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ABSTRACT

DEVELOPMENT OF SURFACE-ENHANCED RAMAN SCATTERING-BASED
NANOSPECTROSCOPIC METHODS FOR TOXICITY DETERMINATION OF
NANOMATERIALS

The intensive research on nanomaterials (NMs) in the last decades resulted in broad
applications in many industries ranging from energy deposition to medicine, cosmetics,
food, textile, military or communication. The tremendous utilization of these newly
discovered materials, however, also raised concerns about their possible side effects. On the
other hand, the efforts to determine NM toxicity faced problems in terms of obtaining
accurate results; originating from the physicochemical properties of NMs. Most of the
conventional cytotoxicity assays have been reported to give false results due to interaction
with assay components or absorbance artefacts. Therefore, in vitro nanotoxicity evaluation

field is in need of alternative approaches.

In an attempt to propose a new perspective, in the present work, surface-enhanced Raman
scattering (SERS) was utilized on four cell lines; lung adenocarcinoma (A549), human and
mouse fibroblasts (HSF, L929), and human umbilical vein endothelial cell line (HUVEC),
to test in vitro nanotoxicity of a panel of NMs; zinc oxide and titanium dioxide nanoparticles,
single- and multi-walled carbon nanotubes, and quantum dots. Before that, SERS substrate
localization within the cells as well as the spectral contributors were evaluated. Then, SERS
spectra obtained from NM-exposed cells were carefully investigated for possible toxicity
markers and seven of them were proposed to be in good correlation with the conventional
cytotoxicity assays; apoptosis/necrosis and WST-1 cell proliferation assays, as well as the
transmission electron microscopy and enhanced-dark field microscopy images. Altogether
the results were in agreement with the nanotoxicity studies in the literature. The seven
intensity ratios gave information about the rates of collagen, fibronectin, cholesterol
depletion, lipid stability, tyrosine phosphorylation, phenylalanine to tyrosine conversion and
protein C-S to S-S bond conversion, all of which can also be utilized for various further
cellular SERS studies.
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OZET

NANOMALZEMELERIN TOKSISITELERINI BELIRLEMEK iCiN
YUZEYDE-ZENGINLESTIRILMiS RAMAN SACILMASINA DAYALI
NANOSPEKTROSKOPIiK YONTEMLERIN GELISTIRILMESI

Son yillarda nanomalzemeler (NM) iizerinde yapilan yogun arastirmalar sonucu enerji
depolama endiistrisinden tip, kozmetik, gida, tekstil, askeriye ve iletisim gibi genis bir alanda
bu malzemeler kullanilmaya baslanmistur. Bu kullanim ayni zamanda olas1 yan etkileri
diisiindiirmeye baslamustir. Ote yandan, NM’lerin fizikokimyasal 6zellikleri sebebiyle elde
edilen tutarsiz sonuglar NM toksisitesini belirlemek i¢in atilan adimlarda sorun
olusturmustur. Yaygin olarak kullanilan sitotoksisite deneylerinin gogunda, NM’lerin deney
bilesenleriyle etkilesime girmesi ya da absorbans kalintilar1 olusturmasi sebebiyle yaniltici
sonuglar elde edildigi bildirilmistir. Dolayisiyla in vitro nanotoksisite arastirmalarinda

alternatif yaklasimlara ihtiya¢ duyulmaktadir.

Bu noktada yeni bir bakis agis1 sunmak amaciyla bu ¢alismada Yiizeyde-Zenginlestirilmis
Raman Sagilmasina dayali olarak (YZRS) in vitro nanotoksisite belirlenmesinde dort hiicre
hatt1 (akciger adenokarsinomu (A549), insan ve fare fibroblasti (HSF ve L929) ve insan
gobek bagi damar endotel hiicresi (HUVEC)), ¢inko oksit ve titanyum dioksit
nanoparcaciklar, tek ve cok katmanli karbon nanotiipler ve kuantum noktalar1 gibi cesitli
NM’lere maruz birakilmistir. Daha sonra, NM’lere maruz birakilan hiicrelerden elde edilen
spektrumlar, olas1 toksisite belirteglerini bulmak amaciyla dikkatlice incelendi.
Belirteglerden yedi tanesi yaygin olarak kullanilan toksisite deneylerinden olan
apoptoz/nekroz ve WST-1 hiicre ¢ogalma testlerinden elde edilen sonuglarla ve gegirimli
elektron mikroskobu ile zenginlestirilmis karanlik alan mikroskobu goriintiileriyle uyum
icinde bulundu. Tiim sonuglarin literatiirde bulunan nanotoksisite ¢alismalariyla bagdastigi
gozlemlendi. Bulunan yedi bant yogunluk oran1 kollajen, fibronektin, kolesterol tiikkenmesi,
lipid stabilitesi, tirozin fosforlanmasi, fenilalanin-tirozin doniisimii ve proteinlerin C-S
baglarinin S-S’ye doniisiimii hakkinda bilgi vermekle birlikte bu oranlarin farkl pek ¢ok

hiicresel YZRS caligmasinda kullanilabilecegi ongoriilmektedir.
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1. INTRODUCTION

