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Foreword 

At present quantum dots and gold nanoparticles are widely used in bio-applications due to 

their size and highly efficient optical properties. The present work is focused on the study of 

the interactions of these materials at a cellular level. The results of this research show the 

way of internalization and adsorption of thioglycolic acid (TGA) capped CdTe quantum dots 

(TGA@CdTe QDs) into human and plant cells together with a systematic Raman 

spectroscopy study of their interaction with cellular molecules. Raman spectroscopy is 

carried out through the use of gold nanoparticles as nanosensors for SERS biomolecule 

detection. Naked gold nanoparticles are used to assess the interactions of the TGA@CdTe 

QDs with the cells whereas the SERS activity of Au/SiO2 clouds in powder is studied for 

tissue applications.   

The localization and interaction of TGA@CdTe QDs within the extracellular matrix (ECM) 

of Haematococcus pluvialis (Chlorophyceae) microalgae (HPM) after an incubation period 

of five minutes is presented. Changes in the Raman spectrum of HPM induced by the 

adsorption of the TGA@CdTe QDs are successfully found by using naked gold anisotropic 

structures as nano-sensors for the SERS effect. Raman spectroscopy results show that 

TGA@CdTe QDs interact with the biomolecules present in the ECM. Sample preparation 

and characterization by complementary techniques such as confocal and electron microscopy 

are also used to confirm the presence and localization of the nanoparticles in the algae.  

Stressed Haematococcus Pluvialis Microalgae (SHPM) are used as control sample since 

they do not present an ECM. Compared with the HPM samples, a small amount of 

TGA@CdTe QDs is observed on the outside of the secondary cell wall of SHPM. 

Therefore, it is proposed that the secondary wall prevents or reduces the interaction of 

QDs with the cells. 

The internalization mechanisms of QDs for the variety of freshly extracted, not 

cultivated human cells and their specific molecular interactions remains an open topic for 

discussion. In this study, we also assess the internalization mechanism of TGA@CdTe 

quantum dots (3 nm) into non cultivated oral epithelial cells obtained from healthy donors. 

Naked gold nanoparticles (20 nm) are successfully used as nanosensors for surface-enhanced 

Raman spectroscopy to efficiently identify characteristic Raman peaks, providing new 
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evidence indicating that the first interactions of these QDs with epithelial cells occurred 

preferentially with aromatic rings and amine groups of amino acid residues and glycans from 

trans-membrane proteins and cytoskeleton. Using an integrative combination of advanced 

imaging techniques, including confocal microscopy, ultra-high resolution SEM, high 

resolution STEM coupled with EDX spectroscopy together with the results obtained by 

Raman spectroscopy, it is determined that   TGA@CdTe QDs are efficiently internalized into 

freshly extracted oral epithelial cells only by facilitated diffusion, distributed into cytoplasm 

and even within the cell nucleus in three minutes. This research shows new evidence on early 

accumulation of QDs in plant and human cells and would further improve our understanding 

about their environmental impact.  

In addition, Au/SiO2 powder and gold nanoparticles in colloidal solution are 

synthesized and their morphology, optical, and the SERS properties have been characterized. 

In tissues breaded with Au/SiO2 powder, several characteristic peaks frequently used for the 

diagnosis of adenocarcinoma in breast tissue and carious dental tissue in the range of the 

Amide III are successfully enhanced. The SERS activity of Au/SiO2 is attributed to the 

properties of the silica powder structures to interact with tissue components, particularly its 

propensity to rehydrate in contact with the tissues promoting the formation of clusters of gold 

nanoparticles and also allowing the adsorption and interaction with biomolecules. Sample 

preparation and characterization by complementary techniques such as electron microscopy 

are also used to confirm the attachment of the Au/SiO2 powder and image their locations on 

the tissues.  

As an additional part to this research a focused ultrasound system for cellular 

sonoporation experiments is designed, built and tested. By means of this system it is expected 

that future experiments to conduct a controlled internalization of nanomaterials in cells can 

be performed. 
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Prefacio 

Actualmente, tanto puntos cuánticos como nanopartículas de oro son ampliamente utilizados 

en bio-aplicaciones dado su tamaño y eficientes propiedades ópticas. El presente trabajo está 

dirigido hacia el estudio de las interacciones de estos materiales con el entorno celular. Los 

resultados de este estudio muestran la vía de internalización y/o adsorción de puntos 

cuánticos de CdTe cubiertos con ácido thioglicólico (TGA@CdTe QDs) en células animales 

y vegetales en conjunto con un estudio sistemático de sus interacciones con las bio-moléculas 

presentes en las células por medio de espectroscopia Raman. La detección de moléculas en 

espectroscopia Raman se llevó a cabo utilizando nanopartículas de oro como nano-sensores 

en SERS. De esta manera, nanopartículas de oro fueron empleadas para detector las 

interacciones entre TGA@CdTe QDs y las células mientras que nubes de Au/SiO2 en polvo 

fueron empleadas para estudiar tejidos. 

Se estudió la localización y la interacción molecular por medio de los cambios 

en el espectro Raman de la microalga Haematococcus pluvialis (Chlorophyceae) (HPM) 

debidos a la presencia de TGA@CdTe QDs dentro de la matriz extracelular (ME) después 

de un periodo de incubación de cinco minutos. Los cambios en el espectro Raman fueron 

evidentes al utilizar nanopartículas de oro para obtener un incremento en la señal Raman 

conocido como efecto SERS. Los resultados de la espectroscopia Raman muestran que los 

TGA@CdTe QDs interactúan químicamente con las bio-moléculas presentes en la ME. La 

preparación de las muestras y su caracterización por medio de métodos complementarios 

como microscopía confocal y electrónica fueron empleados para confirmar la presencia y 

localización de las nanopartículas en las micro algas. Como muestra control se emplearon 

HPM estresadas (SHPM) debido a que estas no cuentan con una ME como la de las HPM. 

Una pequeña cantidad de TGA@CdTe QDs se observa en el exterior de la pared 

secundaria de las SHPM y con base en nuestros resultados experimentales se propone 

que esta pared secundaria previene o reduce la interacción de los TGA@CdTe QDs con 

estas células de planta.  

Los mecanismos de internalización y las interacciones moleculares de TGA@CdTe 

QDs con la variedad de células humanas no cultivadas sino incubadas en fresco son 

ampliamente desconocidos y constituyen un tópico de interés actual. En este estudio se 

analizó el mecanismo de internalización de TGA@CdTe QDs en células orales epiteliales 
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humanas obtenidas de donadores sanos. De nueva cuenta, nanopartículas coloidales de oro 

fueron utilizadas para generar un realce en la señal Raman que permitió localizar los picos 

característicos de las células. De esta forma se encontró nueva evidencia que indica que las 

primeras interacciones de estos TGA@CdTe QDs con células epiteliales ocurren 

preferentemente con anillos aromáticos y grupos de amina de los residuos de aminoácidos y 

glicinas de proteínas tras-membrana y cito esqueleto. Mediante el uso de una combinación 

de técnicas avanzadas de imagen, incluyendo microscopía confocal, SEM y STEM de alta 

resolución acoplada con espectroscopia EDX, junto con los resultados obtenidos mediante 

espectroscopia de Raman, se determina que los TGA@CdTe QDs se internalizan 

eficazmente en las recién extraídas células epiteliales orales por difusión facilitada, de esta 

forma son distribuidos en el citoplasma e incluso dentro del núcleo de la célula en tres 

minutos. Esta investigación muestra nuevas evidencias sobre la acumulación temprana de los 

TGA@CdTe QDs en células humanas y vegetales, ampliando nuestra comprensión acerca 

de su impacto ambiental. 

Como parte final de esta investigación, nanopartículas de oro embebidas en una 

matriz de SiO2 (Au/SiO2) en polvo y oro en solución coloidal se sintetizaron. Su morfología 

y características ópticas tales como actividad SERS para espectroscopia Raman fueron 

estudiadas sistemáticamente en tejidos ex vivo. En los tejidos empanados con polvo de Au 

/SiO2, varios picos frecuentemente utilizados para el diagnóstico de adenocarcinoma en el 

tejido mamario y así como para el tejido dental cariado en el rango de la amida III se 

localizaron exitosamente. La actividad SERS de las nubes de Au/SiO2 se atribuye a las 

propiedades de las estructuras de polvo de sílice para interactuar con los componentes del 

tejido, en particular su propensión a rehidratarse en contacto con los tejidos fomentando la 

adsorción de bio-moléculas y por otro lado promoviendo la formación de grupos de 

nanopartículas de oro. Nuevamente, la caracterización mediante técnicas complementarias, 

tales como la microscopía electrónica, se utilizaron para confirmar la fijación del polvo de 

Au / SiO2 y sus ubicaciones en los tejidos. 

Como parte adicional a esta investigación, un sistema de ultrasonido enfocado para 

experimentos celulares basados en sonoporación fue diseñado, construido y probado. Por 

medio de este sistema se espera llevar a cabo una serie de experimentos para internalización 

controlada de nano-materiales en las células. 
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Overview 

This dissertation is organized into five chapters. Chapter one corresponds to an introduction, 

which provides a brief explanation about the Raman spectroscopic technique, the use of CdTe 

for biomedical applications, the cellular uptake processes and finally the uses of SERS 

powdered substrates for tissue diagnosis. Chapter two explains synthesis and characterization 

of thioglycolic acid capped CdTe quantum dots (TGA@CdTe QDs), naked anisotropic gold 

nanoparticles (AuNPs) and Au/SiO2 powder. Chapter three describes the uptake, 

internalization and interaction of TGA@CdTe QDs and AuNPs with Haematococcus 

Pluvialis algae cells and human oral epithelial cells. In chapter four a systematic study of the 

SERS activity of Au/SiO2 powder and AuNPs for tissue diagnosis is presented and discussed.  

Finally, the dissertation is summarized in chapter five with the possible future works in SERS 

and cellular uptake for biomedical applications. The experimental setup and preliminary 

experiments on cellular sonoporation mediated by focused ultrasound is presented in 

appendix A and the statistical and experimental description of microscopy and spectroscopy 

for cells and tissues is presented in appendix B. 

This dissertation includes material from three published papers by the author. Chapters 2, 3 

and 4 use materials from: Interaction of TGA@CdTe Quantum Dots with an Extracellular 

Matrix of Haematococcus pluvialis Microalgae Detected Using Surface-Enhanced Raman 

Spectroscopy (SERS)1 coauthored with Iris Aguilar-Hernández, Tzarara López-Luke, Valeria 

Piazza, Ramón Carriles, Nancy Ornelas-Soto and Elder de la Rosa-Cruz,  SERS and 

integrative imaging upon internalization of quantum dots into human oral epithelial cells 2  

coauthored with Tzarara López-Luke, Germán Plascencia-Villa, Leonardo Perez-Mayen,  

Andrea Ceja-Fdez, Arturo Ponce, Juan Vivero-Escoto and Elder de la Rosa and SERS-active 

Au/SiO2 clouds in powder for rapid ex vivo breast adenocarcinoma diagnosis3  coauthored 

with Tzarara López-Luke, Pedro Salas-Castillo, Germán Plascencia-Villa, Arturo Ponce, 

Juan Vivero-Escoto, Miguel José-Yacamán and Elder de la Rosa. Appendix A incorporates 

materials from the master’s thesis by the author, entitled Instrumentación y Control para un 

Sistema de medición de propiedades acústicas en materiales biológicos 4 and the poster FUS 

SYSTEM FOR NON-DESTRUCTIVE TESTING IN BIOLOGICAL MATERIAL presented at 

the ISEM-SOI 2015 conference coauthored with Patricia Tavares Ramírez, Tzarara López-

Luke and Elder De la Rosa Cruz. 
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Chapter one 

Introduction 
 

In this introductory chapter a brief description of the methods employed and their medical 

applications as the motivation for this work are presented. The central objective of this work 

is the study of the interaction and internalization of thioglycolic acid (TGA) capped CdTe 

quantum dots (TGA@CdTe QDs) and naked gold nanoparticles with human and plant cells. 

For this two types of fresh cell have been selected; Haematococcus pluvialis microalgae cells 

and human oral epithelial cells. Raman spectroscopy is used as a tool to study the molecular 

interactions between the cells and the nanoparticles, specifically the Surface-Enhanced 

Raman Spectroscopy (SERS). The Raman study is complemented by an integrative set of 

microscopes and techniques; laser scanning confocal microscopy, fluorescence optical 

microscopy, ultra-high resolution scanning electron microscopy and scanning 

transmission electron microscopy. On the other hand, it is known that physical 

mechanisms such as focused ultrasound can control and modify the number of nanoparticles 

during the uptake process. A focused ultrasound system which is controlled via computer 

programming has been built and the principles of the uptake-modification method known as 

sonoporation are presented. As the final part of the work a SERS substrate for tissue diagnosis 

is developed.   

1.1. Quantum dots in biology, cellular interactions 
 

In recent years, the use of engineered nanoparticles in research and technology has 

increased rapidly.5  Thus at present, nanoparticles are commonly used in electronic 

devices, medical applications, cosmetics and food products.6-11 In the case of 

biomedicine, nanomaterials have been employed as imaging tools, drug delivery 

carriers, nanosensors and gene delivery therapy.12-14 This development increases the 

chance of human exposure to nanoparticles due to their small size (1-100 nm), since 

they can potentially penetrate physiological barriers and invade all parts of the body, 

tissues, cells and even subcellular compartments.15 Therefore, some concerns have 

emerged because the exposure to some nanoparticles may lead to adverse health 

effects.13 A great interest in the understanding of the interactions of nanoparticles with 
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living cells has recently increased given the need to achieve their safe and beneficial 

use, and avoid possible biological hazards.16 In addition, nanoparticles with 

engineered surface properties, may pass through the cell membrane without disrupting 

it, enter directly into the cytosol thus interacting with other cellular components.15, 17  

Within the different nanostructured materials Quantum Dots (QDs) are attractive for 

biotechnology applications, partially due to their optical properties. Among several 

other uses, QD have been used for long-term tracking of biological processes in living 

systems and biological imaging with reduced photo-bleaching.18 QDs are mostly 

synthesized in a non-polar organic solvent and therefore have a hydrophobic surface 

that often leads to aggregation in aqueous media, limiting their biological 

application.19, 20 Considering this problem, modified CdTe QDs are one of the most 

successful type of materials applied to biotechnology. CdTe QDs have been 

encapsulated or surface-modified with stabilizer thiols in order to prevent aggregation 

and increase water-solubility and biocompatibility.20, 21 Some CdTe QD stabilizer 

thiols are: thioglycolic acid (TGA), 3-mercaptopropionic acid (MPA) and 

mercaptoethanol (ME). TGA and MPA stabilized CdTe QDs have been tested in the 

most common buffers (pH=5-11) for the indirect immunofluorescence labeling of 

cells.5, 21, 22  Nevertheless, when CdTe QDs are used to decorate living cells, their 

toxicity represents a problem.  It is believed that the main cause of CdTe QDs 

cytotoxicity is the generation of reactive oxygen species (ROS) caused by the release 

of Cd2+ ions, and the formation of TeO2 and CdO.21, 23, 24 The addition of surface 

coatings to the QDs, such as ZnS, polyacrylate or dihydrolipoic acid, reduces the QD 

surface oxidation and the subsequent liberation of free Cd2+ improving the 

biocompatibility.21, 25 Some studies have concluded that, by conjugating CdTe QD 

with antioxidants, toxicity can be reduced.21, 24 It has been reported that Bovine Serum 

Albumin (BSA) could significantly decrease QD-induced toxicity.24 

The ability of quantum dots (QDs) to penetrate the membrane is mainly governed by 

their physical properties including size (< 10 nm), surface chemical composition and 

charge. QDs can be covalently bioconjugated to proteins and antibodies and 

electrostatically linked to DNA.5, 15, 26 Due to their optical and chemical properties, 

such as fine tunable fluorescence wavelength by nanoparticle size dependence, sharp 
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and symmetrical fluorescence peak, strong and stable emission, high quantum yield, 

brightness, photo-stability, and high resistance to photo-bleaching, making QDs a 

good choice for imaging probes.20 

The two most common types of QDs synthesis are the organometallic and aqueous 

synthesis. The organometallic route promotes QDs with excellent optical properties, but such 

organic synthesized QDs are of hydrophobic nature and cannot be directly used in bio-

applications. This hydrophobicity often leads to irreversible aggregation and poor 

colloidal stability in aqueous media, thus limiting their biological application. Many 

different strategies to improve solubility of QDs have been introduced over the past 

few years.19, 20  Therefore a change of medium with hydrophilic ligands exchange and 

polymer or silica coating is required to obtain QDs with aqueous dispersibility. This involves 

complicated manipulations, that cause adverse effects on optical/ physical/chemical 

properties of the QDs.27 

The aqueous synthetic methods are known to be simpler, cheaper, and more 

environmentally friendly. The QDs synthesized by wet chemical methods are naturally 

water-dispersed without any posttreatment due to the presence of a large amount of 

hydrophilic ligand molecules. However, it has been reported that aqueous prepared QDs 

often possess poor optical properties and in both types of synthesis a high level of toxicity 

has been reported. The development of non-cytotoxic QDs for imaging, sensors and targeting 

has been of great interest.20, 28 As has been reported for CdTe QDs, surface oxidation leads 

to the formation of reduced Cd on the QD surface and the release of free cadmium ions, 

which is correlated with cell death. The cytotoxicity of QDs is not only caused by the nano-

crystalline particle itself, but also by the thiol surface-covering molecules of the QD. When 

QDs are only present in the medium surrounding the cells, they cytotoxic effects are smaller 

compared to QDs ingested by cells. Recent research shows that TGA@CdTe QD toxicity 

is related to the release of free cadmium ions (Cd2+ ), the formation of TeO2 and the 

existence of CdO.23, 24 Free radicals and their interaction with individual cellular 

components result in cellular malfunction and eventually cause cell death.24 Therefore, 

a considerable presence of Cd in cell samples could indicate QD toxicity due to Cd2+ 

ions. However, surface coatings such as ZnS, polyacrylate and dihydrolipoic acid 

reduces the QD surface oxidation and the subsequent release of free Cd2+ improving 
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biocompatibility.24  The potential toxicity of CdTe QDs has been studied and it has 

been proposed that the use of antioxidants such as bovine serum albumin (BSA) could 

protect against the QD toxicity.24   

For instance, QDs have often been encapsulated or surface-modified in order to 

prevent aggregation and increase water-solubility and biocompatibility.18, 20, 25  One 

successful example is the CdTe owing to its strong photoluminescence (PL) in the 

visible region. Preparation techniques enable a facile aqueous synthesis of CdTe QDs 

capped by thiol groups whose photoluminescence covers most part of the visible 

region extending to the near IR with quantum yields of up to 70-80 %. This efficiency 

is similar to the best organometallic materials.29   

There are many reported biological experiments on the accumulation and internalization 

of thiol-capped QDs and these are most often performed with immortalized cell lines because 

they are often available and are reproducible. However it has been reported that cell lines 

differ from the in vivo extracted cells in many important aspects.30 Immortalized cell lines 

are adapted to growth in culture and the lack of tissue architecture and heterogeneous 

population of cell types often precludes cell-cell interaction and secretion among other 

functions related to the membrane within a tissue context.31 As has been reported cell lines 

tend to lose tissue-specific functions and acquire a different molecular phenotype from cells 

in vivo. Moreover, it is known that cell lines and primary cells differ in protein levels and 

proteomes.30 Thus animal experiments, studies in primary cell lines or fresh extracted cells 

are often preferred despite their complexity.32 It is why the present research is focused on the 

study of the interaction of fresh cells with QD. The work involves interactions with a plant 

and a human cell type. 

A complete understanding of how a microalgae responds to adverse environmental 

conditions such as the presence of heavy metals33 is an open issue and for the case of HPM 

has become critical due to the increasing interest in this organism as a biotechnological 

source of the ketocarotenoid astaxanthin.34-37  HPM display green color due to the high 

contents of photosynthetic pigments, chlorophyll and β-carotene.34 Typical HPMs that have 

less than three weeks exhibit an extracellular matrix (ECM) of variable thickness that consists 

mostly of hydroxyproline-rich glycoproteins. 38, 39 At these age HPMs show little to no 
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presence of the chemical non-enzymatic antioxidant astaxanthin, making them more 

susceptible to ROS.34, 40, 41  

The interaction of plant cells with TGA@CdTe QDs is studied in Haematococcus 

pluvialis (Chlorophyceae) Microalgae cells (HPM) which is a freshwater unicellular 

microalgae studied for its adaptive response under conditions of environmental stress such 

as nutrient depletion, high salinity, high light intensities, or the presence of reactive oxygen 

species.37 Stressed Haematococcus pluvialis Microalgae (SHPM) undergo several 

morphological and biochemical changes .34, 37 When stress conditions are present, HPM grow 

a thick outer secondary wall, exhibit a decrease in chloroplasts and protein content, and 

accumulate astaxanthin, turning into red color cyst cells that have virtually lost all the 

ECM.38, 39, 42 A schematic diagram of the main differences between HPM and SHPM cells 

before and after applying stress conditions is shown in figure 1. Internalization of QDs in 

plant and algal cells is not common since QDs generally are adsorbed into the cell wall.10  In 

plants, the cell wall pore size ranges between 5 and 20 nm.43 It has been stated that in certain 

algae species QDs can damage the wall and membrane and are known to generate reactive 

oxygen species within the microalgae, thus inducing the activation of enzymatic antioxidant 

systems.40, 43 For instance, it has been reported that higher oxidative stress is observed when 

microalgae are incubated with QDs.41 

 

Figure 1. Schematic diagram showing the main differences between HPM and SHPM cells before 

and after applying stress conditions.  
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The interactions between eukaryotic animal cells and QDs have been studied in 

freshly extracted human oral epithelial cells.  The principal patterns of epithelial 

differentiation are represented by keratinization and non-keratinization. These cells are 

located on the stratified squamous epithelium which consists of squamous epithelial 

cells arranged in layers upon a basal membrane. This type of epithelium is found in regions 

in which the tissue is subject to constant abrasion, and is structured in layers so that the upper 

layers can be sequentially sloughed off and replaced before the basement membrane is 

exposed. It can be found in the outermost layer of the skin and the inner lining of the mouth, 

esophagus, and vagina. For these type of cells, only one layer is in contact with the basement 

membrane while the other layers adhere to one another to maintain structural integrity. 

