.4.

50 600 700 80 900

Wavelength (nm)

Figure 4.4 TEM images of Gold nanostructures obtained by varying the amounts of reactants. a) Gold
seeds. b) Gold nanostructures obtained with 25 pl of gold salt solution, 10 pl of HCL solution and 30 pl of
Ag solution (M1). ¢) Multibrached Gold nanostructures obtained with 25 ul of gold salt solution, 15 pl of
HCL solution and 30 ul of Ag solution (M3). d) Multibrached Gold nanostructures obtained with 40 ul of
gold salt solution, 20 pul of HCL solution and 20 ul of Ag solution (M6). e) UV-Vis Spectra of gold seeds

and M1, M3 and M6 samples.
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It was important to check the SERS activity of these nanostructures to determine which one shows

greater increase in Raman signal; Rhodamine B at two concentrations (1x10° M and 1x10” M)
was tested in aqueous media. The results are shown in figure 4.5.
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Figure 4.5 Raman spectra of 1x10° M Rhodamine B solution and multi-brached gold nanostructures (M1,

M3 and M6).
4—
1.0x10 —— M1-1x10-7
—— M3-1x10-7
o —— MB-1x10-7
.UX .
> 6.0x10°
5
=
2 3
§ 4.0x10
=
2.0x10°1

0.0+
600

1000 1200 1400 1600

Raman Shift (cm™)

800

Figure 4.6 Raman spectra of 1x10” M Rhodamine B solution and multibrached gold nanostructures (M1,
M3 and M6).

The most efficient nanostructure for SERS applications was the sample “M6”. Knowing that, 200

pl of the previously prepared seed solution was added to 10 ml of 0.5 mM HAuCI4 solution with
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40 ul of 1M HCI at room temperature under moderate stirring. Quickly, 40 pl of 0.01M silver
nitrate and 126 pl of 0.1 M ascorbic acid were added simultaneously under 700 rpm stirring,
figure 4.7. The color rapidly turned from light red to greenish-black, indicating the formation of
MBGNs. MBGNs-silica were prepared by adding 10 pl of 10% vol. APTES water solution to the
MBGNSs solution that had been previously prepared.

L A

200 pl of 40 pl of \ 40 pl of 0.01M
10 ml of 0.5 '_“M AuNPs \ 1M HCI | Silver Nitrate
HAuClI, solution - ) ‘ +
[ VI ) TRl | [126uofoam
u J —_— | —_— \ J —_— ‘ J Ascorbic Acid
/ |l & el «.
700 rpm

Figure 4.7 Diagram of MBGNSs preparation

4.2.3 AuNPs and MBGN:s linked with Rhodamine B and a-Glucose

A high concentration of RB aqueous solution (1x10-2M) was prepared to obtain the characteristic
Raman spectra of concentrated RB. RB-MBGNSs solutions were prepared by dissolving solid RB
in distilled water and three different concentrations were obtained (1x10-7 M, 1x10-8 M and
1x10-10 M), then 500 pl of these RB solutions were mixed with 500 pl of colloidal MBGNs
having RB-MBGNSs final concentrations of 0.5x10-7 M, 0.5x10-8 M and 0.5x10-10 M
respectively. Furthermore, RB-MBGNSs-Silica was prepared as follows: first RB-APTES solution
was prepared adding 10 ul of 10 %vol. APTES solution to three concentrations of RB solutions
(1x10-7 M, 1x10-8 M and 1x10-10 M). Subsequently 500 ul of colloidal MBGNs-silica, were
added to 500 pl of each one of the RB-APTES concentrations. And finally 500 pl of colloidal
AuUNPs and AuNPs-APTES were added to a 500 pl of the highest concentrated simple (1x10-7M)
RB and RB-APTES solutions, to obtain RB-AuNPs and RB-AuNPs-silica respectively.
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A sample of high concentration of a-glucose was prepared by dissolving 50 wt% of a-
glucose in water. Additionally, a-glucose-MBGNSs solutions were prepared by dissolving solid a-
glucose in 100 pl of distilled water and mixing with 900 pl of colloidal MBGNs obtaining final
concentrations of 5 mM, 10 mM and 20 mM (90, 180 and 360 mg/dL) respectively. The a-
glucose-MBGNs-silica was prepared by dissolving solid a-glucose in 100 pl of distilled water and
adding 10 pl of 10%vol. APTES solution and mixing with 900 pl of colloidal MBGNs-silica (5
mM, 10 mM and 20 mM respectively). a-glucose-AuNPs-silica was prepared adding 900 ul of
colloidal AuNPs (with and without APTES) to a 100 pul of a-glucose and a-glucose-APTES
solutions obtaining a 20mM concentration, respectively.