1.1. THE BIRTH OF NANOTECHNOLOGY

Nanomaterials (NMs) are defined as materials or substances with at least one diameter of
1-100 nm size and the word comes from the Greek word for dwarf; nanos. Throughout the
history of civilization, several kinds of NMs were found to be used for several purposes
although without knowing the materials were nanoscale [1]-[3]. Among them, colloidal gold
has a special place. The use of colloidal gold to boost up health and fertility in Ancient China
dates back to 2500 BC. The Chinese words Kim (gold) and Yeh (juice) were adapted as
“Kimiye” by Arabic scholars with the article “al”; “Alkimiya” which was transferred to
Europe as “Alchemy” [4]. The magical impact of the material continued for centuries
worldwide and with the advancement of science and technology it became possible to
investigate and develop further benefits of such materials. Although the lecture from 1857
by Michael Faraday on the light interactions of thin films of gold and other metals is often
attributed to be the earliest report on the characterization of gold nanoparticles, the German
chemist Johann Kunckels had concluded in his book from 1676 that “gold must be present
in such a degree of comminution that it is not visible to the human eye” [5], [6]. Faraday
have shown evidences of unique physicochemical properties of various thin metal films, the
thickness of gold films were calculated to be 1/278000 of an inch which is about 90 nm. The
varying properties with varying thicknesses compared to bulk gold included color change
and lower melting points. His studies were expanded by several others to understand the
characteristics of these thin films further [7]-[9]. Meanwhile similar studies were going on,
the field of quantum physics was also growing and new theories enabled scientists to reach
more detailed explanations on the various behavior of NMs. Inspired by “the marvelous
biological system” that cannot only successfully write but also can function at nanoscale,
Richard P. Feynmann gave his famous, challenging and brainstorming lecture “There’s
plenty of room at the bottom!” on December 29, 1959 [10]. Being one of the leading
theoretical physicists of his time, he was challenging scientists and high school students to
contribute to this promising and exciting field by creating tiny machines. For instance, he

offered a prize of 1000 dollars to the first person who would make an operating, rotating



electric motor of only 1/64 inch cube that can be controlled from the outside and not counting
the lead-in wires. The lecture is widely accepted as the seeds of nanotechnology field today
even though it did not get many citations — only seven — in the first two decades after the

lecture was given [11].

1.2. NANOMATERIAL CHARACTERISTICS

The uniqueness of NMs compared to their bulk forms mainly comes from two types of
effects occurring at nanoscale; one is size effect and the other is quantum confinement

effect of delocalized electron states.

Once a material is at nanoscale, it gains an incredible surface area compared to its bulk
counterpart. In Figure 1.1, specific surface areas of particles with decreasing diameters were
calculated by the help of below formula (1.1) where S'is the specific surface area, in other
words the surface area per unit weight; in m?/g, d'is the particle diameter in nanometers and

p is the density of the material in g/cm?:
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Figure 1.1. Specific surface areas of hypothetical particles with decreasing diameters.



In this hypothetical particle example, dividing a single large particle into particles with a
diameter of only 1/16 times yielded an increase of 256/0.0625 = 4096 times the surface

area of the bulk material. Higher specific surface area enables higher reactivity, higher
solubility as well as lower melting temperature due to increased number of exposed atoms

on the surface which are more easily accessible by reactants, solvents or any other medium.

The decrease in size restricts the movement of delocalized electrons and phonons, thus
leading to an increase in the number of standing waves at a certain wavelength. This
phenomenon can be exemplified with a police whistle. In order to produce a tone through
the whistle, the air blown from the mouth should be at a certain wavelength. By changing
the length of the whistle, it is possible to change its tone as well. The longer whistles require
longer wavelengths to produce the necessary vibrations whereas the shorter ones need
shorter wavelengths. The shorter the wavelength gets, the sharper the sound becomes. In the
case of nanoparticles, the phonons are confined in a shorter space, thus their energy
increases. This property is beneficial for optical and electronic applications such as the
quantum dots (QDs) with longer-lasting fluorescence properties that are seen as future

alternatives to the conventional fluorescent tags used in biomedical applications [12], [13].

The above mentioned unique physicochemical properties of NMs opened up the way for a
broad field of applications in many technological as well as research areas [14]-[17]. Among
them, biomedical applications of NMs produced the field of nanomedicine. Extensive
research is still going on to improve diagnosis, treatment and prevention of diseases by
applying “smart” NMs. Site-specific targeted drug delivery systems with nanodrug carriers,
controlled drug release systems, multi-modal drugs that are functionalized to both visualize
and treat the diseased region, improved magnetic resonance imaging (MRI) contrast agents,
stronger implant materials, more biocompatible tissue scaffolds, improved surgical
procedures, and extremely sensitive nanosensors to detect disease markers, viruses, bacteria,
or glucose levels of patients are some examples of the potential improvements provided by
the NMs [18]-[20].