Although this epithelium is referred to as squamous, not all the cells within the layers are 

flattened and there are no intercellular spaces. The main function of non-keratinized surfaces 

is to prevent tissue from drying out. 

The mucosal lining of the oral cavity and esophagus functions to protect the 

underlying tissue from mechanical damage and from the entry of microorganisms and toxic 

materials that may be present in the oropharynx. The epithelium is constantly replaced by 

cell division in the deeper layers, and turnover is faster in the lining than in the masticatory 

regions. As keratinocytes enter into differentiation, they become larger and begin to flatten 

and to accumulate cytokeratin filaments. In addition to the keratins, the differentiating 

keratinocytes synthesize and retain a number of specific proteins, including profilaggrin, 

involucrin, and other precursors of the thickening of the cell envelope in the most superficial 

layers. There is a rapid clearance of surface cells, which acts as a protective mechanism by 

limiting colonization and invasion of microorganism adherent to the mucosal surface. The 

early accumulation and uptake process of TGA capped CdTe QDs on fresh cells is largely 

unknown 5, 21, 27 and as for the HPM their study requires the use of different microscopy 

methods. 

During the development of this work various microscopy techniques have been used. 

In the following paragraphs the most commonly used microscopy methods that allow to study 

the presence and location of nanomaterials in cells are presented. At present fluorescence 

imaging has turned into a powerful tool in modern biological investigations due to the 

sensitivity and specificity of fluorescence measurements. Also the high-quality of 

https://en.wikipedia.org/wiki/Epithelium
https://en.wikipedia.org/wiki/Epithelium
https://en.wikipedia.org/wiki/Basal_membrane
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fluorescence probes and labeling protocols expanded its applications for studying molecular 

and cellular systems.44 The simplest expression of fluorescence microscopy corresponds to 

the acquisition of images of a biological system using the fluorescence properties of the 

sample. However, there is much more information which comes from a deeper understanding 

of this fluorescence properties. By optimizing the excitation criteria, the image quality can 

be improved and this opens the door for a refined understanding of the sophisticated 

applications of fluorescence such as information regarding molecular and cellular processes. 

Fluorescence microscopy has played a key role in the biological and biomedical sciences 

because it provides biochemical, biophysical and the morphological status of cells and 

tissues. The development of new fluorescent probes together with the microscopy techniques 

such as multiphoton microscopy has boomed in recent years. In specific the research of 

engineered nano-fluorophores offers new alternatives for improvement for the entire field, 

due to the specific, tunable and excellent optical properties of these materials. Fluorescence 

microscopy has evolved over the last 30 years, electronic images are the typical output and 

the resolution and detector system have become constant research topics. 44 

It is known that the response of single cells to a certain stimulus is often 

heterogeneous. Therefore, biochemical and physiological measurements acquired in two 

dimensions may fail to accurately represent the magnitude of individual cellular changes. To 

study the responses of single cells, sectioning approaches are needed. Confocal microscopy 

is one method to assess single cell physiology with high spatial and temporal resolution. 44 

On the other hand electron microscopy offers structural and compositional information, 

with a high resolution. By transmission electron microscopy one can indentify the location 

and means of entry of materials for thin cellular samples at a nanometric scale. 45 When 

studying cell samples by electron microscopy, cell fixation is the most important step since 

little mistakes at this step may be reflected in wrong results and false data.46 At first, the fresh 

cells should be immobilized and all biochemical processes must be halted  to avoid changes 

in the ultrastructure. The fixative must be strong enough to avert the adverse affects of the 

dehydratation and embedding procedures. Each fixative has its advantages and 

disadvantages. And it is known that primary fixation with glutaraldehyde and formaldehyde, 

followed by osmium tetroxide is the prefered sequence for ultrastructure preservation of 
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biological samples. Before sample preparation one must have some knowledge about the type 

cell, for example knowing what the ultrastructure of the living cell looks like. The final 

appearance of the cells should not be in conflict with the living appearance of it. This is why 

it is recommended to monitor the electron cellular imaging technique with other optical 

microscopy techniques. If the fixation process is carefully selected and studied, electron 

microscopy offers an excellent option to help monitor the location of engeneered 

nanoparticles after cellular adbsorption.  

 

1.2. Raman spectroscopy and SERS methods for cells and tissues  
 

Raman spectroscopy is a scattering spectroscopic technique based on the inelastic scattering 

of monochromatic light.47  When a sample is excited with a monochromatic light most of the 

photons are elastically scattered with the same energy as the incident photons, this type of 

scattering is called Rayleigh scattering. However, a small fraction of the scattered photons 

(~ 1 in 10 million) come from an energetic interaction with the sample, so that the scattered 

photons have a different frequency than the incident photons.48  Photons of the laser light are 

absorbed by the sample and then reemitted.  The energy of the scattered photons after 

interaction with the sample is directly related to the energy levels of the material comprising 

the sample. In this way the chemical structure of a sample can be studied.  In the literature 

on Raman spectroscopy a shift in the frequency of the reemitted photons (up or down) in 

comparison with original monochromatic frequency is called the Raman shift effect. Thus 

this shift provides information about vibrational, rotational and other low frequency 

transitions in molecules.  

From a physical point of view the Raman effect is based on molecular deformations 

in electric field E determined by molecular polarizability α. The strength of the electric field 

(E) of the electromagnetic wave from the laser beam induces an electric dipole moment P = 

αE which deforms molecules upon interaction with the sample, thus the laser beam excites 

molecules and transforms them into oscillating dipoles. Because of these periodical 

deformation, molecules start vibrating with a characteristic frequency. The amplitude of 

vibration is called a nuclear displacement. A molecule with no Raman-active modes absorbs 

https://en.wikipedia.org/wiki/Elastic_scattering
https://en.wikipedia.org/wiki/Rayleigh_scattering
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a photon with a certain frequency, and then returns back to the same basic vibrational state 

emitting light with the same frequency as an excitation source. This type if interaction is 

called an elastic Rayleigh scattering. A Raman-active molecule absorbs a photon with 

frequency νf and part of the photon’s energy is transferred to the Raman-active mode with 

frequency νm and the resulting frequency of scattered light is reduced to νf-νm. This Raman 

frequency is called Stokes frequency. A third type of photon scattering occurs when a photon 

with frequency νf is absorbed by a Raman-active molecule that is already in the excited 

vibrational state then the excessive energy of excited Raman active mode is released, 

molecule returns to the basic vibrational state and the resulting frequency of scattered light 

goes up to νf+νm. This Raman frequency is called Anti-Stokes frequency. It is known that 

spontaneous Raman scattering is very weak and instruments such as notch filters, tunable 

filters, laser stop apertures, double and triple spectrometric systems are used to reduce 

Rayleigh scattering and obtain high-quality Raman spectra. 

Four major components typically resume a Raman system.  These are the excitation 

source, sample illumination system and light collection optics, wavelength selector and 

detector. The sample is illuminated with a laser beam whose wavelength is selected from the 

characteristics of the sample then the scattered light is collected with a lens and filtered to 

obtain the Raman spectrum of a sample. As mentioned above, spontaneous Raman scattering 

is very weak and usually the main difficulty of Raman spectroscopy is separating the intense 

Rayleigh scattering from the Raman signal. To solve these problem, the spectral range close 

to the laser line where the stray light has the most prominent effect can be removed by means 

of interference (notch) filters which cut-off spectral range of 120± 80 cm-1 from the laser 

line. This method is efficient in stray light elimination but it does not allow detection of low-

frequency Raman modes in the range below 100 cm-1. Also stray light is generated in the 

spectrometer mainly upon light dispersion on gratings therefore Raman spectrometers 

typically use holographic gratings which normally have much less manufacturing defects in 

their structure and multiple dispersion stages are used as a way of stray light reduction. To 

detect Raman-active modes with frequencies as low as 3-5 cm-1 double and triple 

spectrometers without use of notch filters have been developed.  
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Because the Raman signal intensity is normally weak researchers are nowadays 

working on improving Raman spectroscopy techniques that involve different ways of sample 

preparation, sample illumination or scattered light detection. Such as stimulated Raman in 

which the sample is irradiated with a very strong laser pulse allowing the observation of non-

linear effects on the Raman signal. It has been reported that in comparison with continuous 

wave lasers (with electric field of about only 104 V·cm-1) pulsed lasers (electric field of about 

109 V·cm-1) transform a much larger portion of incident light into useful Raman scattering 

improving the signal-to-noise ratio. 

Coherent Anti-Stokes Raman (CARS) is another type of “non-linear” Raman 

spectroscopy. In these technique two very strong collinear lasers irradiate a sample. As an 

example to understand this technique we can think that the frequency of the first laser is 

constant, while the frequency of the second one is tuned so that the frequency difference 

between the two lasers equals exactly the frequency of some Raman-active mode of interest. 

Thus resulting in an extremely strong particular mode. CARS only one strong Raman peak 

of interest is obtained.  

Some samples can absorb a certain laser beam energy and generate fluorescence 

which contaminates Raman spectrum especially when UV lasers are used. However, under 

certain conditions some of these fluorescent molecules can produce strong Raman scattering 

instead of fluorescence, this effect is known as Resonance Raman (RR). These effect takes 

place when the excitation laser frequency is chosen in a way that it crosses frequencies of 

electronic excited states and resonates with them. The chromophoric group, responsible for 

the molecule’s coloration, experiences the highest level of enhancement because the 

chromophoric group normally has the highest level of light absorption. Tunable lasers are the 

most appropriate choice for the RR technique, even when the frequency of the laser does not 

exactly match the desired electronic excited states an impressive enhancement of Raman 

signal occurs. 

In SERS, the Raman signal from molecules adsorbed on certain metal surfaces can 

be 5-6 orders of magnitude stronger then the Raman signal from the same molecules in bulk 

volume. The exact reason for such dramatic improvement is still under discussion but the 

latest explanations point to the fact that since the intensity of Raman signal is proportional to 
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the square of electric dipole moment P = αE, there are two possible reasons - the enhancement 

of polarizability α, and the enhancement of electrical field E. The enhancement of 

polarizability may occur because of a charge-transfer effect or chemical bond formation 

between metal surface and molecules under observation, known as chemical enhancement. 

On the other hand, the interaction of the laser beam with irregularities on the metal surface 

such as metallic particles excite conduction electrons at the metal surface leading to a surface 

plasma resonance and strong enhancement of electric field E, known as electromagnetic 

enhancement. The most common substrates used for SERS are electrochemically etched 

silver electrodes as well as silver and gold colloids with average particle size below 20 nm. 

The signal enhancement can be so dramatic that weak Raman bands can clearly appear in the 

SERS spectrum, also, trace contaminants of the sample could be expressed. But it also occurs 

that, because of chemical interactions with the metal surface, peaks which are strong in 

conventional Raman might not be present in SERS. These non-linear character of signal 

intensity as a function of concentration may complicate things therefore, a careful 

consideration of all physical and chemical factors should be done while interpreting SERS 

spectra. Qualitative analysis of biochemical and structural changes and interaction of solids 

with tissues at nanoscale plays a central role of modern medicine. Some of these changes are 

highly related to the development of disease processes, and may provide important clues for 

specific and efficient diagnosis.49  

Raman spectroscopy can be used to identify the vibrational energy levels of the 

molecules present in a sample, which are unique for individual molecules and associated with 

the vibrations of specific chemical bonds of the interaction between solids and bio-

specimens. 50,51 In 2006, Kneipp et al. published a detailed study on the SERS effect produced 

by aggregates of gold and silver nanoparticles. In this study they show that the enhancement 

is greater when nanoaggregates composed of gold or silver nanoparticles are in the vicinity 

of the biomolecules in comparison with the use of isolated nanoparticles. In particular they 

propose the use of these aggregates as an excellent choice to study biological systems, such 

as cells, using Raman spectroscopy. This work is based on the method proposed by Kneipp, 

wherein the formation of nano-clusters is promoted for molecular detection in cellular 

systems.52  
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In this work SERS is used as a tool for detecting the molecular structural changes due 

to an interaction of the QDs with the cells.  The spectroscopic observation of the interaction 

of nanoparticles, such as QDs, with cells using gold nano-aggregates has been proposed by 

Kneipp et al. and is of particular interest for bioaccumulation studies and drug delivery. 52  

The accumulation and uptake process of TGA@CdTe QDs on fresh human cells 

is largely unknown and the early bioaccumulation of TGA@CdTe QDs on living 

microalgae cells is a topic open for discussion.5, 21, 27 With the aim of contributing on 

this topic SERS is used as a tool for detecting possible molecular structural changes 

due to an interaction of the QDs with the cells. Therefore, the early interaction of 

OECs and HPM with TGA@CdTe QDs using SERS as a tool for detecting possible 

molecular structural changes is the central theme of this study. SERS is obtained 

through anisotropic gold nanoparticles (AuNPs), which did not alter the previously 

reported characteristic Raman signal of the OEC or HPM. Spectral differences 

between OEC-AuNPs and OEC-AuNPs-BSA-QDs have been successfully obtained 

and suggest that the internalization of QDs may occur mainly by facilitated diffusion.  

For the case of HPM, SHPM are used as control sample since they do not present an 

ECM. This successful detection of changes in the Raman spectra has not been reported 

before and may lead to a deeper understanding of the response mechanisms of human 

cells in the presence of QDs. Also spectral differences between HPM/AuNPs and 

HPM-QDs/AuNPs are found.  

At nano-scale, there are several techniques of characterization that can provide 

diagnosis for cancerous specimens such as targeted molecular imaging, ultrasound imaging 

by magnetic nanoparticles and nanoparticle-enhanced magnetic resonance 53-55 and some can 

be tested in real time;56 however, these techniques alone cannot provide a diagnosis due to 

the poor spatial resolution and molecular level analysis. In this way, high spatial resolution 

microscopy techniques such as confocal microscopy, electron microscopy and its analytical 

techniques can resolve at nanometric scale the interaction and structure of bio-specimens.57, 

58  

Moreover recent uses of Raman spectroscopy in biological measurements and 

applications are particularly oriented to clinical examinations related to the detection of 
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malignancies and cancer in tissues.59 Raman spectroscopy also provides substantial 

information about the sample identity; however, for biological samples it is necessary to 

reduce the power of the laser sources, which results in a reduction of the signal used to extract 

information from the samples.60 As previously mentioned 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.61, 62 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. Effective SERS depends on 

the increase in the Raman cross section as a result of the excitation of surface plasmons, 

which are collective oscillations of the conduction electrons against the background of metal 

surfaces. When the exciting light is resonant with the dipolar plasmon of a metallic 

nanoparticle this will radiate light characteristic of dipolar radiation, and given the 

relationship between this radiation and the incident light, certain spots near to the region of 

metallic nanoparticles show enhancement.63 The SERS effect produced by metallic 

nanoparticles enhances the inelastic scattering signal allowing single-molecule detection. In 

particular, this vibrational spectroscopic technique has been extensively used for 

characterization of biological samples.64 In 1997 it was published that regions of very high 

electromagnetic enhancement are necessary to observe the Raman scattering of single 

molecules. Nanoparticle aggregates contain at least one nanoparticle junction, by means of 

scanning probe microscopy it was observed that in the junction or close interaction (~2nm) 

of plasmonic objects which radius of curvature is within the nm scale, a concentration of the 

electromagnetic field occurs and as a result, an amplification in the near field between and 

around is obtained.65 The locations where such amplification occurs are called hot spots. In 

addition, the use of silica particles either decorated or covered with gold for SERS effect in 

biological applications has been widely reported and discussed due to the large adsorption 

properties with biomolecules. This adsorption facilitates the conjugation and localization of 

the metallic nanoparticles at suitable distances from target biomolecules, generating the 

optimal conditions for SERS effects. 61, 62, 66, 67 One of the many biomedical applications of 

SERS is on tissue characterization, diagnosis of malignancies, particularly for cancer 

detection. Mortality rates of breast cancer have increased in the last 40 years in most Latin 

America in part by deficient diagnosis.68 Development of appropriate diagnostic tools is a 
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relevant problem.69 Even in developed countries like United States, the mortality of breast 

cancer achieves 40,000 women per year.60 Minimally invasive optical imaging and 

spectroscopic techniques have the potential to improve early diagnosis of breast cancer, 

specifically through a large number of Raman active molecules present in biopsies of breast 

tissue. 60  The SERS technique has also shown promise for hard dental tissue characterization. 

This because of the simple sample preparation and the linear response to mineral 

concentrations.70 The formation of dental tissue involves complex molecular and cellular 

events and its Raman spectrum is characterized by large proportions of organic materials 

compared to other hard tissues. 71 It has been previously reported that the study of the 

evolution of lesions in dental tissue can help us to understand better the process of decay and 

more adequately assess when tooth extraction is required. 72 Thus in the future Raman 

spectroscopy could reduce the use of ionizing radiation commonly used in teeth diagnosis. 

A study of the SERS effects on normal glandular breast tissue and breast 

adenocarcinoma and carious dental tissue upon interaction with Au/SiO2 powder compared 

with the SERS signals obtained by incubating the tissues with naked colloidal gold 

nanoparticles (AuNPs) has been carried out.  The optical effects observed upon interaction 

of the tissues with powdered Au/SiO2 shows potential of these material to serve as a tool for 

rapid soft and hard tissue diagnosis complementary to other established techniques. 
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Chapter two 

Synthesis, optical, structural and morphological characterization 

of TGA@CdTe QDs, naked gold nanoparticles and Au/SiO2 

powder 

 

In this chapter a wet chemical synthesis for thiol capped CdTe QDs and the synthesis of 

naked gold colloidal nanoparticles following the Martin method and Au/SiO2 powder are 

presented. The optical characterization of these materials is based on the UV-Vis and 

photoluminescence spectra while structural and morphological characterization methods are: 

x-ray diffraction, Fourier transform infrared spectroscopy, SEM, TEM, and HRTEM 

respectively.  

Both TGA@CdTe QDs and naked gold nanoparticles (AuNPs) have been prepared in water 

since the objective is to use them in bio-applications. While in case of silica powder with 

adsorbed gold nanoparticles the goal is that the powder has hydrophilic properties allowing 

its compatibility to the tissues. 

 

2.1  Thioglycolic acid capped CdTe QDs 
 

2.1.1. Materials 

All chemicals used in this work are analytical grade or highest purity. Cadmium perchlorate 

hydrate (Cd (ClO4)26H2O), thioglycolic acid (TGA) and sodium hydroxide have been 

purchased from Sigma-Aldrich. Aluminum telluride (Al2Te3), was purchased from 

Advanced Chemicals. Sulfuric acid and acetone were purchased from Karal. Deionized water 

was purchased from Quimicurt. 

 

2.1.2. Synthesis of TGA-capped CdTe quantum dots 

The synthesis of TGA-capped CdTe quantum dots (TGA@CdTe QDs) was carried 

out by following a protocol reported in the literature.73 The experimental setup for the 

synthesis is shown in figure 2. Briefly, 2.35 mmol of Cd (ClO4)2∙6H2O and 5.7 mmol 

of the binder stabilizer (TGA) are added to 125 mL of distilled water. The solution 
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was stirred during 5 minutes. The pH is adjusted (pH=11.2-11.8) by adding 1.0 M 

solution of NaOH.  During this step the solution may remain turbid due to the 

incomplete solubility of cadmium.  The solution is refluxed at 100 °C during 20 

minutes under N2 atmosphere.  The H2Te gas generated, by the reaction of 0.2 g (0.416 

mmol) of Al2Te3 and 20 mL of 0.5 M H2SO4 under stirring and N2 atmosphere, is 

passed through the solution together with a slow nitrogen flow for ∼20 min to the Cd-

TGA solution flask to afford the formation of the TGA@CdTe QDs. The reaction time 

for the growth of QDs is different depending on the nanocrystal size to be obtained, 

the reflux time is varied from 30 minutes to 6 days.  

 

 
Figure 2. Experimental setup for the synthesis of TGA@CdTe QDs. 

 

2.1.3. Optical and morphological characterization 

The UV-Vis absorption spectra of colloidal TGA@CdTe QDs have been measured in 

transmittance using an Agilent Technologies Cary Series UV-Vis-NIR 

spectrophotometer (Cary 5000). Photoluminescence (PL) characterization of the 

TGA@CdTe QD, cell and cell-QD is performed using a 75 W Xenon lamp. All 

measurements have been taken under identical conditions. The fluorescence emission 

is analyzed with an Acton Research modular 2300 spectrofluorometer and a R955 

Hamamatsu photomultiplier tube for visible emission under excitation of 350-500 nm. 
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The system is PC controlled through the Spectra-Sense software. All measurements 

have been performed at room temperature (24ºC). 