4.3 Characterization

4.3.1 Morphology and Optical Characterization

The morphology and size of the AuNPs and MGBNSs-silica were analyzed by transmission
electron microscopy (TEM) using a FEI Titan 800-300 with accelerating voltage set to 300 kV.
UV-Vis absorption measurements were carried out using a Perkin EImer Lamda 900 spectrometer
with a spectral resolution of 2 nm. Raman spectra were collected using a Renishaw Raman System
(inVia Raman Microscope) with a 20x objective lens and the-excitation laser was operated at 785
nm. The integration time for each Raman measurement was 20 s. For the Raman signal detection,
the laser excitation light was directly focused onto the surface of the sample solution (250 pl) with
a laser power of ~5mW and the aforementioned integration time.

4.3.2 Zeta Potential

Zeta potential measurements were carried out using a Malvern Instrument Zetasizer Nano (red
laser 633 nm) to the following samples, a-glucose in water (100 mM), a-glucose-APTES (100
mM), colloidal MBGNSs and colloidal MBGNs-silica. The samples were dispersed in distilled

water (1 mM, pH = 7.4) with a concentration of 1 mg/ml.
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4.4 Results

The size and morphological characterizations were performed by TEM images, and are shown in
Figure 4.8 (a)-(d), where it was confirmed that AuNPs were obtained with an overall outer
diameter of ~20 nm, see Figure 4.8(a)-(b). These AuNPs were mixed with silver nitrate at a 2:1
volume ratio and used as seeds to synthetize the MBGNs with an average size of 200 nm, as is
shown in Figure 4.8(c)-(d). It is observed that the MBGNs are surrounded by a cloud of silica that

promotes the agglomeration, having MBGNs- silica clusters of ~ 1000 nm, see Figure 4.8 (d).

Figure 4.8 TEM images of AuNPs (a and b) with average size of ~20 nm, which were used to prepare
MBGNs (c¢) with average diameter 200 nm. Aggregates of MBGNs-silica (d) resulting in an average size
of 1000 nm.

Figure 4.9 shows the UV-Vis Spectrum of (a) AuNP, (b) MBGNSs and (c) MBGNSs-silica,
dispersed in aqueous solution. For AuNP, the SPR is centered at 522 nm, as is shown in Figure
4.9(a) and for the MBGNs and MBGNs-silica the SPR was red-shifted to 850 nm, see Figure
4.9(b)-(c). The absorption spectrum of the MBGNSs-silica sample shows a wide band, which is

consistent with the agglomeration of the particles, due to the interplay between the silica coating
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and the underlying MBGNs resonances, about which more will be discussed later. This is
consistent with the dimensional results gleaned from the TEM images of Figure 4.8(a)-(d). These
large spectral shifts from the nanospheres are manifested as color changes in the colloidal
solutions of the nanoparticles, as is shown in Figure 4.4. In the image, AuNP are represented by
the red solution and the MBGNs-silica solution is the greenish black solution, as seen in Figure
4.10 (a) and (b), respectively. The color changes are not significant between MBGNs and
MBGNs-silica solutions.