Figure 3 (a) shows the PL and (b) the UV-Vis spectrum of some of the as-prepared 

colloidal TGA@CdTe QDs. Samples have been obtained with the maximum emission 

peak centered in the range of 520-600 nm and 550-620 nm for the absorption. The 

photoluminescence is obtained by exciting the QDs at 390 nm. The emission spectra 

showed a wide band, as an indication that the sample contained a certain range of QD 

sizes.74 

 

 

Figure 3. Emission and absorption spectra of the as-prepared TGA-CdTe QDs samples. 

 

Electron microscopy imaging is obtained using a JEOL ARM 200F microscope operated at 

200 kV in STEM (BF/HAADF) mode. Ultra-high resolution Scanning Electron Microscopy 

(SEM) images have been obtained using a Field-emission gun (FEG) HITACHI S-5500 

microscope coupled with Dual BF/ADF detector and energy dispersive X-ray spectroscopy 

(EDS) to perform chemical elemental analysis. 

The samples that were used to study the interaction with cells correspond to an 

emission centered at 560 nm. In figure 4 high resolution TEM (HRTEM) images of 

the TGA@CdTe QD are shown. The average sizes measured from the TEM images 

are 2.5 nm and 3 nm, where the maximum of the emission spectrum is centered at 

560 nm (figure 3 (a)) and 575 nm (figure 3 (b)) respectively. The interplanar spacing 

is about 0.23 nm, which corresponded to the (220) plane of the cubic CdTe.75 To 
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confirm the average size of the TGA@CdTe QDs, the empirical fitting function, 

deduced by Yu et al. 76 is used: 

D= (9.8127x10-7) λ3-(1.7147x10-3) λ2+ (1.0064) λ-194.84 

Where D (nm) is the diameter of the QD, and λ (nm) is the wavelength of the first excitonic 

absorption peak. The calculated size of the TGA@CdTe QDs samples are ~2.8 nm and ~3.3 

nm for samples (a) and (b), which corresponded to the average size observed by HRTEM 

images. The concentration of QDs is around 0.60 ×10−5 mol L−1, which is determined based 

on previous reports.76 The concentration in the quantities used is suitable for cell-nanoparticle 

interactions and toxicity analysis purposes.77  Zeta potential of QDs has been measured, 

resulting in a negative value of -27.3 mV as an indication of the presence of the TGA group. 

As it has been shown in previous reports, the thiol capping by thioglycolic acid of water-

dispersible CdTe QDs consists of a chemical bond between the hydrophobic sulfhydryl group 

and the QD surface. Meanwhile, the hydrophilic carboxylic acid group is free for molecular 

interactions and to enhance the colloidal stability of the TGA@CdTe CDs in aqueous media. 

The carboxylic acid groups are mainly deprotonated in aqueous solution affording 

carboxylate moieties, which change the surface charge of the TGA@CdTe QDs to negative 

values (-27.3 mV). As a result, the QDs nanoparticles are stable due to high electrostatic 

repulsion between them.73, 78, 79 

 

Figure 4. HRTEM of TGA@CdTe QDs. With an overall  diameter of (a) 2.8 nm and (b) 3.3 nm                                            

calculated by the  empirical function reported by  Yu et al. 76  
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2.2. Anisotropic naked gold nanoparticles 
 

2.2.1. Materials 

All chemicals used in this work are analytical grade or highest purity. Gold (III) chloride 

hydrate and sodium citrate have been purchased from Sigma-Aldrich. Sodium borohydride 

and deionized water have been purchased from Fluka and Quimicurt respectively.  

 

2.2.2. Synthesis gold nanoparticles 

The preparation of gold nanoparticles is based on the method reported by Martin et 

al.80 Firstly, 1.0 mL of 1.0 M HAuCl4 solution are added to 90 mL of distilled water 

under stirring; after 1 minute, 1 mL of a previously cooled (5 °C) 0.1 M NaBH4 

solution are added. The newly formed gold nanoparticles are left unturned at room 

temperature for 48 hours allowing the formation of anisotropic nanoparticles.81  

 

2.2.3. Optical and morphological characterization 

The optical and morphological characterization is carried out with the methods and 

the equipment described in the previous section. 

Figure 5 shows the UV-Vis spectrum of AuNPs dispersed in aqueous solution. The 

localized surface plasmon resonance (LSPR) is centered at 530 nm.  

 

Figure 5. UV-Vis spectrum of AuNPs dispersed in aqueous solution. 

Figure 6 (a) shows TEM image of the mixture of anisotropic and spherical gold 

nanoparticles (AuNPs) with an average diameter size of ~20 nm, see figure 6 (b). 
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Using the methodology reported by Liu et al.,82 the gold nanoparticles molar 

concentration is estimated to be  ~ 5.4 × 10−10 mol L-1.  

 

 

Figure 6. TEM image of the gold nanoparticles (AuNPs) and particle size distribution of the 

gold nanoparticles. 

 

TEM imaging of AuNPs reveals their anisotropic structure  (Fig. 5).83  These structures are 

the result of the NaBH4 gold reduction, the absence of a dispersant and the 48 hours of 

incubation time. 84, 85  These factors are known to promote anisotropic structures resulting 

from a tendency to aggregate due to the absence of an electrostatic repulsion between the 

nanoparticles.86-88 Nevertheless, in this study, the AuNPs possessed a slightly negative charge 

(~ -10 mV, determined by zeta potential), probably due to the adsorption of negative Cl- ions 

on the surface of the AuNPs. 89 

 

2.3. Optical characterization of the interaction between TGA@CdTe QDs and 

naked AuNPs 

 
The interaction between TGA@CdTe QDs and naked AuNPs dispersed in water is analyzed 

using UV-Vis absorption and photoluminescence (PL) spectra. The results are summarized 

in figure 7 for the case of a TGA@CdTe QDs sample (a) with an absorption peak centered 

at 520 nm and the emission peak located at 560 nm under excitation at 400 nm. The emission 

spectra shows a wide band of 63 nm, meaning that the sample contains a distribution of 
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nanocrystal sizes.74 Figure 7 (b) shows the UV-Vis spectrum of AuNPs dispersed in aqueous 

solution. The localized surface plasmon resonance (LSPR) is centered at 530 nm. The wide 

band in the absorption is consistent with some agglomeration of the particles, due to the lack 

of surfactant.81 The UV-Vis spectrum of AuNPs mixed with TGA@CdTe QDs is also 

presented to show that the absorption of AuNPs remains unchanged. The PL of QDs is 

monitored in a mixture of QDs with different concentrations of AuNPs and no changes on 

the emission wavelength of the QDs due to the presence of AuNPs are found, see figure 7 

(c).   The changes in emission intensity of the QDs in the presence of AuNPs, which SRP is 

close to the emission of the QD have been widely reported as a consequence of energy 

transfer from the QD to the AuNP.90 

 

Figure 7. (a) Photoluminescence (PL) and absorption spectra of TGA@CdTe QD. (b) Absorption 

spectra of AuNPs and AuNPs+ TGA@CdTe QDs. (c) PL spectra of TGA@CdTe QD (0.56 ×10−5 mol L−1) in 

the presence of AuNPs at various concentrations (a-e:   0, 0.25, 0.5, 0.75 and  1.2 × 10−10 mol L−1). 

 

Since the well-dispersed AuNPs possess slightly negative charge (~10 mV) probably due to 

the adsorption of ions on the surface of the AuNPs 89, and the zeta potential of  TGA@CdTe 

QDs is measured to be -27.3 mV due to the ionization of the –COOH group 91, there is no 

electrostatic attraction between the negatively charged AuNPs and QDs. Moreover the 

absorption spectrum of AuNPs remained unchanged in the presence of TGA@CdTe QDs 

therefore the observed fluorescence decrease of TGA@CdTe QDs in the presence of AuNPs 

should be attributed to the inner filter effect in which gold nanoparticles absorb photons 

coming from the excited states of the QDs and a chemical interaction does not occur between 

the two nanoparticles. 92  
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2.4. Gold nanoparticles embedded in SiO2 (Au/SiO2) 
 

2.4.1. Materials 

Tetrachloroauric acid (HAuCl4), cetyltrimethylammonium bromide (CTAB), ammonium 

hydroxide (NH4OH), and tetraethyl orthosilicate (TEOS) are used reagent grade and highest 

purityfrom Sigma-Aldrich. Absolut ethanol was purchased from Jalmek.  

 

2.4.2. Synthesis of Au/SiO2 powders 

The Au/SiO2 powder is a mixture of AuNPs embedded into SiO2 rod-shaped structures 

(Au/SiO2 clouds) and SiO2 spheres. AuNPs embedded into SiO2 clouds were synthesized 

following the Turkevich method. Gold reduction occurs by addition of a 1% citrate solution 

to a boiling solution of 1.0 mmol HAuCl4 under vigorous stirring. After the reduction, a red 

wine color, characteristic of AuNPs, was obtained. 93  Separately, 0.48 g of CTAB were 

dissolved in 15 mL of ethanol and 6 mL of NH4OH. To this solution, the as-prepared AuNPs 

seeds (0.25 mL) were then added, under vigorous stirring, to 10 mL of 0.5 mmol HAuCl4 

followed by 25 mL of H2O. Finally, this solution was mixed with the previously prepared 

solution containing CTAB. The mixture was stirred for 15 minutes and then TEOS was 

dropwise added inducing the formation of Au/SiO2 clouds and SiO2 nanoparticles according 

to the well-known Stöber method by hydrolysis and condensation of TEOS in the presence 

of a surfactant.94 At first, to obtain the Au/SiO2 rod-shaped clouds, the molar ratio of the 

reaction mixture was within the range of 200-400 (CTAB): 1000 (H2O): 20 (NH4OH): 1.4 -

2.8 (TEOS).95 The colloidal solution was heated at 100 oC for 24 hours. For the elimination 

of excess CTAB, the nanoparticles were calcined at 500 oC, thereby obtaining a mixture of 

semitransparent and flocculent SiO2 matrix embedded with gold nanoparticles (Au/SiO2 

clouds) and SiO2 nanoparticles. Thus, the Au/SiO2 product was obtained with a concentration 

of approximately fifteen SiO2 nanoparticles per Au/SiO2 cloud structure. Each Au/SiO2 cloud 

contained an average of ~750 AuNPs.  

 

2.4.3. Optical characterization of Au/SiO2 powder  

The optical and morphological characterization is carried out by the methods and 

equipment previously described. 
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Figure 8 shows the UV-Vis spectrum of (a) Au/SiO2 powder, (b) colloidal gold 

synthesized by the Turkevich method, which was used to prepare Au/SiO2, (c) AuNPs 

synthesized by the Martin method and (d) SiO2 nanoparticles. For Au/SiO2 and the colloidal 

gold nanoparticle seeds the SRP is centered at 514 nm. For the colloidal AuNPs the SRP is 

centered at 524 nm, and the wide band is indicative of some degree of aggregation of the 

colloidal nanoparticles due to the lack of surfactant.81 The absorption spectra of the Au/SiO2 

samples showed wider bands, which is consistent with the existence of various particle sizes, 

some degree of agglomeration of the particles, but mainly due to the interplay between with 

the silica environments.62 Also the concentration of AuNPs in colloidal solution is 

estimated from the extinction coefficient of gold, resulting to be ~6.9 × 1010 

particles/ml; in good accordance with previous reports.96, 97  

 

Figure 8. UV-Vis absorption spectra of (a) Au/SiO2, (b) colloidal gold synthesized by the Turkevich method, 

used to prepare Au/SiO2, (c) AuNPs synthesized by the Martin method and (d) SiO2 nanoparticles. 

 

 

2.4.4. Size, morphological characterization and elemental analysis 
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The size and morphology of the colloidal gold and the as prepared Au/SiO2 powder are shown 

in figures 9 and 10. SiO2 nanoparticles have been obtained with an overall diameter of 400 

nm, highly homogeneous and with a narrow size distribution (figure 10 (a)).  The gold 

nanoparticles found embedded on the SiO2 structures had a size distribution of 5-20 nm 

(figure 10 (b)) and evenly distributed over all the silicon oxide structural matrix.  The size of 

the colloidal gold nanoparticles (AuNPs) is in the range of 5-40 nm, see Fig. 6 (b).   

 

Figure 9. Electron microscopy micrographs. (a) SEM image of SiO2 nanoparticles with an average   size of 500 

nm and (b) BF-STEM imaging of gold nanoparticles, with average diameter of 20 nm into Au/SiO2 cloud. (c) 

BF-STEM imaging of AuNPs.    

 

 

Figure 10. Particle size distribution of (a) SiO2 and (b) gold nanoparticles embedded in the SiO2    

clouds. 

For the Au/SiO2 structures, the presence and location of gold nanoparticles embedded into 

SiO2 is confirmed by the elemental mapping through EDS microanalysis. The embedded gold 

nanoparticles obtained with diameter of 20 nm are effectively visualized to be evenly 

distributed throughout the SiO2 structures, giving a hybrid nanostructure with of 0.5 to 1.5 

µm for width and length respectively, see figure 11.   
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Figure 11. (a) SEM image of an Au/SiO2 cloud surrounded by SiO2 NPs and its elemental EDS 

mapping: (b) oxygen, (c) silicon and (d) gold. 

 

All samples have been dispersed in distilled water and show a negative zeta potential, -22.4 

mV and -26 mV for Au/SiO2 and SiO2 samples respectively. The zeta potential of colloidal 

AuNPs is measured to be -44 mV. Powder samples containing Au/SiO2 structures showed 

the characteristic color of gold seeds, as is shown in figure12. In the image, gold nanoparticle 

seeds are represented by the red solution and the Au/SiO2 powder is reddish, as seen in figure 

12 (a) and (b), respectively. The SiO2 powder is white (see figure 12 (c)). The LSRP of 

spherical gold nanoparticles situated in 514 nm, is consistent with the overall size of ~20 nm 

and the red color of gold nanoparticles as prepared by following the Turkevich method. 98 

 

 

Figure 12. Color of (a) colloidal gold nanoparticles (red solution), used as a seed for the synthesis of (b) Au/Sio2 

(red powder) and (c) SiO2 nanoparticles in powder.  
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The X-ray diffraction (XRD) patterns of the Au/SiO2 and SiO2 powders have been obtained 

using a Bruker D2 Phaser with a Bragg-Brentano array. by XRD. The patterns of the as-

prepared Au/SiO2 and SiO2 samples are presented in Figure 11. Peaks at 2θ = 38.3°, 44.5°, 

64.8°, and 77.7° are assigned to (111), (200), (220), and (311) reflection lines, respectively. 

Indicating the formation of a face-centered cubic phase of metallic gold (figure 13 (a) and 

(b)).99, which correlated with the electron microscopy of the nanoparticles (figure 9 (a) and 

(b)). No impurities have been observed and the absence of any diffraction peaks for SiO2 

nanoparticles indicates its amorphous nature, since crystallization temperature of amorphous 

silica to crystalline phase occurs only at temperatures around 1300 °C (figure 13 (c)).100   

 

Figure 13. Representative XRD patterns of (a) Au/SiO2 structures mixed with SiO2 in proportion of 1:15, (b) 

Au/SiO2 structures mixed with SiO2 in proportion of 1:40 and (c) SiO2. The patterns (a) and (b) can be 

indexed as a gold (FCC) structure. 

The Fourier transform infrared (FTIR) spectra have been obtained using a Perkin-Elmer 

spectrophotometer with a deuterated triglycine sulfate detector and a spectral resolution of 4 

cm−1. The Au/SiO2 and SiO2 samples showed the characteristic stretching vibrations in IR 

for silica materials, as shown in figure 14. The broad absorption band 3600-3100 cm-1 is 

assigned to the υ(OH)* stretching vibration of surface hydroxyl groups involved in hydrogen 

bonding with water molecules and/or adjacent silanols. The band at 1640-1630 cm-1 

corresponds to the δ (OH)* bending vibration of adsorbed water molecules and/or silanols. 

The broad absorption bands in the 1100-650 cm-1 region corresponded to Si-O-Si, υ(Si-O) 

in Si-OH surface groups, δ(OH) of the Si-O-H angle, and δ(O-Si-OH) of the O-Si-OH 
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angle.99  While for AuNPs the υ(OH) stretching vibration (3500-3000 cm-1) of surface 

hydroxyl groups involved in hydrogen bonding with water molecules is found. 

 *Symbols: δ bending, υ stretching  

 

 

Figure 14. Normalized FTIR spectra of: a) Au/SiO2 powder and b) AuNPs in colloidal solution. 
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Summary 
Water soluble TGA@CdTe QDs have been obtained by a wet chemical synthesis. The 

reaction condition facilitates the formation of mixed CdTe(S) nanocrystals and TGA-capped 

CdTe QDs. It has been reported that core-shell nanocrystals (TGA-CdS-CdTe) may form 

during the synthesis process. The presence of a core-shell structure might be a reason for the 

wide band in the PL spectra, a more detailed characterization of this could be accomplished 

in the future. The effective capping of the material explains the high photo-stability of these 

nanocrystals, because it has been reported that the main photo-degradation mechanism is the 

photo-oxidation of surface tellurium atoms.  

TEM imaging of AuNPs revealed their anisotropic structure.83  These structures are the result 

of the NaBH4 gold reduction, the absence of a dispersant and the 48 hours of incubation time. 

84, 85  These factors are known to promote anisotropic structures resulting from a tendency to 

aggregate due to the absence of an electrostatic repulsion between the nanoparticles.86-88 

Nevertheless, in this study, the AuNPs possessed a slightly negative charge (~ -10 mV, 

determined by zeta potential), probably due to the adsorption of negative Cl- ions on the 

surface of the AuNPs. 89 

The interaction between TGA@CdTe QDs and AuNPs is analyzed and resulted in an inner 

filter effect where no evidence of a chemical bond is observed between the two nanoparticles. 

A facile method for the synthesis of Au/SiO2 powder is presented with the aid of the 

cationic surfactant CTAB. The formation of the Au/SiO2 powder can be rationalized based 

on the surfactant-templated sol-gel method. When the silica precursor, TEOS, was injected 

into the gold seeds solution, it hydrolyzed and condensed into silicate polyanions. These 

negatively charged polyanions interacted via electrostatic interactions with the positively 

charged groups of the surfactant CTAB, which was surrounding the AuNPs. This process 

promoted the growth of the silica structure around the AuNPs, while inhibiting the TEOS 

homogeneous nucleation process. 101, 102 While TEOS was being added dropwise, depending 

on the availability of AuNPs and the changes in the molar ratio of 

CTAB/H2O/NH4OH/TEOS, rod-shaped Au/SiO2  clouds were first formed and later the SiO2 

spherical nanoparticles.95 The number of AuNPs per unit volume in the Au/SiO2 clouds is 

limited by inter-particle Coulombic repulsion, as in the case of the attachment of gold colloids 

on planar silica surfaces.101  
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Chapter three 

Interaction of TGA@CdTe quantum dots with plant and human 

cells   

In this chapter, the results obtained from the study of interaction between plant and human cells with 

thioglycolic acid (TGA) capped CdTe quantum dots (TGA@CdTe QDs) are presented and 

discussed.  

Changes in the Raman spectrum of Haematococcus pluvialis (Chlorophyceae) 

microalgae (HPM) induced by the adsorption of TGA@CdTe QDs on its extracellular matrix 

(ECM) have been found. Non-functionalized gold anisotropic structures (AuNPs) have been 

successfully used as nano-sensors for surface-enhanced Raman spectroscopy in these 

microalgae cells. Raman spectroscopy results show that TGA@CdTe QDs interact with the 

ECM and this interaction is likely mediated by saccharides. Also the possible effects of 

reactive oxygen species (ROS) are mainly expressed in relation to chloroplasts. TGA@CdTe 

QDs are absorbed and localized within the ECM after an incubation period of five minutes.   

The internalization mechanism of TGA@CdTe QDs using non cultivated oral epithelial 

cells obtained from healthy donors is studied. AuNPs have been also used as nanosensors for 

surface-enhanced Raman spectroscopy to efficiently identify characteristic Raman peaks, 

providing new evidence indicating that the first interactions of these QDs with epithelial cells 

occurred preferentially with aromatic rings and amine groups of amino acid residues and 

glycans from trans-membrane proteins and cytoskeleton. Using an integrative combination 

of advanced imaging techniques, including confocal microscopy, ultra-high resolution SEM, 

high resolution STEM coupled with EDX spectroscopy together with the results obtained by 

Raman spectroscopy, it is determined that thioglycolic acid capped CdTe QDs are efficiently 

internalized into freshly extracted oral epithelial cells only by facilitated diffusion, distributed 

into cytoplasm and even within the cell nucleus in three minutes.  
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3.1. Biological sample preparation and measurement standards 
 

3.1.1. Haematococcus pluvialis microalgae cells  

HPM have been obtained from the Culture Collection of Algae at The University of 

Texas at Austin (UTEX). HPM have been cultured at room temperature in Erlenmeyer 

flasks and kept in orbital shakers under illumination with white fluorescent lights (125 

µmol photons m-2s-1) and a 12:12 light-dark photoperiod. The culture media consisted 

of standard Wright’s Cryptophyte (WC). In order to induce stress in the HPM, a 

nitrogen-limited culture is prepared; this together with four days of continuous 

illumination lead to the development of red cysts. 103 The nitrogen-limited culture had 

five times less nitrogen than the standard WC media.  Algae concentrations in cell 

culture were 145500 and 125000 cells/mL for HPM and SHPM respectively. 

Sample preparation has been conducted at room temperature (24 ºC). The algae have 

been rinsed with deionized water in order to remove traces of culture media. A volume of 

200 l of cells suspended in WC have been dispersed in 1 ml of deionized water, stirred for 

a few seconds and centrifuged at 3600 rpm for 3 minutes. The supernatant is decanted and 

the cells have been suspended in 1 ml of deionized water. At this point the sample is divided 

into 2 Eppendorf tubes, each one containing 500 μl of algae dispersed in deionized water; 

additional 500 μl of deionized water were added to each tube. A sample of algae suspended 

in deionized water is used as control sample. The cell-QDs sample is obtained by the addition 

of 100 l of QDs to cells, followed by a 5-minute incubation period; the excess of 

TGA@CdTe QDs is removed by centrifugation. The samples are suspended in 0.5 ml of 

deionized water and 50 l of the suspension are taken and placed on microscope slides for 

confocal microscopy.  

For Raman spectroscopy measurements, 200 μl of AuNPs are added. After an 

incubation time of 30 minutes the samples have been centrifuged and 50 μl are taken and 

placed on a silicon wafer.104, 105 For EDS measurements 25 l of the algae suspension are 

taken and placed on a silicon wafer in a preheated oven at 100°C for three minutes and 

then cooled to room temperature. HPM have been selected by their encystment stage: 

to obtain data for HPM, only non-mobile (green vegetative cells) palmella stage cells 
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have been considered, whereas for SHPM mature cyst cells have been studied.106 The 

results shown are the average of these measurements. 

 

Morphological and optical characterization. FE-SEM images are acquired with a 

JEOL JSM-7800F microscope; EDS analysis is performed with an Oxford Instruments 

analyzer. Microphotographs of the cells have been taken at 1 kV while the EDS 

analysis is performed at 8-10 kV. Three individual cells from each wafer have been 

selected randomly. For each alga one SEM image is obtained and the EDS analysis is 

performed on 6 different regions of the surface.  

 

Optical imaging and Confocal Microscopy of algae samples. Bright-field imaging is 

performed using an Olympus IX81 microscope controlled by an Olympus IX2-UCB 

microscope controller. A 20 X objective lens is used. Confocal Microscopy is 

performed using a Zeiss LSM-710-NLO confocal microscope. The algae samples have 

been excited at 405 nm and the emission is collected in three different spectral regions: 

440-476 nm, 592-631 nm and 670-707 nm corresponding to carotenoid, QD and 

chlorophyll emission, respectively. Z-stacks have been collected for the selected algae 

with 20X/0.4 objective lens.  

 

Raman spectroscopy criteria for HPM. Three cells from each wafer have been 

selected randomly. About 150 Raman spectra have been recorded in different points 

for each of the selected algae, and averaged to obtain a representative spectrum of each 

cell sample. The spectra have been collected using a Renishaw Raman System (inVia 

Raman Microscope) with a 20 X objective lens; the excitation laser wavelength is 785 

nm with a power of approximately 5mW on the sample. The integration time for each 

Raman measurement is 1s and one accumulation has been taken at each measurement 

point.107 For the Raman signal detection, the laser light is directly focused onto the 

surface of the sample. Cell and cell-QDs-AuNPs samples have been measured on dry 

silicon substrates prepared with the previously mentioned method; the peak 

frequencies have been calibrated by means of the silicon wafer.105  
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3.1.2. Human oral epithelial cells 

Oral Epithelial Cells (OECs) have been collected from 20 healthy subjects, which have 

been chosen by age range between 21 to 31 years old (no smokers). All the subjects 

were asked not to drink coffee at least twelve hours before the experiment. The OECs 

samples have been obtained by mechanical exfoliation. To ensure reproducibility, the 

samples have been taken with a interdental  brush using teeth positions as reference 

points and the samples have been taken from opposing buccal surfaces of first 

premolar, second premolar, first molar and second molar on both sides.108  The 

subjects rinsed their mouth with distilled water before taking the samples.108  Two 

samples from every subject have been taken and a total of 40 OECs samples have been 

collected.  Each sample is divided in two, one part is prepared for optical fluorescence 

and confocal microscopy, and the other part is used in the SEM and the Raman 

analysis. 

 

Internalization of TGA@CdTe QDs in OECs. The experiment is carried out at room 

temperature (24ºC). To avoid possible interactions of TGA@CdTe QDs with the 

variety of elements present in the standard PBS, a sodium chloride solution (0.9%) 

with a pH= ~7 is used.  The cells were used immediately after the extraction (“fresh”) 

with incubation times of 3 minutes. After obtaining the sample, the interdental brush 

impregnated with OECs is immersed in 1.0 mL of saline solution, stirred for a few 

seconds and centrifuged at 3600 rpm for 3 minutes. The supernatant is decanted and 

the OECs have been suspended in 0.5 mL of saline solution. At this point, the sample 

is divided into four, each one containing 250 µL of OECs dispersed in saline solution. 

250 µL of additional saline solution have been added to all four. The control sample 

are the OECs suspended in saline solution. OECs-BSA sample is obtained by adding 

50 L of BSA to the OECs. After incubation for 5 minutes, the excess of BSA is 

removed by centrifugation. OECs-QDs sample is obtained by adding 100 L of QDs 

(0.56 ×10−5 mol L−1) to the OECs. After incubation for 3 minutes, the excess of 

TGA@CdTe QDs is removed by centrifugation. Finally, OECs-BSA-QDs have been 

obtained by adding 50 L of BSA to the OECs. After incubation for 5 minutes, 100 

L of TGA@CdTe QDs have been added to the OECs-QDs sample. The sample is 
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further incubated for 3 minutes, and the excess of BSA and TGA@CdTe QDs is 

removed by centrifugation at 3600 rpm for 3 minutes. All the samples have been 

suspended in 0.5 mL of saline solution and then two aliquots of 50 L of each solution 

are extract and placed on a slide and a silicon wafer. The slide is immediately covered 

and analyzed under the microscope. This protocol is summarized in figure 15.  

 

Figure 15.  Flowchart of the protocol for sample preparation of oral cells with TGA@CdTe QDs.  

 

Confocal and fluorescence microscopy. The OECs obtained by exfoliation are re-

suspended in 1.0 mL of saline solution and 100 L of NucBlue, Hoechst 33342 are 

added. After 15 minutes of incubation OECs are centrifuged at 3600 rpm for 3 

minutes, the supernatant is removed and the NucBlue-stained OECs are suspended in 

1.0 mL of saline solution.  Finally, the OECs are incubated in the presence of 

TGA@CdTe QDs as is described above. Finally, 20 L of NucBlue-stained OECs-

QD sample are placed on the slide and analyzed using the confocal microscope.109 

Confocal microscopy images are obtained by using an Olympus Fluoview FV 1000 
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laser scanning confocal fluorescence microscope. The nuclei marker (NucBlue, 

Hoechst 33342) is excited at 405 nm and the OECs-BSA-QDs at 488 nm. The nucleus 

dye emission is observed at 425-475 nm and the QDs emission at 500-550 nm. 

Fluorescence imaging is performed using an Olympus IX81 microscope coupled by 

an Olympus IX2-UCB microscope controller. The samples are excited using an X-

Cite Series 120Q UV lamp coupled to the Olympus microscope, the fluorescence 

filters at 545-580 and 470-490 nm have been used. The emission is collected at 610 

and 520 nm, respectively.  

 

Scanning and Transmission Electron microscopy and EDS. To investigate the 

localization of AuNPs and TGA@CdTe QDs in the cells, OECs have been analyzed 

by electron microscopy. The cell samples have been fixed with 4% formaldehyde/2% 

glutaraldehyde for 4 h at room temperature and rinsed with phosphate buffered saline 

(PBS). Then the cells have been post-fixed with 1% osmium tetroxide and washed 

with distilled water. The samples have been dehydrated through ethanol series and 

finally embedded with LX112 resin. Ultrathin sections (100 nm) have been obtained 

with an ultramicrotome (Leica Ultracut S). Electron microscopy imaging is obtained 

using a JEOL ARM 200F microscope operated at 200 kV in STEM (BF/HAADF) 

mode. Ultra-high resolution Scanning Electron Microscopy (SEM) images have been 

obtained using a Field-emission gun (FEG) HITACHI S-5500 microscope coupled 

with Dual BF/ADF detector and energy dispersive X-ray spectroscopy (EDS) to 

perform chemical elemental analysis.  

 

Raman spectroscopy criteria for OECs. Three fresh OECs from each wafer have 

been selected randomly. About 150 Raman spectra have been obtained in different 

points of each OEC sample. Raman spectra with clear peaks have been selected and 

averaged and thus a representative spectrum of each OEC sample is obtained. Raman 

spectra have been collected with a Renishaw Raman System (inVia Raman 

Microscope) with a 20 X objective lens and the excitation laser is operated at 785 nm. 

The integration time for each Raman measurement is 1s based on some reports.107 For 

the Raman signal detection, the laser excitation light is directly focused onto the 
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surface of the sample with a laser power of ~5 mW.  The peak frequencies have been 

calibrated by means of the silicon wafer.105 BSA and BSA with TGA@CdTe QDs, 

have been measured in solution 110 using 100 L of TGA@CdTe QDs and 150 L of 

BSA. BSA sample is incubated for 3 minutes with TGA@CdTe QDs before 

measurement. The laser excitation light is directly focused onto the surface of the 

sample solution (250 µL).62 30 samples have been prepared and Raman spectra have 

been obtained in about 200 different cellular positions. The final Raman spectra is the 

result of the average of approximately 1000 measurements at different OEC locations. 

 

3.2. Interaction of TGA@CdTe Quantum Dots with extracellular matrix of 

Haematococcus Pluvialis Microalgae  

The average size of the TGA@CdTe QD that have been used for the study of the 

interaction with the microalgae cells is ~ 2.8 nm. The concentration of QDs is around 

0.56×10−5 mol L−1, also derived from the first excitonic absorption peak.76 According 

to previous reports, these concentration is suitable for our purposes.77 Colloidal naked 

anisotropic gold nanoparticles (AuNPs) with an average diameter of ~20 nm and a 

concentration of ~7.1 ×1010 particles/ml have been used; these estimates have been 

obtained based on previous reports.96, 97  

PL spectra of the algae samples have been acquired to assess the emission wavelength 

of the QD after incubation with the microalgae. These measurements also helped to 

estimate the overlapping of the fluorescence emitted by the QDs and algal auto-

fluorescence. The excitation wavelength in all cases is 400 nm.  Figure 16 shows the 

PL spectrum of (a) HPM, (b) SHPM  and the normalized PL spectrum of (c) HPM-

QD  and (d) SHPM-QD both in the presence and absence of AuNPs; the emission band 

located at 449 nm corresponds to primary carotenoids, and the band at 682 nm can be 

attributed to chlorophyll in the photosystem II.111 The band at 470-550 nm is related to 

the presence of secondary carotenoids, which in this case it corresponds to 

astaxanthin.112  Therefore the presence of these band is more remarkable in figure 16 (b). 

However, in figure 16 (c) and (d) this band overlaps with the strong fluorescence of the QDs.  

On the other hand, non-stressed cells have a higher emission associated to chlorophyll (figure 

16 (a)) than in the case of stressed cells (figure 16 (b)).  Both samples containing QDs 
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(figure 16 (c) and (d)) exhibit a strong emission at 562 nm, which is attributed to the 

presence of QDs, and smaller peaks corresponding to the photosynthetic pigments 

(449 and 682nm). The presence of AuNPs does not alter the emission wavelength of 

the samples, only intensity changes are observed.  

 

 

Figure 16. Photoluminescence (PL) spectrum of (a) HPM, (b) SHPM, (c) HPM-QD and HPM-QD/AuNPs 

and (d) SHPM-QD and SHPM-QD/AuNPs. Samples have been exited at 400 nm. 
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Figure 17 shows images of HPM and SHPM samples with and without QDs obtained 

by optical microscopy and SEM. Panels (a) through (d) show fresh algae in bright 

field. The presence of the ECM is clearly visible in HPM and HPM-QDs samples as 

a nearly transparent layer of variable thickness, see Figure 17 (a) and (b), and HPM-QDs 

sample shows a change in color (see figure 17 (a) and (b)) while as expected the ECM 

is absent in SHPM and SHPM-QDs cells, see figure 17 (c) and (d).  Mature cyst SHPM 

show no significant changes in color when viewed in bright field (see figure 17 (c) 

and (d)). SEM images of algae fixed on silicon are displayed in figure 17 (e) to (h). A 

distinctive round shape is observed in the control cells, see panels (e) and (g). The 

collapse in the structure of the algae is observed for the HPM-QDs sample (see figure 

17 (f)), indicating damage to the cell. SHPM-QDs do not show such damage (see panel 

(h)), which it is attributed to the existence of the secondary wall. 

 

Figure 17. Bright field microscopic images of fresh HPM samples.  Non- mobile “palmella” stage: (a) HPM, 

(b) HPM-QD; and mature cyst: (c) SHPM, (d) SHPM-QD. SEM images of HPM fixed on silicon: (e) HPM, (f) 

HPM-QD, (g) SHPM, (h) SHPM-QD. Scale bar represents 20 μm. 

After 5 minutes of incubation TGA@CdTe QDs are not internalized and accumulate 

in the ECM of HPM.  In contrast, confocal images for SHPM-QD show a very small 



38 
 

amount of QDs on the outside of the secondary wall. The secondary wall of SHPM is 

thought to be acting as a barrier. Since HPM has no such secondary wall, TGA@CdTe 

QDs could adsorb onto the ECM. Even if QDs cause damage to the robust cell wall of 

HPM, no evidence of internalization is obtained even for a two-hour incubation. This 

is consistent with that reported by Mahan et.al. 43 Probably complete internalization is 

prevented by the thick cell wall of these algae. 

In HPM-QD, cell disruption is observed in most algae, see fig. 17 (f). This damage 

to the cell structure may be a consequence of ROS and/or the occurrence of cadmium ions. 

Both sources of CdTe QDs toxicity have been widely discussed and reported.23, 24  Also Cd2+ 

ions could have been attracted to the cell membrane, because of its negative potential.113 The 

cell wall of SHPM is around 2 μm thick and has low permeability therefore it is mechanically 

and chemically resistant to nanoparticles. 38 Consequently, during the incubation period, few 

QDs are capable of interacting with the secondary wall of SHPM. 

The presence of cadmium and tellurium on the surface of QD-treated algae is 

analyzed by EDS element analysis; obtained EDS spectra in the range of 2 to 5 keV 

are shown in Figure 18. The elements found in the cell-QDs samples are as following: 

cadmium (Cd), tellurium (Te), carbon (C), Oxygen (O), nitrogen (N), phosphorus (P), 

sulfur (S), sodium (Na) and chlorine (Cl), as obtained by EDS analysis for the different 

algae samples. For the HPM-QD samples, cadmium and tellurium are found with a 

large concentration of cadmium (~15.6%) and tellurium (~3.9%) (see figure 18 (a) 

and (b)).  In contrast, for SHPM-QD, smaller amounts of cadmium (~2.8%) and 

tellurium (~0.4%) are observed than in the case of HPM-QD (see figure 18 (b) and 

(d)). EDS analysis is obtained for a drop of QDs, as a control sample; a greater 

presence of cadmium is observed compared to that of tellurium. This has been widely 

reported as a result of the presence of CdS in the colloidal synthesis which could take the 

form of a shell around the CdTe core created by mercapto-groups covalently attached to the 

surface cadmium atoms 73.  

Figure 18 (e) shows the EDS spectrum obtained for a HPM-QDs/ AuNPs, the 

inset shows AuNPs aggregates that have been found on the cell sample. This 

aggregates are known to promote surface-enhanced Raman spectroscopy SERS due to 

the high local optical fields in the hot spots of gold cluster structures. As reported, AuNPs 
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aggregates in a size range of 100-150 nm and consisting of a minimum of 5-10 individual 

nanoparticles provide at least one hot spot exhibiting an enhancement at a level that makes 

these nanostructures SERS-active for non-resonant single-molecule Raman detection. 107 

 

 

 

Figure 18. EDS spectrum showing the composition of (a) HPM, (b) HPM-QD, (c) SHPM, (d) SHPM-QD and 

(e) HPM-QDs/AuNPs, in the range of 2 to 5 keV.  The inset in (e) shows the adsorbed AuNPs. 

The localization of the TGA@CdTe QDs in the ECM of HPM is observed by confocal 

microscopy. Emission and excitation ranges have been proposed based on the PL 

spectra of the selected QDs.  Samples have been excited at 405 nm and the emission 

is collected in three specific bands: 440-476 nm, 560-631 nm, and 670-707 nm, 

corresponding to the emission of primary carotenoids, QDs, and chlorophyll, 

respectively. The plane in depth at which the diameter of the algae is maximum is 

regarded as the  central plane for  the  Z scan, based on previously reported criteria.114 

To delimit the ECM and the plasmalemma, the emission of chlorophyll (shown in red) 

is taken as reference since it is known that chlorophyll is not present in the  ECM.38 In 

HPM (figure 19 (a)-(d)), a considerable auto-fluorescence due to chlorophyll is seen 

while the signal from the primary carotenoids is low.  HPM-QD (figure 19 (e)-(h)) 

show similar chlorophyll auto-fluorescence and the QDs appear to be localized within 

the ECM. The SHPM-QD sample shows non-specific localization of the QDs, which 
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appear to be in some parts on the outside of the secondary wall (figure 19 (m)-(p)). 

These results are in agreement with the spectra shown in figure 16 (c) and (d). The 

small signal observed in the band of 562-631 nm in HPM and SHPM samples (see 

figures. 19 (d) and (l)) corresponds to secondary carotenoids, see figure 16 (a) and (b).   

 

 

Figure 19.  Confocal microscopy images of microalgae. (a-d) HPM, (e-h) HPM-QD, (i-l) SHPM, (m-p) SHPM-

QD. First row corresponds to all emissions. Second row shows the florescence of primary carotenoids, third 

row corresponds to chlorophyll emission and fourth row corresponds to QD emission. Samples have been 

excited at 405 nm and the emission is collected in three specific bands: 440-476 nm, 592-631 nm, and 670-707 

nm, corresponding to the emission of carotenoids, QDs, and chlorophyll, respectively. Scale bar 20 μm. 

Internalization of AuNPs is not observed.  AuNPs are adsorbed on the surface 

of cells in the conditions necessary to promote SERS, as is the formation of gold 

nanoaggregate cluster structures, formed by individual nanoparticles. 52, 64, 83, 107 Since 

TGA@CdTe QDs are also not internalized but adsorbed and distributed in the ECM, 

this meets the optimum conditions for SERS enhancement that enables chemical probing of 

the interaction of QD with the ECM in the nano-environment of the AuNPs.  

Figure 20 displays the SERS spectra obtained for the HPM and SHPM samples. 

The AuNPs enhanced the Raman signal by ~5 times in comparison when using 
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samples without AuNPs, see figure 20 (a) and (b) (B and C). Figure 20 (a(C)) shows 

the Raman spectrum of HPM/AuNPs, characteristic peaks associated to chlorophyll 

(746, 987, 1046, 1285, 1305, 1327, 1490, 1550 and 1611 cm-1) 115-119 and 

carbohydrates (1069 and 1112 cm -1) 39, 116, 120, 121 are present. As reported around 42% 

of HPM volume is constituted by chloroplasts.39 The bands at 1157 and 1526 cm-1 are 

assigned to the presence of both primary and secondary carotenoids, being the primary 

carotenoids those known to be found in a higher concentration in the HPM, see figure 

20 (a (C)).35 In the Raman spectrum of HPM-QDs/AuNPs, some peaks associated with 

chlorophyll increased their intensity, these peaks are marked with stars in figure 20 (a 

(D)), and the range between 915 and 1004 cm-1 shows significant changes. For 

instance, whereas HPM/AuNPs (figure 20 (a (C)) shows a band at 963 cm-1  attributed 

to the O-C-H bending vibration of carbohydrates, features at 940 cm-1 appear in HPM-

QDs/AuNPs (figure 20 (a (D)). 121, 122 

Peaks associated to chlorophyll are absent or minimal in the SHPM/AuNPs 

(figure 20 (b (C)) sample, however, carotenoid (964, 1006, 1157, 1193, 1275, 1445, 

1521 and 1596 cm-1) 35, 115, 122-125 and lipid (876 cm-1) 120 bands corresponding to 

astaxanthin accumulation 36, 38 are present, see figure 20 (b). This result is expected 

and is consistent with previous reports. 34, 35, 38 Both SHPM/AuNPs (figure 20 (b (C)) 

and SHPM-QD/AuNPs (figure 18 (b (D))  show a peak at 876 cm-1 assigned to 

carbohydrates and lipids in agreement with the presence of a thick cell wall made of 

polysaccharides like algaenan and mannan 38 (figure 20 (b (C)). The band at 1157 cm-

1 is assigned to ν2 carotenoids (stretching C-C) while the band at 1521-1522 cm-1 is 

assigned to ν1 carotenoids (in-phase C=C).35, 126 Overall, no spectral changes after 

incubation with QDs have been detected for SHPM-QD/AuNPs (figure 20 (b (D)).  
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Figure 20. i) Raman spectra obtained from: (A) AuNPs, (B) HPM, (C) HPM/AuNPs and (D) HPM-

QDs/AuNPs. Stars indicate the bands that increased intensity after incubation with TGA@CdTe QDs. ii) 

Raman spectra obtained from: (A) AuNPs, (B) SHPM, (C) SHPM/AuNPs and (D) SHPM-QDs/AuNPs. 