400 500 600 700 800 900
010—¥——+— 11—

a) 522

400 500 600 700 800 900
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Figure 4.9 UV-Vis absorption spectra of (a) AuNPs, (b) MBGNs and (c) MBGNs-silica, dispersed in

agueous solution

Figure 4.10 Color Comparison of the solutions. (a) AuNPs (red solution), used as a seed for the synthesis of

(b) MBGNs-silica (green-black).
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SERS activity of the AuNPs, MBGNs and MBGNSs-Silica was examined using RB as
Raman marker. The comparative SERS spectra of varying the concentration of RB, and the effect
of APTES addition in AuNP and MBGNSs is displayed in Figure 4.11. The Characteristic Raman
signals obtained from a RB high concentrated solution (0.01 M) that yields peaks at 620, 1195,
1275, 1358, 1431, 1506, 1527, 1591 and 1647 cm™ are displayed in Figure 4.11(A) and is in
agreement with results reported recently [69]. The Raman signal of three concentrations of RB
(10, 10®and 10" M) adsorbed on MBGNs and MBGNSs-silica are displayed in Figure 4.11(B)(b-
d) and (e-g), respectively. The Raman signal of RB adsorbed on MBGNs show peaks at 628,
1284, 1364, 1516, 1534 and 1655 cm™, see Figure 4.11(B)(b-d) and RB adsorbed on
MBGNSs-silica at 620, 1196, 1268, 1349, 1452 and 1503 cm™, see figure 4.11(B)(e-g). Itis
observed that band positions present small changes with the presence of the silica coating about

which more will be discussed later.
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Figure 4.11(A) Raman spectra obtained from a concentrated solution (0.01 M) of Rhodamine B in distilled
water. (B) Representative SERS spectra following 785 nm excitation obtained from: (a) Target MBGNs-
silica, and RB at different concentration, 0.5x10-10, x10-8 and x10-7 M on MBGNSs (b), (c) and (d), and

(e-g) for silica coated MBGNS.
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In Figure 4.12 are shown the resulting Raman spectra of using AuNPs with and without
silica in RB detection and compared with the AUNP OM spectra, where the characteristic peaks
were not observed even at relative high concentration (1x107 M), however for AuNPs-silica an
small peak at 850 cm™ is observed. Figure 4.13 shows the increase of the Raman signal by using
MBGNs and MBGNSs-silica with different concentration of RB (107, 10® and 10" M), each data
point represents the average value from three SERS spectra and error bars show the standard
deviations. There is a linear relationship between the intensity of the 628, 1284 and 1516 cm™
bands and RB concentration. The silica coating enhanced the Raman signal by ~ 3 times in

comparison when using samples without silica coating.
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Figure 4.12 Raman signal of AUNP OM and AuNP and AuNP-silica with RB solution at 1x10-7 M.
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Figure 4.13 A plot of the integrated Raman signal for three peaks, (628, 1284 and 1516 cm-1) vs. the RB
concentration as RB on MBGNs (RB/MBGNSs) and RB-APTES solution on MBGNs-silica (RB/MBGNs-
silica). Each point represents the average value from three SERS spectra and error bars show the standard

deviations.
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Figure 4.14 and 4.15 show SERS spectra of the a-glucose using colloidal AuNPs, AuNPs-
silica, MBGNs and MBGNs-silica as the SERS substrates. In Figure 4.14(A) is presented the
spectrum of a high concentration a-glucose in water (50 % wt) and several vibrational peaks were
seen at 512, 845, 912, 1033, 1114 and 1365 cm™. These are the typical bands of o-glucose/water
[252]. Figure 4.15 shows the Raman results of testing the detection of a-glucose (20 mM) using
AuNPs and AuNPs-silica and compared with the AuUNP OM spectra, where the characteristic
Raman signal is not observed, however for AuNPs-silica only an small peak at 850 cm™ is
observed. Figure 4.14(B) displays several SERS spectra taken at varying a-glucose concentrations
(0, 5, 10 and 20 mM), showing the potential limit of detection using the MBGNs and MBGNs-
silica, see Figure 4.14(B)(a-d) and (e-g) respectively, where 4.14(B)(a) corresponds to 0 mM. It is
interesting the small yet consistent and reproducible blue-shift of the 512 and 1114 cm'
vibrational bands observed in samples of a-glucose adsorbed in MBGNs-silica. The reason for
this small shift will be discussed later. As expected, they increase in intensity with increasing the
a-glucose concentration. This relationship is shown clearly in Figure 4.16, which shows a plot of
the integrated signal of the 512, 1033 and 1114 cm™ vibrational bands. A linear relationship
between the intensity of the signal and a-glucose concentration was observed. Each data point
represents the average value from three SERS spectra and error bars show the standard deviations.
It is observed a ~2 times increment of the Raman signal for samples using MBGNSs with silica