The SERS effect is obtained by the incubation of the algae with the naked AuNPs which do 

not present any bands in the Raman spectrum. Since the SRP of the AuNPs is located at 535 

nm while the excitation signal used is 785 nm, the SERS effect is due to the easy adsorption 

of these small AuNPs on the cell surface and the formation of aggregates that could resonate 

at wavelengths greater than its SRP.  52, 64, 107 

Differences in the Raman shifts between HPM/AuNPs and HPM-QDs/AuNPs 

samples have been found at the 915- 1004 cm-1 band. The band at 985 cm−1 is 

presented as a shoulder in HPM/AuNPs whereas in HPM-QDs/AuNPs a defined peak 

is observed, matching the intensity of the characteristic peak at 1004 cm−1 assigned to 

ν3 carotenoids (CH3 stretching mode).  

In-plane C-C stretching modes of pure TGA and TGA@CdTe QDs have been 

reported at 992-994 cm−1  127, 128 and the shift toward lower frequencies (~10 cm−1) or the 

enhancement of this band has been reported in relation to changes in the interaction of the 

sulfur atom from the TGA molecule and the QD. The enhancement of the 987 cm−1 band in 

the HPM-QDs/AuNPs spectrum may be related to changes between the QD core and the 

TGA capping agent produced by an interaction with the ECM.  The main spectral differences 

between HPM/AuNPs and HPM-QDs/AuNPs manifest in a band assigned mostly to 

carbohydrates. This is because the main component of the ECM of HPM are glycoproteins 

which have a high carbohydrate content such that protein content constitutes in some cases 
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only 5 % of the glycoprotein weight. 129 Also the chemical composition of the ECM and the 

algae cell wall consists of cellulose, polysaccharides, and the aforementioned glycoproteins. 

Therefore it has numerous binding sites for TGA@CdTe QDs through nonspecific 

interactions (such as electrostatic, hydrophobic, and hydrogen bonding) or the interaction 

between the carboxylic groups (-COOH) of the TGA and the amine groups (-NH2) of the 

ECM and the algal cell wall. 43 Moreover the band with maximum at 940 cm-1 has been 

reported as out-of-phase C-O-C ring vibrations of polysaccharides 130.  Therefore, the 

manifestation of this band after incubation with TGA@CdTe QDs strongly suggests the 

interaction of the TGA@CdTe QDs with the saccharides. Moreover, sugar-modified 

TGA@CdTe QDs have been widely discussed and can be produced by simple incubation of 

TGA@CdTe with saccharides. 131 As it has been reported, quantum yields are related to traps 

on the surface of CdTe QDs that mainly originate from Te atoms with dangling bonds and 

these traps could be occupied by saccharides that can adhere to the surface of the CdTe QDs 

by electrostatic forces. This occurs for example with D-glucose, one of the sugars present in 

plant cells. 131  

Previous reports show that Raman modes corresponding to the crystalline core, Te 

defects of the CdTe QDs and  the interactions between the QD core and the thiol capping 

have been found in the low Raman shift regime (100 -310 cm-1)   and vibrational modes of 

the thiol capping agents have been reported between 310 and 1750 cm-1. 127 Reported 

TGA@CdTe QDs shifts are not found in any spectra of the algae samples due to their weak 

Raman scattering in aqueous media compared to elastic scattering. 127 

Several peaks of HPM-QDs/AuNPs, in the region of 1100-1620 cm-1 assigned to 

chlorophyll increased their intensity (~3 times) compared to the intensities of the same peaks 

of HPM/AuNPs and with reference to the characteristic peaks of carotenoid bands (1157-

1526 cm-1). This increase of the intensity given the presence of the TGA@CdTe QDs may 

indicate that ROS are already attacking the HPM. This is consistent with previous reports 

indicating that when HPM are exposed to ROS, the chloroplast are found to be the main site 

of oxidative damage. 42 Therefore the increase in intensity of chlorophyll-associated bands 

in HPM-QDs/AuNPs could be a direct result of ROS interacting with the chloroplasts and 

damaging the structure, thus releasing the chlorophyll. 
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Raman spectrum of SHPM exhibits no changes after incubation with QDs, 

indicating that the interaction between the TGA@CdTe QD and the secondary cell 

wall is very low. However, a small presence of TGA CdTe-QDs in SHPM-QDs 

sample is confirmed by EDS analysis, the PL spectrum and confocal microscopy. A 

protective role of astaxanthin against QD toxicity is not confirmed due to the absence 

of internalized QDs in SHPM-QD.  

 

3.3. Interaction of TGA@CdTe quantum dots with human oral epithelial cells    

 
For experiments with human oral epithelial cells (OEC), colloidal TGA@CdTe QDs, with 

the maximum absorption and emission peaks centered at 520 nm and 560 nm, respectively, 

are used. The average size of the TGA@CdTe QDs is 3.3 nm. The concentration of QDs is 

around 0.60 ×10−5 mol L−1, which is determined based on previous reports.76 The 

concentration is suitable for cell-nanoparticle interactions and toxicity analysis purposes.77  

Zeta potential of QDs is measured, resulting in a negative value of -27.3 mV as an indication 

of the presence of the TGA group.  AuNPs with an average diameter size of ~20 nm and a 

molar concentration of ~ 5.4 × 10−10 mol L-1, using the methodology reported by Liu et al. 

have been selected. 82   

OECs are transparent and their auto-fluorescence is not considerable when excited at 

470-490 nm and collecting the emission at 520 nm.132 Therefore the need to use markers to 

distinguish the main organelles of the cell such as the nucleus are necessary and relevant. 

Figure 21 shows fresh OECs viewed under the optical fluorescence microscope. OEC 

samples have been excited at 470-490 nm and the emission is collected at 520-560 nm. Figure 

21 (a) and (b) shows OECs, in the absence of BSA-TGA@CdTe QDs, displaying a low auto-

fluorescence. Figure 21 (c) and (d) show images of OECs incubated in the presence of 

TGA@CdTe QDs, all OECs showed some signals of cellular damage (lack of nuclei and/or 

cell membrane disruption). Figure 21 (e-h) show the micrograph of OECs incubated with 

both BSA and TGA@CdTe QDs (OEC–BSA-QDs). Some of the structural features like a 

well-defined nucleus and morphology of the OECs due to the presence of TGA@CdTe QDs 

are observed. In addition, it can be proposed that the TGA@CdTe QDs have been evenly 

distributed all over the cell body.  Figure 21 (i) shows the bright field image of OECs 
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incubated in the presence of BSA and TGA@CdTe QDs. This figure shows that the 

morphology of the OECs remains after being exposed to TGA@CdTe QDs for three minutes, 

as an indication of the decrease of toxicity due to the presence of BSA. 

 

Figure 21. Fresh OEC viewed under the optical microscope. (a), (b), (c), (d), (e), (f) and (g) have been excited 

at 470-490 nm and the emission is collected at 520 nm. In (h) the OEC is excited at 545-580 nm and the emission 

is collected at 610 nm.  (a) One OEC, (b) one OEC incubated with BSA, (c) and (d) OEC incubated with QDs1.  

(e) One OEC incubated with BSA and later in QDs1. (f) one OEC incubated with BSA and later in QDs2. (g) 

and (h) have been  OEC incubated with BSA and later in TGA-CdTe QDs, the capture wavelength is 520 nm 

and 610 nm respectively. (i) One OEC incubated with BSA and later in TGA-CdTe QDs in bright field. Scale 

bar represents 20 μm. 

Figure 22 shows images obtained by confocal microscopy of a fresh OEC stained with a 

conventional nuclear staining (NucBlue) and TGA@CdTe QDs. Figure 22 (a-c) shows the 

cell nucleus for the emissions at 425-475 nm (conventional staining figure 22 (a)), 500-550 

nm (TGA@CdTe QDs figure 22 (b)) and the overlap of both emissions (figure 22 (c)). The 

conventional staining matches the emission of TGA@CdTe QDs, see figure 22 (c). Figure 

22 (d) shows the resulting images of the OEC depth scanning having an emission at 500-550 

nm.  Images have been acquired every 0.6 μm thickness and the highest nucleus intensity is 

observed at 8.4 μm below the cell surface. A significant concentration of TGA@CdTe QDs 

is observed inside the nucleus overlapping with the conventional nuclear-staining solution. 
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Figure 22. OEC stained using a nucleus conventional marker (NucBlue™) and TGA@CdTe QDs. (a) OEC 

emission at 425-475 nm (blue). (b) OEC emission at 500-550 nm (green). (c) Merge of both emissions. (d) 

Series of z-stacks in depth from the OEC emission at 500-550 nm. 

Figure 23 shows SEM images of OECs having irregular patterns of microridges and rod-like 

elements, corresponding to bacteria adhered to the membranes (figure 23 b (A)). OECs 

incubated with TGA@CdTe QDs showed signs of damage such as the disruption of portions 

of the cell membrane (figure 23 b (B)). Some OECs also exhibited a total loss of texture and 

ruptures in the membrane (figure 23c). The OEC incubated with AuNPs-BSA-QDs revealed 

the presence of AuNPs on the surface of the cell (figure 23 d). OECs have been not stained 

with heavy metals to avoid noise signals and facilitate location of electron-dense QDs and 

AuNPs. Due to their small size, TGA@CdTe QDs can easily pass cell membrane and 

distribute into the whole cytoplasm with eventual location within the nucleus.21 This behavior 

is observed by fluorescence and confocal microscopy (figures. 18 and 19). Due to the high 

affinity of QDs for proteins and nucleic acids, their interaction with these molecules may 

cause protein dysfunction and genotoxicity with different levels of susceptibility to exert 

cytotoxic effects. These toxic effects may occur within five minutes .23, 24 In this work, it is 

observed that after the first three minutes of incubation, the TGA@CdTe QDs are efficiently 

internalized inside OECs, but a high level of cytotoxicity is observed. However, the 
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antioxidant effect of BSA24, 133 had an indispensable role to reduce such fast cell death. The 

rapid and efficient distribution of the TGA@CdTe QDs inside of the cells is probably due to 

facilitated diffusion. This internalization mechanism is based on integral membrane proteins 

that interact with charged, hydrophilic and polar molecules, which are in the same size range 

of TGA@CdTe QDs.24, 134-136  

 

 

Figure 23. SEM imaging of oral epithelial cells. (a) OEC. (b) OEC-BSA-QDs, white arrow: (A) bacteria 

adhered to the cell membrane and (B) detachment of the membrane material. (c) Damaged OEC-QDs. (d) OEC-

AuNPs-BSA-QDs, white arrow indicates the presence of gold nanoparticles. 

Imaging of whole OECs through ultra-high resolution SEM provided initial insights of the 

morphological changes and cellular responses of OECs upon interaction with TGA@CdTe 

QDs. The SEM samples are not stained with heavy metals nor coated; therefore, the contrast 

or electron-dense regions corresponded specifically to sites of adsorption of inorganic 

particles. In comparison with control, OECs incubated with TGA@CdTe QDs showed early 

signs of response to QDs. Specific signs include: cell shrinkage, membrane protrusions and 

loss of characteristic microvilli. The OECs samples that have been treated with BSA showed 

an evident reduction of the adverse responses. In these samples, the OECs kept the cell 

integrity, morphology and membrane arrangement. Even in the presence of BSA, the high 

affinity of OECs for TGA@CdTe and AuNPs is evident, since we found nanoparticles 

attached all over the cell membranes (white dots in figures 23 b-c-d). 

http://study.com/academy/lesson/membrane-proteins-functions-types-structure.html
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The presence of gold, cadmium and tellurium on the surface of QD-treated oral 

epithelial cells is analyzed by EDS element analysis. The EDS spectra is obtained in 

the range of 1 to 5 keV (figure 24). The elements found in the cell-QDs samples are 

the following: gold (Au), cadmium (Cd), tellurium (Te), carbon (C), Oxygen (O), 

sulfur (S), sodium (Na) and chlorine (Cl). 

 

 

Figure 24. EDS spectrum showing the elemental composition of an OEC containing AuNPs-BSA-QDs. 

To shed light on the internalization and intracellular location of TGA@CdTe QDs and 

AuNPs, STEM images of ultra-thin sections of the OEC samples have been acquired.  Figure 

25 (a) shows an OEC incubated with TGA@CdTe QDs presenting some of the characteristic 

features of the cell such as the nucleus (A), detachment of membrane portions (B) and 

glycosylated membrane components functioning as receptors (C).137  Figure 25 (b) shows a 

magnified image of the cell membrane, it is observed that some cilia fibers have a high 

content of TGA@CdTe QDs (A). The presence of TGA@CdTe QDs across the cell 

membrane is also observed (B). Moreover, inside the cell body, TGA@CdTe QDs appear to 

be located in the cytoskeleton (C). The existence of early endosomes is not observed. The 

presence of TGA@CdTe QDs in tonofilaments is generally observed throughout the cell and 

in the inner part of the nucleus (figure 25 (c)). This is consistent with the results obtained by 

optical microscopy. Finally; in OECs incubated with both AuNPs and TGA@CdTe QDs, it 

is observed that the AuNPs could have been internalized through an endocytic pathway. 

Figure 25 (d) shows plasma membrane invagination and early endosomes formed during the 

internalization of AuNPs. Interestingly, oral cavity microorganisms have been also found in 
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the samples. A dividing coccus or diplococci (Figure 25 d (A)) with its multiple layer wall, 

could be adhered via glycocalyx to the epithelial microvilli-like protrusions (figure 25 d 

(B)).137 

 

Figure 25. Ultrastructural location of TGA@CdTe QDs and AuNPs. STEM images illustrating: (a) OEC-

BSA-QDs where (A) is the nucleus, (B) disruption of the cell membrane and (C) cilia. (b)  OEC-BSA-QDs 

where cilia fibers can be observed with a high content of TGA@CdTe QDs (A). (c) Zoom in to the cell nucleus 

and its environment in a OEC-BSA-QDs sample, white arrows indicate the presence of TGA@CdTe QDs. (d) 

OEC-AuNPs-BSA-QDs: (A) A dividing coccus or diplococci with a multiple layer wall adhered via glycocalyx 

(B) to the epithelial microvilli-like protrusion. The white arrow points to AuNPs sequestered in an early 

endosome. 

Annular dark field (ADF)-STEM imaging of ultra-thin sections clearly revealed the 

accumulation into membrane components of the TGA@CdTe QDs and AuNPs even after 

only few minutes of incubation. The advantage of using ADF detector is that it provided a 

Z-contrast image (where Z is atomic number), which helps to efficiently locate the high 

contrast inorganic particles. TGA@CdTe QDs entered quickly and efficiently into the cells; 

upon internalization, the particles are distributed all over the cytoplasm with eventual nuclear 

invasion (figure 25 c). Due to the size and high affinity of QDs for biomolecules, because of 

the presence of the thiol capping agent, the interactions with the membrane biomolecules are 

observed. These interactions resulted in cell damage and alterations of the integrity and 
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arrangement of bio-membrane structures. The absence of early endosomes, which is usually 

associated to endocytosis, provided insights of the possible mechanisms of internalization of 

TGA@CdTe QDs. We hypothesize that the internalization is carried out through facilitated 

diffusion mechanism. The QDs and proteins have similar dimensions and the formation of 

QD-peptide conjugates has already been studied. The conjugation of TGA@CdTe QDs with 

sugars and glycoproteins has also been widely reported. 138-140 In contrast, AuNPs internalize 

in OEC via endocytosis as previously reported for Au particles in the same size range. The 

results obtained in this work with STEM imaging are in good agreement with previous 

reports.141, 142 An important consideration for both nanoparticles is their high affinity for 

proteins causing their adsorption through electrostatic interactions.143, 144 Therefore, the 

AuNPs may locate in the vicinity of TGA@CdTe QDs inside and outside the cells. 

The Raman spectra of pure AuNPs did not present any spectral features (figure 26 

(a)). Spectral features of the cells incubated with and without BSA (not shown) are identical. 

Moreover, no changes in the Raman spectrum of BSA have been found after incubation with 

TGA@CdTe QDs (figure 26 b-c). The naked AuNPs have been used to promote SERS on 

the OEC samples. In the absence of AuNPs, no Raman peaks have been obtained (figure 26 

(d)). The Raman spectra have been acquired in the amide III region, since this region does 

not present interference with OH vibrations from H2O. In addition, amide III region has been 

used as a direct qualitative indicator for conformational change in proteins.145 Figures 26 (e) 

and (f) show the Raman spectra of OECs in the presence of AuNPs and BSA-QDs-AuNPs, 

respectively. The Raman signal of OEC-BSA-AuNPs is presented in figure 26 (e) and yields 

peaks at 918, 1120, 1246, 1353, 1433 and 1470 cm-1. These peaks are assigned to C-C stretch 

of proline ring, C-C stretching mode of lipids and proteins, amide III of amino acids, 

tryptophan, CH2 (lipids in normal tissue) and lipids, respectively.59, 105, 108, 146 As it has been 

reported, spectral features of healthy OECs are dominated by the CH2 band and a higher lipid 

content.108  The Raman spectra of OEC-BSA-QDs-AuNPs (figure 26 (f)) showed peaks at 

845, 938, 1030, 1120, 1253, 1322 and 1407 cm-1. These peaks correspond to glucose, 

collagen, phenylalanine of collagen/ keratin, C-C stretching mode of lipids and proteins, 

amide III, CH3CH2 twisting of collagen and bending modes of methyl groups (collagen), 

respectively. 59, 105, 108.   
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Figure 26. (a) Raman spectra of AuNPs. (b) Raman spectra of BSA. (c)  Raman spectra of BSA - QDs (d) 

Raman spectra of OEC. (e) Raman spectra of OEC with AuNPs. (f) Raman spectra of OEC -AuNPs-BSA - 

QDs. 

To gain a deeper and more accurate knowledge of the specific interactions occurring at the 

molecular level, we identified characteristic SERS peaks on OECs upon interactions with 

TGA@CdTe QDs and TGA@CdTe QDs-AuNPs. From the spectroscopic analysis, a 

significant enhancement of up to ~104 in the OECs Raman signals is observed when using 

AuNPs as nanosensors. As it has been widely reported, nano-rods, aggregated Au 

nanostructures and cluster structures formed by individual gold nanoparticles could show 

SERS activity due to the formation of hot-spots. 52, 64, 83, 107 On the other hand, it is known 

that proteins may be absorbed onto the surface of the colloidal nanoparticles mainly through 

electrostatic interactions forming a layer known as “protein corona”. In our case, the 

enhanced bands due to the presence of AuNPs are assigned to vibrations of functional groups 

of protein residues (aromatic groups and amines) and glycans attributed to glycoproteins 

located in glycocalyx.144  
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in this work, the enhancement of the Raman signal due to the presence of SERS substrates is 

calculated by using the formula: E = (ASERS) / (AREF); where ASERS is the area of the SERS 

peak (from the OEC-BSA-AuNPs average spectrum, see figure 26 (e)) and AREF corresponds 

to the calculated area obtained for the same integration interval from the OEC-BSA average 

Raman spectrum (see figure 26 (d)). The integration intervals were selected from the medium 

height of the approximate Gaussian curve to the maximum peak value.  Baseline corrections, 

when applied under the same criteria to ASERS and AREF or smoothing by the Stavitzky-Golay 

method (second polynomial order 5-point window) did not did not alter the enhancement 

result in order of magnitude. When making a comparison between the Raman spectra of 

OEC-BSA-AuNPs with OEC-BSA-QD-AuNPs it can be concluded that there are molecular 

changes due the presence of TGA@CdTe QDs in the cells. One of the main components of 

OECs membranes are glycoproteins and collagen.59, 147, 148  Additionally, one of the main 

proteins in the cytoskeleton is keratin.149 Evident changes in the region of the amine III 

(1200-1350 cm-1) related to glycans, collagen, keratin and protein residues are observed after 

the incubation of the OECs with TGA@CdTe QDs (figure 26 (e) and (f)). These changes 

may be due to the interaction of TGA@CdTe QDs with glycoproteins and membrane proteins 

during the internalization process. 
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Summary 
The findings of this study show that TGA@CdTe QDs interact with the ECM of 

Haematococcus pluvialis microalgae cells. Evidence of an interaction between the 

ECM and TGA@CdTe QDs in the Raman spectrum of a unicellular microalga is 

obtained by surface-enhanced Raman spectroscopy: the Raman signal is increased by 

~ 500% when using aggregated AuNPs. Changes between the Raman spectrum of 

HPM/AuNPs and HPM-QDs/AuNPs have been found and suggest the existence of 

interactions between the -COOH group of TGA@CdTe QDs with saccharides present 

in the ECM as well as possible damage to chloroplasts due to ROS.  While for SHPM 

and SHPM-QDs no changes in the Raman spectra have been detected. Future endeavors 

will focus on the detection and isolation of sugars present in the ECM to analyze and validate 

these observations and the possible formation of QDs conjugates.  

As a result of this research, it is proposed that TGA@CdTe QDs internalize 

into human oral epithelial cells by facilitated diffusion. This process is mediated by 

the interaction with the membrane proteins and it occurred within the first few 

minutes.  Advanced imaging integrating confocal and SEM microscopy allowed to 

reveal the early interactions of TGA@CdTe QDs and AuNPs in whole OECs. 

Meanwhile, STEM-EDX confirmed adsorption of particles onto cell membranes, 

distribution into cytoplasm/cytoskeleton and achieving nuclear invasion with early 

signs of toxicity. Specific interactions occurring at molecular level have been 

identified by Raman spectroscopy. Our results showed characteristic SERS peaks 

corresponding to biomolecules present in the cilia elements and in the cytoskeleton. 

Characteristic Raman signals have been increased up to ~ 104 by using AuNPs. Cell 

damage due to TGA@CdTe QD cytotoxicity is observed and diminished by using 

BSA during the cell uptake process. Raman spectroscopy offers an alternative for 

rapid and non-invasive analysis of adsorption and interaction of engineered 

nanoparticles with cellular models.  The chemical interactions between TGA@CdTe QD 

and AuNPs after being adsorbed and internalized by the cells is an important issue that 

should be studied in depth in the future. The findings of this research should be taken into 
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account for the analysis and design of functional nanoparticles intended for bio-

applications to reduce or avoid cytotoxicity. 
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Chapter four 

SERS-active Au/SiO2 powder for tissue diagnosis 

In this chapter the results obtained with the SERS activity of Au/SiO2 powder and gold 

nanoparticles in colloidal solution are presented and analyzed. A brief description of the types 

of soft and hard tissues used in this research is exposed. 

By breading the tissues with Au/SiO2 powder, several characteristic peaks frequently 

used for adenocarcinoma diagnosis in the range of the Amide III are successfully enhanced. 

The SERS activity of Au/SiO2 is attributed to the properties of the silica powder structures 

to interact with tissue components, particularly their propensity to rehydrate in contact with 

the tissues promoting the formation of clusters of gold nanoparticles and also allowing the 

adsorption and interaction with biomolecules. Characterization by complementary 

techniques such as electron microscopy are also used to confirm the attachment of the 

samples to tissues and image their locations within the tissues. In addition, this material is 

also tested for dental tissue diagnosis and, as in the case of glandular tissue, characteristic 

Raman bands are successfully enhanced.  

 

4.1. Au/SiO2 clouds in powder for ex vivo breast adenocarcinoma diagnosis 

4.1.1. Glandular breast tissue (GBT) 

The breast tissues comprise  mainly  glandular tissues and supporting (stromal) tissues.150 

The glandular part of the breast includes the lobules and ducts that lead out to the nipple. The 

cells of the lobules are responsible for milk production. The support tissue of the breast 

includes fatty tissue and fibrous connective tissue that give the breast its size and shape.151 

It has been reported that the primarily component of breast tissue is fat. Normal breast tissue 

contains both glandular and adipose tissues. Glandular tissue consists of ducts lined by 

epithelial cells and a supportive collagenous extracellullar matrix. Adipose tissue is primarily 

composed of adipocytes (it corresponds to cells containing large amounts of cytoplasmic fat), 

although small quantities of extracellular matrix are present. Ducts represent only a small 

volume of the tissue. 60 Figure 27 shows a representative diagram of the different tissues of 

the breast.   
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Figure 27. Representative diagram of the different tissues comprising the breast.   

In figure 28 an image of the adenocarcinoma that is used for this work is shown, regions of 

abnormal cell growth are observed. Given the lack of directional cell structure it can be 

inferred that the image shows cancerous cells of a tumor. 

 

Figure 28. Cancerous GBT tumor cells. 

 

 

Breast adenocarcinoma samples.  Tissues were obtained from patients undergoing surgical 

breast biopsy mammoplasties and mastectomies. The samples have been routinely processed 

and examined by an experienced breast pathologist from the pathology department of the 

Instituto de Seguridad y Servicios Sociales de los Trabajadores del Estado (ISSSTE) in 

Guanajuato State (Mexico). Upon removal, the samples were fixed in formalin. Specimens 

have been rinsed in phosphate-buffered saline (PBS) before the Raman measurements to 

reduce the formalin fixation artifacts on the Raman spectra.152  Each sample was divided, and 

either incubated for one hour in naked AuNPs or breaded with Au/SiO2 and incubated for 
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five minutes. A total of 150 spectra have been examined by using Raman spectroscopy: 70 

normal and 80 malignant lesions diagnosed as adenocarcinoma.  

Equipment and methods. FE-SEM was performed in a JEOL JSM-7800F microscope 

coupled with x-ray energy dispersive spectroscopy (EDS). The UV-Vis absorption spectra 

of colloidal AuNPs and Au/SiO2 have been obtained by transmittance using an Agilent 

Technologies Cary Series UV-Vis-NIR spectrophotometer (Cary 5000). All measurements 

have been carried out under room temperature. XRD patterns have been obtained using a 

Bruker D2 Phaser with a Bragg-Brentano array. A Renishaw Raman System (Via Raman 

microscopy) with an objective lens of 20 X magnification and a spot size of 5 µm is used, 

the excitation laser was operated at 785 nm using a power of ~5 mW. The integration time 

for each Raman measurement is one second to avoid sample damage as reported by Kneipp 

et al 107.  For the Raman signal enhancement 0.1 mg of Au/SiO2 powder has been spread on 

the surface of a wet tissue in an area of approximately 8 square millimeters and after an 

incubation time of five minutes the sample was ready for Raman spectroscopy measurements. 

By following this procedure, between 6 and 7 Au/SiO2 clouds can be found in the irradiation 

spot. In the case of colloidal gold nanoparticles, the tissues have been incubated for one hour 

in 0.5 ml of AuNPs. Around 150 spectra of selected areas (~22500 µm2) of the tissue samples 

have been obtained. These areas were selected using tissue pathology criteria.153 By 

averaging the spectra obtained for each type of sample the representative spectrum is found. 

Also different areas have been measured by duplicate on the same tissue sample to identify 

characteristic Raman signals and evaluate their reproducibility. The differences found in the 

Raman signal between points in the mapped areas; attributed to the natural irregularities of 

the tissue, are not noticeable when considering the overall averages.  

4.1.2. SERS activity of AuSiO2 powder in glandular breast tissue 

To observe the distribution of gold in the tissue samples after they have been breaded with 

Au/SiO2 or incubated with AuNPs, an EDS analysis is performed and the results obtained 

are shown in figure 29.  Greater dispersion of gold nanoparticle cluster structures is observed 

for the Au/SiO2 sample, while in the sample incubated with AuNPs the particles appear to be 

in bigger clusters, see figure 29 (a) and (b).  
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Figure 29.  EDS analysis showing the distribution of gold in breast glandular tissue when using (a) 

Au/SiO2 powder and (b) AuNPs. Scale bar is 2.5 µm. 

 

Raman spectroscopy. Both Au/SiO2 powder and AuNPs samples do not exhibit Raman 

peaks (figure 30 A, B (a) and (b) respectively). The Raman spectrum of normal and 

adenocarcinoma samples shows similar characteristics thus hindering their distinction (figure 

30 A and B (c)). After incubation in AuNPs an enhancement in the signal is obtained, and 

some distinction between the two tissues is achieved. In normal tissue the peak at 1300 cm-1 

(fatty acids), marked with a black circle, continues to be the most intense in the region near 

to the Amide III allowing the presence of a subtle shift at 1260 cm-1 (figure 30 A (d)). The 

ubiquitous presence of peaks at 1300 and 1440 cm-1 in all spectra is one of the characteristics 

of normal glandular tissue.  Spectral characteristics of adenocarcinoma reveal an 

enhancement in the peak at 1367 cm-1 (tryptophan, α-helix), marked with a black circle 

(figure 30 A (d)). However, the strong presence of the peak at 1300 cm-1 limits a possible 

diagnosis based solely on this spectrum.  As a comparison the spectra obtained using Au/SiO2 

powder are shown in figure 30 A (e) for normal and figure 30 B (e) adenocarcinoma samples.  
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Figure 30. Raman signals of (A): (a) Au/SiO2 powder and (b) AuNPs respectively. (c) Raman signal of normal 

tissue. SERS spectra obtained from normal tissue (d) incubated with AuNPs, (e) breaded with Au/SiO2. (B): (a) 

and (b) show the Raman signals of Au/SiO2 powder and AuNPs respectively. (c) Raman signal of 

adenocarcinoma. SERS spectra obtained from adenocarcinoma (d) incubated with AuNPs, (e) breaded with 

Au/SiO2. The peaks at 1300 cm-1 corresponding to fatty acids (A d) and 1367 cm-1 assigned to proteins (B d) 

are marked with a black circle. All spectra have been acquired following 785 nm excitation. 

The Raman signal obtained from normal glandular tissue by using Au/SiO2 powder (figure 

31 (a)) yields peaks at 548  (cholesterol), 886 (proteins), 932 (collagen/ Si–O−), 963 (lipids), 

1076 (lipids in normal tissues), 1139 (fatty acids/ Si–O−), 1263 (Amide III protein band), 

1300 (fatty acids), 1367 (tryptophan, α-helix), 1440 (CH2 deformation of collagen and lipids), 

and 1482 cm-1 (Amide II, formalin) and are in agreement with results reported recently.59, 60, 

154  Some of the above peaks are rather absent or unclear in the spectra obtained using AuNPs 

(figure 6 A (d)). The Raman signals of adenocarcinoma are displayed in figure 31 (b).  

Au/SiO2 breaded adenocarcinoma shows peaks at 548 (cholesterol), 863 (collagen), 892 

(protein), 931(collagen/Si–O−), 958 (cholesterol/carotenoids), 988 (proteins), 1070 (proline-

collagen), 1138 (fatty acids/ Si–O−), 1260 (Amide III), 1367 (tryptophan, α-helix), 1440 (CH2 

deformation of collagen and lipids) and 1484 cm-1 (Amide II, formalin), see figure 31 (b).  In 

this case the characteristic peak of at 1300 cm-1 is practically absent and the protein peak at 

1260 cm-1 gains prominence with reference to the peak at 1440 cm-1 attributed to fat.59, 154-156 

For  both tissues, the peaks around 1480 cm-1 are assigned to formalin.59, 152   
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Figure 31. (a) Representative SERS spectra obtained from normal tissue breaded with Au/SiO2 and (b) SERS 

spectra obtained from adenocarcinoma breaded with Au/SiO2. All spectra have been acquired following 785 

nm excitation. 

Figure 32 (a) shows a plot of the integrated Raman signal for the tissues at different regions 

of the Raman spectrum when using naked AuNPs and Au/SiO2. Figure 32 (b) shows the 

average values of the enhancement in the Raman signal vs. different regions of the spectrum 

when using naked AuNPs and Au/SiO2. Each plot represents the average values from 50 

spectra and error bars show the standard deviations. Using Au/SiO2 resulted in a considerably 

higher enhancement, as shown in figure 32 (b). The peak of maximum SERS activity is 

observed in the middle region of the spectrum (1200~1370 cm-1) when using Au/SiO2.   
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Figure 32. (a) A plot of the integrated Raman signal vs. different regions of the spectrum when using naked 

AuNPs and Au/SiO2. (b) A plot of the averages of the enhancement in the Raman signal vs. different regions 

of the spectrum, for Au/SiO2 and AuNPs. Error bars show the standard deviations. Each graph represents the 

average from 50 SERS spectra. 

The Raman spectra have been acquired in the Amide III region, since it does not 

present interfering OH vibrations from H2O and has been used as a direct qualitative indicator 

for conformational change in proteins. 145  

Incubation times to obtain enhanced Raman signals by using gold colloidal 

nanoparticles have been reported in a range from half an hour to 24 hours. 157, 158 As it has 

been reported, the incubation of cells and tissues with AuNPs may promote the formation of 

gold nano-clusters formed by individual nanoparticles of colloidal AuNPs and this results in 

an increase of the Raman signals due to the formation of hot spots (enhanced localized 

electromagnetic fields).64, 107, 159, 160 While the interaction of tissues with naked AuNPs 

resulted in an increase of the Raman signal intensity (see figure 44 A and B (c)), this overall 

increase is not useful for an effective diagnostic because of the similarities observed in the 

spectra of both types of samples. This is due to a lack of specific affinity between AuNPs 

and the biomolecules in the tissue. 52, 107, 161  

When Au/SiO2 powders have been used to enhance the Raman signal, the 

characteristic peaks of normal tissue and adenocarcinoma are clearly observed after an 

incubation of five minutes, allowing to distinguish between the tissues. Previously reported 

spectral features due to Si–O− stretching bonds are found at 930 and 1140 cm−1 in Au/SiO2 

breaded tissue samples and also low-frequency oligomeric features probably due to ring 

breathing modes are found at 500–550 cm−1  in Au/SiO2 breaded samples.154 These 

enhancement of the Raman signal is the result of the electromagnetic field improvement 
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produced by the formation of cluster gold nano-structures during the process of hydration of 

the Au/SiO2 clouds on the wet tissue and the adsorption of biomolecules into the SiO2 matrix. 

66 

In particular, an improvement of the Raman signal is observed in the Amide III region of the 

spectrum. This indicates that proteins are adsorbed in the vicinity of the after mentioned 

hotspots. As has been widely reported proteins adsorb strongly into SiO2 nanoparticles.159, 160 

The surface chemistry of the Au/SiO2 clouds (hydrophilic OH- presence) ensures the 

interaction with this protein molecules, specifically collagen in the case of glandular breast 

tissues. This is why the use of gold decorated SiO2 nanoparticles has been widely applied to 

SERS studies with biomedical analysis purposes and it is especially useful in the case of 

breast cancer tissue where, among others, the expression of proteins plays an important role. 

162, 163  Moreover carboxylic groups of fatty acids may be covalently incorporated into silanol 

groups present on the surface of the Au/SiO2 structures by Si-O-Si bonds. 67, 99, 100, 154, 161, 164 

A significant increase in the Raman signal is observed with the use of Au/SiO2 powders, the 

enhancement turned out to be up to three times more sensitive compared to the use of naked 

AuNPs thereby demonstrating the importance of the SiO2 structure for breast tissue studies. 

Differentiation between types of adenocarcinoma is not contemplated as part of this study. 

However, given the appropriate SERS activity of this material for breast tissue applications, 

this distinction could be studied in detail in a later work. Moreover calculations based on the 

previously presented concentrations indicate that in the spot-size surface of the objective lens 

a greater amount of gold nanoparticles can be found when using colloidal AuNPs ( 4
7 10

nanoparticles) than in the case of Au/SiO2 powder ( 3
6 10 nanoparticles).96, 97 Therefore given 

the increase in Raman signal in the area of the Amide III the use of Au/SiO2 powder is an 

effective way to improve interaction between the gold nanoparticles and the tissue, resulting 

in a considerable and useful enhancement of the Raman signal. These results confirm that 

Au/SiO2 structures have the potential to be useful for future applications in tissue diagnosis. 

The methodology proposed here for the preparation of Au/SiO2 breaded tissue is simple, 

reliable and does not require additional instrumentation than the Raman spectrometer. 
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4.2. Au/SiO2 clouds in powder for dental caries diagnosis.  

 

4.2.1 Dental tissue  

Teeth are composed of four dental tissues. Enamel, dentin and cementum are hard tissues. 

The pulp, or the center of the tooth that contains nerves, blood vessels and connective tissue 

is a soft, or non-calcified, tissue.165 Cementum is composed of a specialized calcified 

substance and covers the root of the tooth. The part of the periodontium that attaches the teeth 

to the alveolar bone by anchoring is the periodontal ligament. Cementum is excreted by cells 

called cementoblasts within the root of the tooth and is thickest at the root apex. These 

cementoblasts develop from undifferentiated mesenchymal cells in the connective tissue of 

the dental follicle or sac.166  Unlike ameloblasts and odontoblasts, which leave no cellular 

bodies in their secreted products, during the later steps within the stage of apposition, many 

of the cementoblasts become entrapped by the cementum they produce, becoming 

cementocytes. Thus cementum is more similar to alveolar bone, with its osteoblasts 

becoming entrapped osteocytes.167  This tissue is capable of repairing itself to a limited 

degree and is not resorbed under normal conditions. Slightly softer than dentin, cementum 

consists of about 45% to 50% inorganic material (hydroxyapatite) by weight and 50% to 

55% organic matter and water by weight. The organic portion is composed primarily 

of collagen and proteoglycans. Cementum is avascular, receiving its nutrition through its own 

imbedded cells from the surrounding vascular periodontal ligament. It has the highest 

fluoride content of all mineralized tissue and is also permeable to a variety of materials. It is 

formed continuously throughout life because a new layer of cementum is deposited to keep 

the attachment intact as the superficial layer of cementum ages. On the root ends it surrounds 

the apical foramen and may extend slightly onto the inner wall of the pulp canal.168 

 Dentin consists of microscopic channels, called dentinal tubules, which radiate outward 

through the dentin from the pulp to the exterior cementum or enamel border.169  The tubules 

extend from the dentino-enamel junction in the crown area, or dentino-cemental junction in 

the root area, to the outer wall of the pulp. They have a diameter of 2.5 μm near the pulp, 

1.2 μm in the middle of the dentin, and 0.9 μm at the dentino-enamel junction. Their density 

is 59,000 to 76,000 per square millimeter near the pulp, whereas the density is only half as 

much near the enamel. In addition, there are branching canalicular systems that connect to 

https://en.wikipedia.org/wiki/Tooth
https://en.wikipedia.org/wiki/Periodontium
https://en.wikipedia.org/wiki/Alveolar_bone
https://en.wikipedia.org/wiki/Periodontal_ligament
https://en.wikipedia.org/wiki/Cementoblasts
https://en.wikipedia.org/wiki/Mesenchymal_cell
https://en.wikipedia.org/wiki/Dental_follicle
https://en.wikipedia.org/wiki/Ameloblast
https://en.wikipedia.org/wiki/Odontoblast
https://en.wiktionary.org/wiki/apposition
https://en.wikipedia.org/wiki/Osteocyte
https://en.wikipedia.org/wiki/Dentin
https://en.wikipedia.org/wiki/Hydroxylapatite
https://en.wikipedia.org/wiki/Organic_matter
https://en.wikipedia.org/wiki/Collagen
https://en.wikipedia.org/wiki/Proteoglycans
https://en.wikipedia.org/wiki/Periodontal_ligament
https://en.wikipedia.org/wiki/Dental-enamel_junction


64 
 

each other. The size range of these is as follows, the major being 500-1000 μm in diameter, 

fine being 300-700 μm, and micro being less than 300 μm. The major branches are the 

terminal ends of the tubules. About every 1-2 μm, there are fine branches diverging from 

dentinal tubules at 45 degree angles.170 The microtubules diverge at 90 degree angles. The 

dentinal tubules contain the cytoplasmic extensions of odontoblasts that once formed the 

dentin and maintain it. Because of dentinal tubules, dentin has a degree of permeability, 

which increases the sensation of pain and the rate of tooth decay. Dentinal hypersensitivity 

is due to changes in the dentinal fluids associated with the hydrodynamic mechanism 

processes. Dentin is a bone-like matrix that is also porous and yellow-hued material. It is 

made up of 70% inorganic materials ( hydroxyapatite and some non-crystalline 

amorphous calcium phosphate), 20% organic materials (90% collagen type 1 and the 

remaining 10% includes dentine-specific proteins), and 10% water. It decays rapidly and is 

subject to severe cavities if not properly treated. Due to its elastic properties it is a good 

support for enamel. Its flexibility prevents the brittle enamel fracturing.171 The characteristic 

structure of the tooth and its main tissues are shown in figure 33. 

 

Figure 33. Characteristic structure of human tooth and its main tissues. 

The first molars commonly experience increased pressure and wear compared to other 

tooth 172 and therefore this teeth are more likely to suffer pulp damage culminating in an 

endodontic treatment. It is common that some years after having an endodontic treatment 

patients return to the dentist with pain and discomfort also and showing evidence of an 

infection in the gum area. One of the routine diagnostic techniques is to obtain an x-ray of 

the region. However the effectiveness of this technique is limited in addition to the risk linked 

to the use of ionizing radiation.173 Dental caries processes are characterized by an increase in 
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the pathogenic microorganisms, in particular by the presence of Streptococcus mutans. 174  

Despite the novel therapeutic strategies, oral diseases have elevated prevalence rates due to 

lack of effective early diagnosis techniques. It has been reported S. mutans plays an important 

role in the failure of root canal treatments, also the presence of Enterococcus faecalis within 

dentinal tubules after the treatment is a virulence factor. This is due to the ability of E. 

faecalis cells to maintain the capability to adhere to collagen in the tubules even after cleaning 

the roots canal with specialized products. 175  

Raman spectroscopy can be implemented in a non-invasively manner to improve dental 

diagnostic techniques and avoid the use of ionizing radiation. The earliest carious changes 

involve chemical alterations, which are not normally visible on the tooth176 but are expressed 

as changes in the biomolecules of the tissue. Raman spectroscopy is a technique which 

enables the identification of the energy levels of the molecules present in a sample. This 

energy levels are unique for individual molecules and can be associated with the vibrations 

of specific chemical bonds. 50,51 The uses of Raman spectroscopy in biological measurements 

and applications are particularly oriented to clinical examinations related to detection of 

malignancies in tissues.59 However for biological samples it is necessary to reduce the power 

of the laser sources, which results in a reduction of the signal used to extract information 

from the samples.60  

Sample preparation. Freshly extracted human first molars from volunteer subjects requiring 

the extractions as part of their dental treatment have been used for this study.  The molars 

were studied immediately after extraction. Before Raman measurements a 60 seconds 

ultrasound rinse in deionized water was performed. The specimens were fractured and the 

regions with moderate decay at the external side of the root were selected. Also longitudinal 

and transversal sections of the dentinal tubules have been performed to analyze their 

interior.177 

 

Equipment and methods. Microphotographs of the selected tooth samples were 

acquired with a JEOL JSM-7800F microscope.   