coating compared to uncoated nanoparticles.
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Figure 4.14 (A) Raman spectra obtained from a concentrated solution of a-glucose in distilled water (50%

wt.). (B) Representative SERS spectra following 785 nm excitation obtained from: (a) Target MBGNs-
silica, and a-glucose at different concentrations (5, 10 and 20 mM) on MBGNs (b-d), and (e-g) for silica

coated MBGN:S. In this last case, a-glucose was functionalized with APTES.
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Figure 4.15 Raman signal of AUNP OM and AuNPs and AuNP-silica with a-glucose in water at 20 mM.

73



3.5x10° -
3.0x10°

2.5x10°

2.0x10° {
® o-Gluc/MBGNs-silica

1.5x10° * o—Gluc/MBGNs

Raman Area (a.u.)

1.0x10° 1

5.0x10°

0.0

10 15 20
a-Glucose Concentration (mM)

o+

Figure 4.16 A plot of the integrated Raman signal (512, 1033 and 1114 cm-1) vs. a-glucose concentration
as a-glucose on MBGNSs (a-glucose/MBGNSs) and a-glucose/APTES solution on MBGNs-silica (-
glucose/MBGNs-silica). Each point represents the average value from three SERS spectra and error bars
show the standard deviations.

Figure 4.17 shows a schematic diagram for the preparation of a-glucose bonded to silica
coated MBGNS. It is schematized the preparation of MBGNs-silica bonded to a-glucose-APTES.
First AUNPs were prepared to be used as a seed to obtain the MBGNSs with a positive surface
charge of +34 mV, the process is explained in the experimental section. After that, APTES was
added to the colloidal MBGNSs binding through amines groups, obtaining MBGNs-silica (+25
mV), having the OH- groups exposed. On the other hand, a-glucose-APTES was prepared as
mentioned in the experimental section. The a-glucose surface charge is -18 mV, increasing
negatively for a-glucose-APTES to -46 mV, suggesting OH- in the surface. Therefore we are
proposing the binding of a-glucose-APTES to the MBGNs-silica through electrostatic forces and
hydroxyl groups bonds.
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Figure 4.17 Schematic diagram showing hypothetical addition of a-glucose to MBGNs. APTES solution
was added to the MBGNSs, and a-glucose/APTES solution was prepared and subsequently both solutions
were mixed. This facilitated the a-glucose incorporation through the bonds of hydroxyl groups and

electrostatic forces.

4.5 Discussion

To interpret the Raman signal enhancement properties of MBGNSs, it is necessary to analyze the
structural changes and optical properties of these nanostructures. The Figure 4.2(a, b) shows the
spherical gold nanoparticles (AuNPs) with an overall size of ~20 nm prepared by following the
Turkevich method [253]. Such particles were used as seeds that in combination with HCI, silver
nitrate, and ascorbic acid promote the anisotropic growth of Au branches on certain
crystallographic facets on multi-twinned citrate gold seeds resulting on a multibranched
nanoparticle (MBGNSs) obtained in the absence of surfactant, see Figure 4.8(c). As has been
reported the presence of Ag” ions, and the CI" produced during the Au reduction of HAUCI,,
precipitate with the Ag* ions forming AgClI on the surface of the growing AuNPs. The growth
process and the morphology of the final Au product are affected inevitably, so that the AuNPs
could not isotropically expand to large gold spheres but form the MBGNs [254]. Figure 4.9(d)
shows the MBGNs aggregation enveloped by a gray coating of SiO, induced by small amount of
the addition of APTES.
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The SPR of AuNPs situated in 522 nm, was consistent with the particle size and the color
of AuNPs solution obtained with the Turkevich method. In the case of MBGNs and MBGNs-silica
the SPR is shifted to 850 nm, which is indicative of the MBGNSs nature [247]. It is in accordance
with the results reported in the literature where the red-shift was produced from the deviations
from spherical geometry [255]. This is related with the interaction of electric field of the
incoming radiation and the nanoparticle, in which it induces the formation of a dipole in the
nanoparticle, and there is a restoring force that tries to compensate it, so that a unique resonance
frequency matches this electron oscillation within the nanoparticle. For non-spherical particles,
such as rods or branches, the resonance wavelength depends on the orientation of the electric field
relative to the particle [256]. The optical properties of non-spherical particles are highly affected
due to size variations of anisotropic shapes and this is because the quite differences in frequencies
associated with the various resonance modes. These resonances has been modeled via Mie for
small spheres [257] and their modification by Gans for ellipsoids [258]. As seen in Figure 4.9(b)
and in Figure 4.9(c), it is observed that the silica coating expand the width in the green region of
SPR peak [240, 259]. This is most likely due to the polydispersity of ~22% of MBGNs-silica
agglomerates and is consistent with the results collected from the TEM images in Figure 4.8 and
with the color changes in figure 4.10.

As can be seen in figure 4.11 it was difficult to obtain the characteristic Raman signal of
RB adsorbed on AuNPs and AuNP-silica, suggesting that the enhancement factor is weak as has
been reported for a spherical nanoparticle, but an small peak is observed at 850 cm™ for AuNP-
silica, corresponding to Si—OH stretching and bending as has been reported [260]. However,
when MBGNs and MBGNs-silica were used, the characteristic Raman signal of RB was clearly
observed, see Figure 4.11(B). Such enhancement of the Raman signal is the result of the
electromagnetic field improvement probably produced by the anisotropic structures increasing the
density and number of hot spots, especially at the tip of the branches as a result of the nano
antenna effect [261]. The three times improvement of the Raman signal observed with the
introduction of silica coating is probably due to the proximity of the MBGNS, inducing the
formation of hot spots with greatly enhanced localized electromagnetic field [262, 263]. It has
been reported that the carboxylic group of RB is conjugated with APTES through a condensation
reaction, and yields a silanized RB which was covalently incorporated into silanol groups present
on surface modified of multibrached gold nanostructures by Si-O-Si bonds [264]. The assembly of
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MBGNs with silica coating as a reproducible method has been widely applied to SERS studies.
Furthermore, improvement of the Raman signal by silica coating is also result of the augmentation
of the bandwidth by which resonance with pumping signal is stronger. It is observed that band
positions are blue-shifted with the presence of the silica coating in addition to the concomitant
increases in the Raman signal. The increment of individual Raman signal peaks (628, 1284 and
1516 cm™) as a function of RB concentration follow a linear relationship with slopes of 0.5, 2 and
3 for MBGNs respectively and 1, 3 and 5 for MBGNSs-silica, respectively, see Figure 4.13. This
mean, MBGNs-silica coated is almost twice sensitive than uncoated nanoparticles making possible
the detection of analyte concentration as lower as 10™° M of RB, not detected with uncoated

nanoparticles. Such result shows the relevance of the coating of MBGNs improving the interaction

with analyte and increasing the hot spot.