A total of 6 samples of dental tissue (DT) have been studied, three of them were 

breaded with AuSiO2 powder and the other 3 were incubated colloidal naked AuNPs 

following the previously exposed protocol used for glandular tissue.  Three regions 
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from each sample were selected randomly and measured by duplicate to identify 

characteristic Raman signals and evaluate their reproducibility. About 50 Raman 

spectra have been recorded for each sample, and averaged to obtain a representative 

spectrum of the sample. The differences found in the Raman signal between points in 

the mapped areas, attributed to the natural irregularities of the tissue, are not noticeable 

when considering the overall averages. A custom algorithm in Matlab® is made to obtain 

a mean spectrum that reflects the characteristics of the samples. The code searches the 

position of the peaks in each spectrum and outputs an average intensity for each peak present 

in the considered spectra.  This way the representative average spectra shown in figure 47 

were generated. The spectra have been collected using a Renishaw Raman System 

(inVia Raman Microscope) with a 20 X objective lens (N.A. 0.75); the excitation laser 

wavelength is 785 nm with a laser power of approximately 5mW on the entrance of 

the optical fiber. The integration time for each Raman measurement is 1s.107  

 

4.2.2. SERS activity of AuSiO2 powder on dental tissue  

Figure 34 shows SEM micrographs of the DT samples. The characteristic structure of the DT 

is characterized by the presence of dentinal tubules (see figure 34 (a) top view and (b) cross 

section). Figure 34 (c) and (d) show the DT after breading with Au/SiO2 and incubation 

AuNPs respectively. 
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Figure 34. SEM micrographs of the samples of DT. (a) Top view of dentinal tubes. (b) Cross section of dentinal 

tubes. (c)  DT breaded with Au/SiO2. (d)  DT incubated with AuNPs. 

Figure 35 shows SERS spectra of DT. The typical bands of DT are located at 960 and 1452 

cm-1 and are assigned to PO4
3− and C-H deformation respectively (see figure 35(a)). The PO4

3− 

band is clearly observed in all spectra which is consistent with previous reports (see figure 

35 a,b and c), while the C-H deformation band (collagen) appears clearly only in the SERS 

obtained using Au/SiO2 (see figure 35 (c)); the spectrum shows also bands of amides and 

other features at 891 (saccharide band), 1001 (phenylalanine),1041 (symmetric stretching 

vibration of PO4
3−), 1075 (carbonate band/ Si–O−), 1270 (Amide III), 1373 (saccharides), 

1452 cm-1 (proteins); which are related to pathological tissue history such as lesions produced 

by caries or previous dental treatments (see figure 35 (c)).59, 71, 154, 178, 179  The ratio of 

phosphate/carbonate peaks can be analyzed based on the relative integrated intensities to 

thereby obtain information on the status of the DT. 71 As for the case of breast glandular 

tissue, DT incubation with AuNPs resulted in an increase in the Raman signal but it did not 

provide additional information. It was not possible to differentiate between the cementum 

and the dentin due to the biochemical similarity between the tissues. 
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Figure 35. SERS spectra obtained of (a) DT, (b) after incubation with AuNPs and  (c) breaded with 

Au/SiO2. Following 785 nm excitation. 

SERS activity of AuSiO2 clouds in DT showed a similar behavior to that of adenocarcinoma. 

And generally for adenocarcinoma and dental tissues the peak of maximum SERS activity is 

observed in the middle region (1200~1370 cm-1) when using Au/SiO2.  These results are also 

summarized in Table 1.  
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                Table 1. Enhancement of the Raman signal obtained when using AuNPs and Au/SiO2.  

A 

Spectral 

region 

           B                C          

           Normal GBT 

AuNPs              Au/SiO2 

             D                          E 

Cancerous GBT 

AuNPs              Au/SiO2 

 

F 

F                               G    

Cementum DT 

AuNPs              Au/SiO2 

 800-1000 1.6 1.3 1.9 3.5 1.1 0.6 

100-1200 1.7 1.5 2.0 5.2 1.2 1.2 

1200-1370 1.6 1.7 1.7 5.3 1.1 1.6 

1370-1500 1.8 1.5 1.7 4.4 1.5 1.9 
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Summary 
The dry Au/SiO2 clouds are highly SERS-active when applied to wet tissue, allowing rapid 

distinction between normal glandular breast tissue and adenocarcinoma in the Amide III 

region of the Raman spectrum. The tendency of the Au/SiO2 clouds to adhere to wet tissues 

promotes the formation of gold nanoparticle clusters in the nano-vicinity of the biomolecules 

located on the tissue surface. We can conclude that the enhancement of the Raman signal is 

attributed to the formation of the hotspots in the vicinity of adsorbed biomolecules. The 

excellent results demonstrate that Au/SiO2 clouds have the potential to be applied to 

accurately classify ex vivo tissues and get a rapid diagnosis and discrimination between 

normal tissues and adenocarcinoma using low laser power and an integration time of one 

second. Moreover, this material also proved to be efficient for diagnosis of hard tissue as is 

dental tissue. Future endeavors will center on the toxicological analysis, the distinction 

between different adenocarcinomas and the possibility of using this technique for in vivo 

diagnosis, thereby reducing the number of excisional biopsies or the use of techniques 

involving ionizing radiation.  
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Chapter five 

Conclusions and future work 

A stable and repeatable synthesis of thioglycolic acid capped CdTe quantum dots by a wet 

chemical synthesis for biomedical applications is accomplished.  It is noteworthy that the as-

prepared QDs showed such stability that even one year after having been prepared the good 

luminescent properties are still present and require only simple instructions for storage as 

room temperature and moderate light. The wavelength of emission proved to be easily 

tunable by lengthening the time of reflux in the synthesis after the reaction occurred.   

Similarly, the synthesis of naked anisotropic gold nanoparticles is simple and stable, 

however in this case there is no control over the proportion of each crystal structure. These 

ratios depend on the thermodynamic events during the synthesis and their study is a topic of 

current interest. However the same structures are present in all synthesis repetitions and each 

time they prove to be useful to obtain a non-selective SERS as predicted by Kneipp and co-

workers.107 

Different responses are obtained for the study of the interaction of TGA@CdTe QD 

with plant and human cells. For the case of the microalgae cells, the findings of this study 

show that TGA@CdTe QDs interact with the ECM of Haematococcus pluvialis 

microalgae cells after 5 minutes of incubation and no internalization due to QD 

absorption is observed. Evidence of this interaction between the ECM and 

TGA@CdTe QDs in the Raman spectrum of a unicellular microalga is obtained by 

surface-enhanced Raman spectroscopy, the Raman signal is increased by ~ 500% 

when using the aggregated AuNPs. Changes between in the Raman spectrum of 

HPM/AuNPs and HPM-QDs/AuNPs are found and suggest the existence of 

interactions between the -COOH group of TGA@CdTe QDs with saccharides present 

in the ECM as well as possible damage to chloroplasts due to ROS.  While for SHPM 

and SHPM-QDs no changes in the Raman spectra are detected.  

While for the case of human cells this study showed that TGA@CdTe QDs 

internalize into fresh oral epithelial cells probably by facilitated diffusion. This 

process is mediated by the interaction with glycoproteins and membrane proteins and 
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occurs in a three-minute interval. Advanced imaging allowed to reveal the early 

interactions of TGA@CdTe QDs and AuNPs in whole OECs. Meanwhile, STEM-

EDX confirmed adsorption of particles onto cell membranes, distribution into 

cytoplasm/cytoskeleton and in specific case achieving nuclear invasion with early 

signs of membrane damage. Specific interactions occurring at molecular level are for 

the first time identified by Raman spectroscopy corresponding to changes in 

biomolecules present in the cilia elements and in the tonofilaments. Characteristic 

Raman signals of the cells are increased up to 104 by using AuNPs. This information 

should be taken into account for the analysis and design of functional nanocrystals 

intended for in vivo applications.  

In both cellular types, Raman spectroscopy offers an alternative for rapid and 

non-invasive analysis of adsorption and interaction of engineered nanoparticles with 

cellular models. 

An innovative, repeatable and facile fabrication of Au/SiO2 powder has been 

developed. It has been shown that the Au/SiO2 structures are SERS-active to distinguish 

between normal glandular breast tissue and adenocarcinoma and to obtain characteristic 

Raman shifts from DT which could be useful to know the status of the tooth. The 

enhancement of the Raman signal is attributed to the increase of the hotspot because of the 

effective interactions of the Au/SiO2 powder due to the interactions between the silica and 

biomolecules located on the tissue surface and its tendency to adhere to wet tissues. The 

excellent results demonstrate that Au/SiO2 structures have the potential to be applied to 

accurately classify tissues and get a rapid diagnosis and discrimination between normal and 

cancerous tissues. Future endeavors will center on the possibility of using this technique for 

in vivo diagnosis, thereby reducing the number of excisional biopsies or the use of techniques 

involving ionizing radiation for diagnosis. 

Future work includes improved characterization of the TGA@CdTe QD structure 

such as the confirmation of the presence of a core shell structure and a fine characterization 

of the temporal stability of the quantum dot in water. Moreover, various experiments varying 

the thiol capping agent could be made and their functionalization to certain cellular 

components. 
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In the same way, the affinity of the gold nanoparticles to certain cellular components 

could be improved thus improving the SERS signal to study specific interactions. 

Uptake process for different cell types is specific and remains an open issue. Thus, 

determining cell damage and mechanisms of interaction between nanomaterials such as QDs 

and cells is relevant for environmental impact and safe biomedical applications. Also future 

endeavours will focus on the detection and isolation of sugars present in the ECM to analyse 

and validate these observations and the possible formation of QDs conjugates.  

While Au/SiO2 powders proved to be effective for tissue diagnosis, an improvement 

in the stability and uniformity during the synthesis process could be done in order to 

improve the result. Likewise, a more specific characterization of the interaction of 

biomolecules with the powders could be studied.  
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Appendix A 

Focused ultrasound system for biomedical applications 

Sonoporation 
 

It is now known that there are physical methods for varying the concentration and rate of 

uptake of nanoparticles into cells. One of such methods is known as sonoporation and 

involves the use of an ultrasound source. Studies on ultrasound induced cell permeabilization 

introduced the term “sonoporation” to describe the temporal cell membrane openings that 

can arise after ultrasound exposure. As has been reported, the use of microbubbles amplifies 

the biophysical effects of ultrasound. Such microbubbles are gas-filled structures stabilized 

by a lipid, protein or polymer shell. Since these microbubbles are filled with gas they consist 

of a compressible core and therefore respond to the ultrasound pressure waves. The  alternate 

growing and shrinking is known as cavitation and can be divided into stable cavitation, that 

mainly occurs at lower ultrasound intensities and inertial cavitation, occurring at higher 

ultrasound intensities that leads to microbubble implosion which results in abrupt biophysical 

effects.180 

The three main types of ultrasound application are: low intensity ultrasound that leads 

to stable cavitation of microbubbles, high intensity ultrasound, leads to inertial cavitation 

with bubble collapse, and ultrasound application in the absence of microbubbles.181  The 

interaction of ultrasound with tissue can induce mechanical effects, chemical effects and 

thermal effects, depending on the ultrasound intensity, which in turn can lead to several bio-

effects. In the case of low intensity only mechanical effects are observed.  However, any 

temperature increase during the experiments, changes the physicochemical state of the cell 

membranes and could render them more sensitive to membrane deformation. Recent 

literature suggests that endocytosis might be involved as well in ultrasound triggered drug 

delivery, this is important since the cells of interest in this study are epithelial cells known 

for their endocytic uptake processes.182    

At low ultrasound intensities, two mechanisms have been proposed to contribute to 

the uptake of cell-impermeable molecules: one is the formation of small pores and the second 

is endocytosis.  The involvement of endocytosis is more extensive for larger molecules, and 



75 
 

pore formation is the main mechanism for smaller dextrans. Ultrasound-induced mechanical 

stress and chemical effects have been reported to be responsible for this pore formation. By 

ultrafast real-time transmission microscopy techniques, the mechanisms of membrane 

poration due to an interaction between microbubbles and the cell membranes have been 

observed.183  

Pore formation is attributed to the cavitation of microbubbles closely located to the 

cell membrane, gently pushing and pulling the cell membrane and disturbing the cellular 

membrane as a result of mechanical stress. Therefore, pore formation correlates with the 

oscillation amplitude of the microbubbles. Experiments performed with single cells indicate 

that a direct contact between microbubble and cell membrane is required to induce pore 

formation by stable cavitation.184  

Three main routes of endocytosis are involved in the ultrasound-mediated uptake: clathrin-

mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis, where clathrin-

dependent mechanisms are predominant. 185 

  The mechanisms which are responsible for the ultrasound-induced endocytosis have 

been the subject of debate and have not been completely elucidated up till now. A first 

possible explanation is that microstreamings or acoustic streaming induces endocytosis, and 

shear stress can stimulate the endocytic uptake of fluid-phase markers in endothelial cells. 

Ultrasound-induced mechanical forces can lead to plasma membrane deformation which is 

accompanied by cytoskeletal rearrangements as a result of changes in cell membrane tension. 

186 

Ultrasound or oscillating microbubbles can induce cytoskeletal rearrangements, these 

processes add plasma membrane (exocytosis) or remove (endocytosis) and hence restore 

plasma membrane tension.187  

Exocytosis lowers the membrane tension in order to facilitate spontaneous resealing and the 

intracellular vesicles recruited by exocytosis fuse with each other and form a giant patch that 

subsequently fuses with the damaged plasma membrane and reseals the membrane disruption 

indicating that exocytosis may also be triggered by ultrasound, creating cell membrane 

disruptions.188 

Thus, ultrasound enhanced endocytosis may be a consequence of exocytosis. By low 

intensity ultrasound, the endocytic uptake of nanoparticles could be stimulated, while short 
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but intense ultrasound pulses induces pore formation and the direct cytoplasmic uptake of 

drugs which are sensitive to lysosomal degradation. Ultrasound intensities may be adapted 

to create pore sizes which correlate with the particle size. And small molecules are able to 

diffuse passively through small pores created by low intensity ultrasound treatment.189 

In this appendix, the description of the automatic system designed to excite biological 

samples with focused ultrasound is presented. Preliminary data on the response of the cells to a 

low power ultrasound beam for are shown.  

 

A.1. Experimental setup 

 
The focused ultrasound system is intended to work in cross-transmission mode, where 

the plane of interest in the sample is perpendicular to the propagation of the ultrasound beam. 

Thus it is possible to estimate the value of the attenuation of the field produced by the 

presence of a sample and the speed of sound in the sample by considering an analysis based 

on the flight time. The experimental setup proposed for the automated focused ultrasound 

system is shown in figure A1. The system consists of a tank filled with deionized and partially 

degassed water. Within the tank, the sample and transducer are placed in positions shown in 

figure A1. 

 

 

Figure A1. Experimental setup proposed for automated focused ultrasound system.  
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The transducer is mounted on a movement system which is controlled manually and 

it has three directions of movement. The movement system for the sample is controlled by 

computer by a LabView® program, as in the case of the transducer it has movement in three 

independent axes. The description of this system is explained below. The sample, which is 

mounted in a special holder is placed in front of the transducer so that the front is parallel to 

the transducer surface. The water inside the tank is heated at 37o Celsius, to emulate one of 

the conditions of the in vivo situation. To warm the water, recirculation heaters are placed as 

far as possible from the sample to avoid disturbances due to the movement of water. Given 

the current low power of the transducer it is not necessary to place absorbers in the tank walls. 

No internal reflections or possible interference effects that might affect the measurements are 

observed. 

An ultrasound transducer made from a piezoelectric material and lead titanium 

zirconated (PZT) is used as transmitter and signal receiver. The geometry of the transducer 

is a split sphere with a focal length of ~7 cm (a curvature corresponding to a sphere of 

diameter 15 cm) and a diameter of 5 cm. The transducer has a center frequency of 1 MHz 

and is purchased from Precision Acoustics ®. Data acquisition consists of two steps, the first 

is the alignment ensuring that the acoustic wave axis is perpendicular to the sample, and the 

second is the excitation of the sample. The transducer generates an acoustic wave propagating 

in the water.  Where the focus has the shape of an ellipse of approximately 1.5 cm long and 

1.5 mm radius. A schematic representation is shown in figure A2. 
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Figure A2. Ultrasound beam path. (Adapted from ref. 4) 

In a cross-sectional view of the cone (see figure A2) the field propagates in circularly 

symmetric concentric rings, with maximum intensity in the central ring. Measurements could 

be obtained in different planes to characterize the ultrasound propagation. The sample is 

placed in the focal plane of the transducer, which is where the delivered power is 

concentrated. At the boundary between two media with different acoustic impedances, as in 

this case the border between water and the sample, reflection and refraction occurs. On 

smooth surfaces reflections are specular while on rough surfaces reflections are diffuse. 

Specular reflection is the basis of the ultrasound image, which is formed from the echo. 

Below, it is explained how the principle of reflection is used as an alignment method for the 

system. When a plane wave incised on a flat surface, a reflected and a transmitted wave are 

generated. When the incidence is perpendicular, only longitudinal waves are present. 

According to the law of Snell-Descartes, the reflection angle θ1 equals the angle of incidence 

of the wave and the transmitted wave is refracted at an angle θ2 according to the equation 1. 

2 1

2 1

sen sen

c c

 
           (1) 
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Where c1 and c2 are the speeds of sound of the first and second medium. At normal 

incidence (θ1= 0), the reflected and transmitted waves are also normal to the incidence 

surface. The ratio between the amplitude of the incident and reflected wave (sound pressure 

ratio) is called reflection coefficient (r). The ratio of the amplitude of the incident wave and 

the transmitted is called transmission coefficient (t).  

When the acoustic axis and the plane of incidence are not perpendicular, transverse 

waves are also generated and a more complicated analysis is required. To simplify the 

analysis, we will restrict ourselves to the case of normal incidence, so a fundamental part of 

the experimental setup will ensure that the ultrasound waves impinge perpendicularly to the 

sample. It is also necessary to ensure that the acoustic wave is incident at the same phase in 

all the sample plane, the sample plane should be parallel to the focal plane. A first criterion 

of alignment corresponds to align the transducer with the framework of the sample support, 

thus ensuring normal incidence. The transducer is mounted in a manual system described 

above, and once it is in the desired position to start the measurements it should not be moved.  

The optical axis of the transducer can be aligned with the bottom of the tank using a 

level as shown in figure A3. In the same way, the sample holder should be aligned with the 

focal plane. 

 

Figure A3.  Transducer alignment. (Adapted from ref. 4) 
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To find the focal plane, sine-wave pulses of 30 cycles at 1000 KHz are programmed 

into a function generator and the signal is sent to the transducer; the signal and its echo are 

observed on the oscilloscope.  

The broader pulse corresponds to the excitation signal and after a delay, the echo of 

the signal is observed. This scheme is shown in figure A4. 

 

Figure A4. Eco-mode transducer configuration. (Adapted from ref. 4) 

There are two criteria by which we can know when the sample holder is at the focal 

length. The first is to know the focal distance and consider the value of the speed of sound 

for the temperature of the water in the system. Then calculate the time it will take the signal 

to go and return and calculate the location of the focal plane. The other approach is to observe 

the amplitude of the echo signal on the oscilloscope: when the amplitude of the reflected 

signal is maximum, the sample is at the focal length. During the experiments both criteria are 

considered. Once the transducer and the frame are aligned the system is ready to begin the 

treatment. 

The sample which is used to test the system consisted of a square flat bag (2x2 cm) 

made with Parafilm® tape containing about 1 ml of a suspension of human oral epithelial 

cells dispersed in saline solution and, depending on the sample, colloidal nanoparticles. 

During the treatment, the sample moves on the focal plane following the path shown in figure 

A5. In this configuration different regions of the sample are excited. 
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Figure A5. Example of sample path on the focal plane. (Adapted from ref. 4) 

The step size and its duration depend on the desired treatment time and sample. For 

the preliminary tests, the system is working with a step of 0.7 mm and a duration of 3 seconds. 

The step is 0.7 mm, this is less than half the wavelength of ultrasound which is 0.15 cm, and 

it satisfies the Nyquist criteria for spatial resolution. The program for scanning has a section 

where the parameters for the excitation signal are specified and directly sent to the function 

generator. Another section of the code is synchronized with the function generator and 

activates the trigger to monitor the echo signal. General settings can be performed from the 

GUI of the program. The signal frequency is 1 MHz which is used in medical applications of 

focused ultrasound. 

 

A.2. Preliminary results of focused ultrasound for treatment in cells 

 
Preliminary experiments using the focused ultrasound system described in the previous 

chapter aim to serve as a general validation of the system. This validation will serve as a 

starting point to study the effect of ultrasound at the cellular level in the presence of 

nanoparticles.  