As in the case of RB, the detection of a-glucose in water (20 mM) by using colloidal AuNPs
and AuNP-silica was unsuccessful as displayed in Figure 4.12 and the 850 cm™ peak is due to the
presence of Si-OH stretching and bending [260]. However, a-glucose was measured with colloidal
MBGNSs for concentration as lower as 5 mM. As expected according to results described before on
RB, the Raman signal was improved when silica coated MBGNSs were used, see Figure 4.14(B).
The agglomeration induced by APTES served to increase SERS signals due to the higher density
of SERS hot spots [265]. As shown in figure 4.16, there is a linear relationship between the
individual Raman signal peaks (512, 1033 and 1114 cm™) and a-glucose concentration. The
slopes of the linear relationship for uncoated MBGNSs is 6, 10 and 10 respectively, and 8, 30 and
20 respectively for silica coated MBGNSs. Notice the small blue-shift due to the bonding between
the hydroxyl groups of a-glucose-APTES and the free hydroxyl groups of MBGNs-silica particles
[266] and through unions by electrostatic forces, as is proposed in Figure 4.17. Therefore, the
functionalization proposed here is an effective way to improve interaction between MBGNs and
glucose molecule, resulting on a strong enhancement of the Raman signal. These results confirm
that colloidal MBGN s is an effective tool for measuring clinical concentration of a-glucose, and it
is three times more sensitive when such particles are silica coated. The methodology proposed
here for a-glucose measurement is simple, very reliable and cheaper because does not require

special instrumentation other than Raman spectrometer.
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4.6 Conclusion

In this work, we have demonstrated that MBGNSs are highly SERS-active for quantitative RB and
a-glucose detection in low concentrations in aqueous media. We compared the Raman
enhancement when using MBGNs and MBGNs-silica and the signal is increased by ~250% and

~350%, respectively. Such enhancement is attributed to the increase of hot spot because of the
morphology and the strong interaction between the analyte (RB and a-glucose) and MBGNs-
silica. The functionalization process performed to both glucose molecules and MBGNs improved
such interaction and make possible the measurement of concentration as lower as 5 mM (90
mg/dL). This is very important since a-glucose has been notoriously difficult to detect by SERS
due to its small Raman cross-section and weak interaction with bare metal surfaces. We believe
this crucial adsorption problem has been overcome due to the chemical interplay between
hydroxyls on the silica surface and the o-glucose structure which facilitates the chemical
adsorption. The measurement of a-glucose in water is important because mimics well the chemical
environment of the human body. Future endeavors will center on the detection of glucose in body

fluids like blood, urine or tears.
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CHAPTER 5

GENERAL CONCLUSION



General Conclusion

In this work the synthesis of metallic and ceramic nanoparticles was achieved by controlling
different variables that are implied during the reaction processes. For the case of gold
nanoparticles, the Turkevich method was the most adequate process for obtain well dispersed gold
nanospheres presenting an average size of ~15+3 nm, that have an SPR centered in 520 nm, this
nanoparticles were prepared by using reactant ratios of 1:35 mol of HAuCl4s:Sodium Citrate,
which result in the best concentration for our application, being stables at long term storage under
no-light exposure. The process is very suitable for highly reproducible results, the reaction media
is water and no-surfactant was used which favor the biocompatibility. However, for having SERS
phenomena we know that it was necessary to change nanoparticle shapes, this is because when

differences in size and shape the electromagnetic field is enhanced by the generation of hot-spots.

Reviewing different works we found that by adding different quantities of gold chloride
hydrate, hydrochloric acid, silver nitrate and ascorbic acid to gold nanospheres, the anisotropic
growth was promoted obtaining different size and shape nanostructures, which were helpful for
SERS processes. Different quantities of reactants were proven, until optimized the best ones,
which resulting in a well-defined nanostructure by using 2:1 molar ratios of HAuCl4:Ag(NO3)3,
that present an SPR of around ~850 nm, which is in the near infrared region. However when these
gold nanostructures were synthetized, they were not stable enough, and one of our principal goals
was to obtain well stable nanostructures with non-surfactant synthesis, this issue was solved by
adding a silica capping, using APTES, hydrochloric acid and sodium silicate as reactants, in which

the amounts of reactants were optimized, and a well-defined silica shell was incorporated.