Figure A6 shows an image corresponding to the program’s graphical user interface 

(GUI) that controls the ultrasound system. On the left side of the interface, buttons that allow 

adjustments to the preliminary measurement are placed and also to start and stop the program. 

On the right side an image of the intensity map is shown. Each pixel corresponds to an 

average of three measurements of the amplitude of the echo signal received by the transducer. 
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In figure A6 a signal of decreasing intensity was programed and a decrease in the intensity 

of the echo signal is shown. 

 

Figure A6. Graphical user interface (GUI) for the ultrasound system. 

The following experiment is to obtain an image of the sample support by using the amplitude 

of the reflected echo signal as a pixel value. The image obtained is shown in figure A7. This 

system allows the acquisition of ultrasound imaging of solid pieces. The resolution of the 

system is defined by the focal area (0.065 cm2) and the Nyquist–Shannon sampling theorem 

which states that accurate reconstruction of a periodic continuous baseband signal is 

mathematically possible if the signal is band-limited and the sampling rate is more than twice 

its bandwidth. 
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Figure A7. Echo image of the sample support by using the amplitude of the reflected signal as a pixel value. 

The next step is the characterization of the Parafilm bag containing the samples. For this the 

echo signal received by the transducer is analyzed for single and double Parafilm layers. 

Figure A8 (a) Shows that the echo signal, as received after passing through one layer of 

Parafilm, has both a temporary delay as a slight decrease in the amplitude of about 0.25 V. 

In figure A8 (b) the original signal and its echo are displayed and similar behavior is shown. 

In the case of the cells experiments, the power delivered at the sample is: Pc= P0-Pp, where 

P0 is the power at the focal plane in the absence of sample and Pp is the power absorbed by 

the Parafilm layer. Using the data provided by the manufacturer of the transducer, an input 

voltage of 20 V corresponds to a power of ~615 watts in the focus area. This low power is 

minimally affected by the presence of Parafilm (~38 watts). Therefore, the Parafilm is a good 

material to contain the samples without diminishing power in the focus area. 
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Figure A8. Signal attenuation in the focal plane due to the presence of Parafilm. (a) Reduction in amplitude of 

the echo signal, a close up. (b) The original signal and its echo. 

 

A.3. SEM and EDS analysis of sonicated epithelial cells. 

 
The duration of the ultrasound treatment varies is 60 minutes. In order to ensure that all cells 

receive treatment for at least 3 seconds. A test was performed to examine the state of cells 

after a one-hour incubation in TGA@CdTe QDs and AuNPs. The incubation protocol is 

identical to those presented in the previous chapter except for the incubation period and the 

fixation method for SEM microscopy. At the end of the procedure, from each of the 4 tubes 

25 l of the material are taken and placed on silicon wafers 104, 105. The wafers are placed in 

a preheated oven at 100° C for three minutes. The samples are cooled at room temperature 

and then analyzed. Thus to observe the integrity of the fixed OECs, fluorescence images are 

acquired and the presence of nanoparticles is studied by electron microscopy. Figure A9 (a) 

shows a fixed OEC incubated with BSA and then in TGA@CdTe QDs, excited at 470-490 

nm, and the emission is collected at 520 nm. In the figure is possible to observe most aspects 

of the cell morphology remain after an incubation period of one hour and that fixation of 

OEC did also not alter their morphology, only slight changes in the intensity of luminescence 

(~10%). FSEM images of OECs are displayed in figure A9 (b) and (c). Figure A9(b) shows 

a fixed OEC incubated with AuNPs and figure A9 (c) shows a fixed OEC incubated with 

AuNPs-BSA- QDs. Disperse AuNPs (50 nm) are observed in OECs as shown in figure A9 

(d).   
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Figure A9. (a) Fixed OEC with QDs1 excited at 470-490 nm, the emission is collected at 520nm. (b), (c) FSEM 

images of OECs. (b) OEC incubated with AuNPs. (c) OEC incubated with AuNPs, BSA and TGA-CdTe QDs. 

Scale bar in (a), (b), (c) represents 20 μm. (d) AuNPs in OEC, scale bar corresponds to 100 nm. 

Table A1 shows the chemical analysis found for: cadmium (Cd), tellurium (Te) and gold 

(Au) together with the elements naturally present in OEC, carbon (C), oxygen (O), nitrogen 

(N), phosphorus (P) and sulfur (S), obtained by EDS punctual analysis for the different OECs 

samples. The resulting amount of gold in OEC-AuNPs is 24% whereas for OEC-AuNPs is 

2.3 %. The OEC-AuNPs-BSA-QD sample is the only one where Te (1.0%) is present and 

with the higher presence of Cd (4.4%).  Otherwise if there is no presence of AuNPs, the 

tellurium does not appear in the OEC, see table 1. According to previous reports and our 

experimental results presented above when AuNPs are in the vicinity of the QD and the LSRP 

of AuNPs coincides with the peak emission of QD energy transfer phenomena occurs among 

both nanoparticles 90, 190, 191. 
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Table A1.  Averages of WPV obtained by EDS punctual analysis in OEC-AuNPs, OEC-BSA-QD, OEC-

AuNPs-BSA-QD samples of:  gold (Au), cadmium (Cd), telluride (Te), carbon (C), oxygen (O), nitrogen (N), 

phosphorus (P) and sulfur (S). σ represents the error in Wt% (± σ). 

 

Figure A10 shows an example of the mappings that are performed on the cells and one of the 

obtained spectra.  

 

Figure A10. EDS elemental analysis performed on an OEC-BSA-QDs-AuNPs sample. 

 

However, cellular metabolism tests should be performed taking into account that the rate of 

internalization of nanoparticles is time and size dependent. The possible effects of energy 

transfer between the TGA@CdTe QDs and AuNPs within the cells is a phenomenon that has 

not been reported or studied in depth.  
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Ultrasound experiments consist of incubating the cells for one hour with TGA@CdTe QDs 

or AuNPs while a scan is performed at the focal plane of the ultrasound. As a control an 

identical sample is placed away from the focal plane, at the bottom of the tank. About 20 

repetitions of the experiment are performed. All samples of cells, both which received 

ultrasound treatment (figure A11 (b) and (d)) as well as the control samples (figure A11 (a) 

and (c)), retained characteristic cell structure and showed the presence of nanoparticles in the 

EDS mappings.  

 

 

Figure A11. SEM images of cells incubated for one hour with (a) BSA-QDs, (b) BSA-QDs in the ultrasound 

focal plane, (c) BSA-AuNPs, (d) BSA-AuNPs the ultrasound focal plane. 

Both ultrasound treated (figure A12 (a)) and untreated (figure A12 (b)) samples incubated 

with TGA@CdTe QDs are also analyzed under the fluorescence microscope showing similar 

characteristics.  
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Figure A12. Fluorescence images of cells incubated for one hour with (a) BSA-QDs in the ultrasound focal 

plane, (b) BSA-QDs. 

 

In the case of cells incubated only with quantum dots, by averaging the obtained punctual 

mappings an increase in the abundance of the elements related to TGA@CdTe QDs is 

obtained, see figure A13. However, this effect is only observed when considering an average 

and for individual measurements the standard deviation is high. Although this result may 

indicate a trend, repetitions of the experiment considering variations in power could confirm 

these results.  

 

Figure A13. EDS elemental analysis of cells incubated for one hour with (a) BSA-QDs, (b) BSA-QDs at the 

ultrasound focal plane. 

 

Similar behavior is observed in the case of the cells incubated with AuNPs, see figure A14. 

However, in this case the standard deviation is greater. This effect must be related to the 

larger size of the nanoparticle which causes that more power is needed to produce the 

sonoporation.  
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Figure A14. EDS elemental analysis of cells incubated for one hour with (a) BSA-AuNPs, (b) BSA-AuNPs at 

the ultrasound focal plane. 

 

The focused ultrasound system was tested for a possible application regarding 

the internalization of TGA@CdTe QD and AuNPs into human cells during the 

incubation period. The state of the cells is evaluated after a one-hour incubation with 

and without ultrasound treatment. The cells showed to retain their physical structure 

however specific cellular metabolism tests should be conducted in the future. Both 

nanoparticles TGA@CdTe QD and AuNPs had higher elemental presence within the 

cell in the case of receiving treatment with focused ultrasound. However, given the 

low ultrasound power in the focal plane, the standard deviation of the results is very 

high and an optimization of the power is needed to confirm this result. Also the use of 

microbubble generating agents is needed to fully exploit the potential of this setup. 

Given that the internalization of the TGA@CdTe QD does not occur by endocytosis 

in these cells, it will be relevant and novel to study the effects of sonoporation in this 

particular biological system.  

Currently, researchers worldwide are working on mechanisms that modify the 

uptake of engineered nanomaterials into cells for medical applications. One of such 

methods is focused ultrasound and the effect of cell sonoporation is a topic of 

increasing interest.  In our country there are currently no facilities that have high-

intensity focused ultrasound systems for medical applications. In this work the first 

steps in the experimental design and instrumentation of a focused ultrasound system 

are given. Preliminary results show that the equipment has the potential to for cell 

sonoporation experiments in the future.  
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Appendix B 

Statistical and experimental description of microscopy and 

spectroscopy for cells and tissues 

Photoluminescence spectroscopy 

a) Haematococcus pluvialis microalgae cells 

Following the protocol that was presented in Chapter Three, one sample of HPM, SHPM, 

HPM-QD and HPM-QD/AuNPs, and SHPM-QD and SHPM-QD/AuNPs have been prepared 

under room temperature.  The samples were placed in quartz cells and gently stirred to avoid 

precipitation of microalgae in the bottom of the cell during measurements. Four to five 

spectra were acquired, all have similar characteristics. The spectra shown in figure 16 

correspond to those that had a higher signal to noise ratio.  

 

Bright field and fluorescence microscopy  

a) Haematococcus pluvialis microalgae cells 

 

Once again, following the protocol that was presented in Chapter Three, three samples of 

HPM, SHPM, HPM-QD, HPM-QD/AuNPs, SHPM-QD and SHPM-QD/AuNPs have been 

prepared. Thus a total of 18 samples were analyzed. On average, 5 images were acquired for 

each sample. Each image shows about 5 microalgae. A general trend for each type of sample 

was observed in the images, and this trend is what was discussed above. The only sample 

that shows considerable variations is the HPM-QD sample, where for one of the preparations, 

the number of nonviable cells (total structural loss) exceeded the number of intact specimens. 

 

b) Human oral epithelial cells 

 
Following the protocol that was presented in Chapter Three, 15 samples of OEC, OEC-QD, 

OEC-BSA-QD and OEC-BSA-QD-AuNPs have been prepared. Thus a total of 60 samples 

were analyzed. On average, 8 images were acquired for each sample. Each image shows 

about 4 OECs. A general trend for each type of sample was observed in the images, and this 

trend is what was discussed above.  
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Confocal microscopy 

a) Haematococcus pluvialis microalgae cells 

 
As for bright field microscopy, three samples of HPM, SHPM, HPM-QD and SHPM-QD 

have been prepared. Thus a total of 12 samples were analyzed. On average, 5 images were 

acquired for each sample. Each image shows one or two microalgae. A general trend for each 

type of sample was observed in the images, and this trend is what was discussed above. As 

before, the HPM-QD sample presented variations, where for one of the preparations, the 

number of nonviable cells (total structural loss) exceeded the number of intact specimens. 

 

b) Human oral epithelial cells 

 
Following the protocol that was presented in Chapter Three, one sample of OEC, OEC-BSA-

QD and OEC-BSA-QD-NucBlue have been prepared. Thus a total of four samples were 

analyzed. On average, 4 images were acquired for each sample. Each image shows about one 

OECs. A general trend for each type of sample was observed in the images, and this trend is 

what was discussed above.  

 

Scanning electron microscopy 

a) Haematococcus pluvialis microalgae cells 

 Three samples of HPM, SHPM, HPM-QD, HPM-QD/AuNPs, SHPM-QD and SHPM-

QD/AuNPs have been prepared. Thus a total of 18 samples were analyzed. On average, 5 

images were acquired for each sample. Each image shows about 5 microalgae. A general 

trend for each type of sample was observed in the images, and this trend is what was discussed 

above. As before, the HPM-QD sample showed considerable variations, where for one of the 

preparations, the number of nonviable cells (total structural loss) exceeded the number of 

intact specimens. EDS elemental analysis was performed for three individual cells as 

described in Chapter Three.   
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b) Human oral epithelial cells 

Following the protocol that was presented in Chapter Three, 15 samples of OEC, OEC-QD, 

OEC-BSA-QD and OEC-BSA-QD-AuNPs have been prepared. Thus a total of 60 samples 

were analyzed. On average, 8 images were acquired for each sample. Each image shows 

about 4 OECs. A general trend for each type of sample was observed in the images, and this 

trend is what was discussed above. As in the case of microalgae cells EDS elemental analysis 

was performed for three individual cells as described in Chapter Three.   

STEM 

One sample of OEC-BSA-QD and OEC-BSA-QD-AuNPs have been prepared following the 

protocol presented in Chapter Three. A pellet of approximately 100 µl was obtained and fixed 

in the resin. Ultrathin sections (100 nm) were obtained with an ultramicrotome which were 

mounted in consecutive order on a grid. A total of 20 images were obtained and analyzed. 

Each image contained a complete cell or a fragment of interest. 

 

 

c) Glandular breast tissue (EDS) 

To observe the distribution of gold in the glandular breast tissue samples after having been 

breaded with Au/SiO2 powder or incubated with naked AuNPs, EDS analysis was 

performed. Two samples obtained from a biopsy fragment of normal and cancerous glandular 

breast tissue were considered. A total of four biopsy fragments were analyzed and map 

readings (square geometry with side length of 10µm) were performed on each sample.   

 

d) Dentin tissue  

SEM micrographs of dentinal tissue have been acquired to gain a structural understanding at 

the microscopic level and properly correlate each tissue sample with its Raman spectrum. 

Two samples of dentinal tissue and dentinal tissue breaded with Au/SiO2 powder or 

incubated with naked AuNPs were prepared and a total of 15 images were acquired and 

analyzed.  
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Raman spectroscopy 

Raman spectrum of cells and tissues may change depending on the acquisition position. 

This study aims to give a general overview of the considered samples, not an interpretation 

for specific points; that is why a mapping was performed for each sample. As an example, 

the analysis performed for OEC is presented, the procedure for the other samples and tissues 

is analogous. This mapping was performed according to the grid shown in figure B1. Where 

figure B1 (a) shows two spectra obtained at different positions (1 and 2) of the same cell of 

an OEC–BSA- AuNPs sample, indicated in the image of the cell at the middle of the figure.  

In the same way figure B1 (b) shows two spectra obtained at different points of the same cell 

of an OEC–BSA-QDs- AuNPs sample.  At each intersection of the grid superimposed on the 

image of the cells (figure B1) the Raman spectrum was acquired. As shown in the figure, the 

spectrum taken at a certain position differs from that taken in another place of the same cell. 

In figure B1 (a) and (b) circles indicate peaks present in each of these spectra that are also 

present in the average spectrum. While stars mark those peaks that differ and therefore we 

assume that these peaks are specific of the measurement point.  
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Figure B1. (a) Two spectra obtained at different points (1 and 2) of the same cell of an OEC–BSA- 

AuNPs sample indicated in the image of the cell at the middle of the figure.  (b) Two spectra obtained at different 

points of the same cell (1 and 2) of an OEC–BSA-QDs- AuNPs sample as indicated in the image of the cell at 

the middle of the figure. Circles indicate peaks present in each of these spectra that are also present in the 

average spectrum. While stars mark those peaks that are not present in the average spectrum. 

In order to give an overview; in this study, a custom Matlab algorithm was developed in 

order to obtain an average spectrum that reflects the average characteristics of each sample. 

Therefore, the Raman spectra shown in shown throughout the dissertation correspond to the 

resulting average spectra. The Matlab code searches the position of the peaks in each 

spectrum and outputs an average intensity for each peak present in the considered spectra, 

therefore peak contributions due to a specific place in the cell tend to disappear the greater 

the number of spectra considered while the peaks appearing in most of the spectra consolidate 

their place in the average.  
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a) Haematococcus pluvialis microalgae cells 

Three samples of HPM, SHPM, HPM-QD, HPM-QD/AuNPs, SHPM-QD and SHPM-

QD/AuNPs have been prepared. Thus a total of 18 samples were analyzed. On average, 450 

Raman spectra were acquired for each sample. The representative Raman spectra of each 

sample was found as described above. 

 

b) Human oral epithelial cells 

Following the protocol that was presented in Chapter Three, 15 samples of OEC, OEC-QD, 

OEC-BSA-QD and OEC-BSA-QD-AuNPs have been prepared. Thus a total of 60 samples 

were analyzed. On average, 2250 Raman spectra were acquired for each sample. About 1000 

were selected considering the clarity and the signal to-noise ratio. The representative Raman 

spectra of each sample was found as described above. Since in this case no standardized cells 

were used, an additional statistical analysis shown below was performed. 

The results of this analysis are summarized in Tables B1 and B2.  Table B1 refers to 

the statistic for the spectrum found for OEC–BSA- AuNPs samples. Column B refers to the 

percentage of times that the peak indicated in column A appears considering all acquired 

spectra for the OEC–BSA- AuNPs samples. Column C shows the average peak width. 

Column D shows the standard deviation of the peak maximum and column E shows the 

relative average strength of the peak. The second section of the table shows the same analysis 

on the OEC–BSA- AuNPs spectrum but considering the peaks found for OEC–BSA-QDs- 

AuNPs.  
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Table B1. Statistic for the spectra found for OEC–BSA- AuNPs samples. Column B refers to the percentage of times that 

the peak indicated in column A appears. Column C shows the average peak width. Column D shows the standard deviation 

of the peak maximum and column E shows the relative average strength of the peak. The second section of the table shows 

the same analysis on the OEC–BSA- AuNPs spectrum but considering the peaks found for OEC–BSA-QDs- AuNPs. 

A B C D E 

Peak 

(cm-1) 

Percentage of 

appearance in 

spectra (%) 

Mean width 

(cm-1) 

Standard deviation 

(cm-1) 

Relative strength 

 Average peaks for OEC–BSA- AuNPs sample 

918 100 38 3 Strong 

1120 100 25 3 Strong 

1246 100 25 4 Strong 

1353 100 29 4 Very strong 

1433 90 40 3 Strong 

1470 90 30 1 Strong 

 Average peaks for OEC–BSA-QDs- AuNPs sample 

845 0 -- -- -- 

938 0 -- -- -- 

1030 10 33 5 Very weak 

1253 20 Sh. -- Very weak 

1322 10 Sh. -- Very weak 

1407 0 -- -- -- 

Sh. Found as shoulder. 

Similar to Table B1, Table B2 refers to the statistic for the spectra found for OEC–BSA-QDs- AuNPs 

samples.  
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Table B2. Statistic for the spectra found for OEC–BSA-QDs- AuNPs samples. Column B refers to the percentage of times 

that the peak indicated in column A appears. Column C shows the average peak width. Column D shows the standard 

deviation of the peak maximum and column E shows the relative average strength of the peak. The second section of the 

table shows the same analysis on the OEC–BSA-QDs- AuNPs spectrum but considering the peaks found for OEC–BSA- 

AuNPs. 

A B C D E 

Peak 

(cm-1) 

Percentage of 

appearance in 

spectra 

Mean width 

(cm-1) 

Standard deviation 

(cm-1) 

Relative strength 

 Average peaks of OEC–BSA-QDs- AuNPs sample 

845 60 29 4 Weak 

938 90 38 3 Weak 

1030 80 20 2 Weak 

1120 100 36 2 Weak 

1253 50 24 4 Weak 

1322 100 34 3 Very Strong 

1407 90 19 4 Strong 

 Average peaks of OEC–BSA- AuNPs sample 

918 0 -- -- -- 

1246 0 -- -- -- 

1353 20 Sh. -- Weak 

1433 30 30 6 Weak 

1470 0 -- -- -- 

Sh. Found as shoulder. 

 

c) Glandular breast tissue  

Three samples obtained from biopsy fragments of normal and cancerous glandular breast 

tissue before and after being breaded with Au/SiO2 powder or incubated with naked AuNPs 

were considered. A total of six biopsy fragments were analyzed by Raman spectroscopy, of 

which 70 spectra of normal tissue and 80 of malignant lesions diagnosed as adenocarcinoma 

were considered. 

 

d) Dentin tissue  

Six samples from the same specimen of dentinal tissue and dentinal tissue breaded with 

Au/SiO2 powder or incubated with naked AuNPs were considered.  A total of 150 Raman 

spectra were acquired and analyzed.  
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Enhancement factors 

The enhancement factors were calculated after fluorescence background subtraction from the 

representative average spectrum obtained as explained above.  The integration interval of 

each peak was determined by the average width of the selected peak. Table B3 shows the 

enhancement factor values obtained for the strongest peaks from the average Raman 

spectrum of OEC. Considering the entire spectrum range (800-1600 cm-1) ASERS= 4303890 

and AREF= 608, thus 3
7 10E   . The largest enhancement factor found for a given peak for 

the representative average spectrum is ~ 3
8.6 10 . 

 
 

Table B3 Enhancement factor values obtained for the strongest peaks from the average Raman spectra of OEC. 

Peak position (cm-1) ASERS (a.u.) AREF (a.u.) E = (ASERS) / 

(AREF) 

1120 179631 42 4277 

1246 132687 26 5103 

1353 292852 34 8613 
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