Having obtained well dispersed and stable, highly reproducible gold nanospheres and
multibranched gold nanostructures, they were used for evaluate its properties in Raman
spectroscopy, as it has being reported, gold nanostructures served as raman signal enhancers,
however the necessity of having different ways that gives faster results by detecting different
analytes of interest, especially ones that could represent great importance for biomedical
applications, such as proteins or glucose levels. For having a representative results this single and
silica-coated gold nanostructures were analyzed by mixing them with Rhodamine B, a well-known
molecule, but this was doing in liquid media, having result that our detection limits were until

0.5x10° M, enhancing the signal by around ~250 % and ~350 % respectively, this was due to the
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interactions between Rhodamine B and amino groups present in APTES, which was important
because for detections at low concentration in most of the cases an specific substrate has to be
prepared, increasing time and costs of this technique. We prove these same gold nanostructures

with a-glucose, and the detection limits that this method is as low as 5 mM or in other words 90
mg dL, which is an important result because if we review the limits of glucose in blood are

between 75 and 110 mg dL™, besides glucose in water is very difficult to determine by SERS due
to its small Raman cross-section and weak interaction with metal surfaces.

On the other hand, having functionalized nanoparticles gives us the opportunity of labeling
cells such as HelLa cells, gold and zirconium oxide nanoparticles were functionalized to observe
their interaction with biological samples. For the case of gold nanoparticles it was necessary to
add special functional groups such as molecules with thiol groups, then with and amino-
Polyethileneglycol and finally with folic acid to promote the internalization to the HeLa cells, at
the end we observe that there was a better internalization with those nanospheres that were not
funtionalized, should be noted that this was a part of a short stay at Charlotte University in North
Carolina, and the time was not enough to make more probes. In the case of ZrO2:Yb**-Er**
nanoparticles were functionalized by using biotin Biotin-Anti-rabbit (mouse IgG) and rabbit
antibody-AntiKi-67 biomolecules and confirming the conjugation by FTIR, zeta potential and
DLS. These nanoparticles present strong red luminescence by being excited at 970 nm in a two-
photon confocal microscope and this was due to the up-conversion effect, confirmed by the
photoluminescence spectra which indicates that UPC red emission of Er** ions is affected by the
molecules located on the nanoparticles surface. As we observed there is an increment of red
emission when AntiKi-67 was present in the nanoparticles this is probably caused by an important
reduction of impurities compared to the rest of the samples. Our results indicate that the method of
conjugation depicted in this work can be a promising alternative to afford stable colloidal

dispersions of nanoparticles in water and efficiently label cancer cells.

As we seen previously, gold nanoparticles were well candidates as marker in biological
samples, the importance of evaluate malignant diseases in human tissues in crucial for early
treatments, the opportunity of have materials that give the possibility of apply several techniques
of detection is an advantage. Nowadays new equipment in which different analysis procedures are

implied such as confocal microscopy and raman spectroscopy are developed, the use of gold
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nanoparticles for stain cervical tissue, gave us the opportunity of evaluate two different damages
in cervical tissue, one with the presence of Human Papilloma Virus and one with malignant
carcinoma. The properties of gold nanoparticles like high cross-section and contrast, two photon
luminescence and biocompatibility were presented by analyzing these tissues by confocal and
multi-photonic microscopy, 543 nm and 900 nm respectively, which is important because at the
NIR region the tissue auto-fluorescence is avoided, there was no damage only until certain
wavelengths and power, and as we checked solely in the tissues that were gold stained.
Furthermore we could observed that the cell structures in presence of gold nanoparticles were well
defined which in important because the cell damage is firstly analyzed by evaluating sizes of
nucleus and cytoplasm, and as we observed by SEM images gold nanoparticles were situated
primarily on the nucleus. Finally the presence of gold nanoparticles in the tissue enhance the
Raman signal of certain functional groups; we could observe the differences between the two
tissue spectra, basically in the peaks that are related with the DNA, having principal chances

between a non-damaged and damaged tissues.

With this work we could have the opportunity of offer new analysis techniques, as in the
case of Raman spectroscopy in liquid media by using gold nanostructures that helps to enhance the

signal, besides other materials as biological markers.
Future work

The possibility of continuing with these gold nanostructures for detects low concentration of
different analytes, such as cancer proteins. Use metallic and ceramic nanoparticles, possibly
combined with chromophores for enhance the luminescence response for imaging in biological

samples. Analyze and validate the Raman enhancement of nucleus cells with gold nanoparticles.
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