1.3. NANOTOXICITY

The higher reactivity and higher ion release rates as well as similar sizes to cellular
components make NMs candidates of toxic materials, too. The awareness on the toxic side
effects of NMs has emerged upon the incredible advancement in NM-related research and
applications. The term “nanotoxicology” was introduced by Donaldson and colleagues in
2004 and was defined by Oberdorster and colleagues as “the science of engineered
nanodevices and nanostructures that deals with their effects in living organisms” in a review
paper from 2005 [21], [22].

Nanotoxicology studies have been carried out not only by individual research groups but
also by international consortia with the financial support of many organizations. These
include European Union Framework Program 7 (EU FP7) projects such as FP7-MARINA
and FP7-NANOVALID, and web-based repositories for nanotoxicology data mining studies
such as nanoinfo.org and eNanoMapper [23]-[25]. These initiatives attempt to collect,
process and classify the information related to nanotoxicology in such a way that will
provide researchers all around the world a more precise evaluation of NM toxicity. Although
the nanotoxicology field spans the toxicological response of organisms from
microorganisms to in vivo human studies as well as to the environmental safety, only in vitro

studies on human cell lines will be addressed in the scope of this thesis.

1.3.1. Factors that Determine Nanotoxicity of NMs

NMs might exert various toxic effects at various levels depending both on their intrinsic

properties as well as some extrinsic conditions [26]:

e Chemical composition of a NM is one of the determining factors of nanotoxicity. A
report by Lanone and colleagues showed that spherical metal oxide NPs of similar
sizes varied in their cytotoxicity [27]. NMs containing copper or zinc were highly
toxic whereas titanium-containing NMs showed milder cytotoxicity.

o Smaller sized NMs of same elements are considered to be more toxic compared to
NMs with larger diameters [28] whereas shape is also important. In a study by Zheng

and colleagues, spherical gold and silver NPs were more toxic than silver triangular



nanoplates and gold nanorods [29]. On the contrary, multi-walled carbon nanotubes
(MWCNTS) of larger aspect ratio were shown to induce inflammation in mice
compared with smaller ones [30]. Also, Yin and colleagues have shown that larger
oleic acid-coated nickel ferrite NPs were more cytotoxic than smaller ones and they
concluded that the increased toxic effects was either an indication of higher surface
energy or higher surface interaction areas [31].

e Two crystalline structures of titanium dioxide (TiO2) NPs exert high or milder
toxicity for anatase and rutile structures of TiO2 NPs, respectively and as such,
crystallinity can be a determining factor of nanotoxicity [32].

e Agglomeration status of NMs change the toxic effect. The higher rate of
agglomeration often results in the loss of some nanoscale properties of NMs and
reduces cytotoxicity [33], [34].

e A very important factor determining nanotoxicity of a NM is its surface properties
such as charge, chemistry or coating and area or porosity [35]-[38]. These three
properties might influence the colloidal stability, cellular uptake route and rate as
well as ion releasing capacity, all of which affect the toxic outcome [39], [40].

e In addition to NM characteristics, its environment also affect the toxic response.
There are studies showing cell-type dependent response to NMs in vitro. In a study
by Manshian and colleagues, QDs were tested on three cell lines; epithelial (BEAS-
2B), fibroblast (HFF-1) and lymphoblastoid (TK6), representing three routes of
exposure; bronchial, skin and circulatory, respectively [41]. Although the cellular
uptake rate of BEAS-2B cells were the highest, the toxic outcome was more severe
in HFF-1 and TK®6 cells. The culture medium content, such as the amount of serum
used, might also alter the cellular response as shown by Nafee and colleagues [42].
The cells that were cultured in serum-free medium were 15 per cent more susceptible
to damage due to the lack of a protective shell around chitosan-modified Poly(lactic-
co-glycolic acid) (PLGA) NPs.

1.3.2. Mechanisms of Nanotoxicity

NMs interact with the cells in several ways. They might be adsorbed to the cell surface or

can enter the cells via endo-lysosomal pathways. Single-walled carbon nanotubes



(SWCNTSs) that were not internalized into cells but are still on the cell surface were shown
to create physical stress on the cells and might also adsorb culture medium ingredients [43].
Depletion of medium then results in starvation stress and the cells are affected indirectly
from these NMs. Although there are also reports claiming that some NMs might be
internalized through membrane diffusion, there is an ongoing debate whether this can be the
case or not [44]-[46].

The moment NMs are administered into the cell culture medium; proteins, metals, small
molecules or polymers tend to interact with the NM and form a so-called “corona” on NM
surface [47], [48]. The studies concerning the NM-protein corona content and its changes
have recently been termed as “coronome” and the coronome field promises to be a hot topic

in the near future [49].

In Figure 1.2, evolution of a corona around a bare NP is given. The modifications on the
protein corona have been shown to affect nanotoxicity. Glycosylated proteins on the corona
were shown to decrease the colloidal stability of gold nanoparticles (AuNPs) as well as the
cellular uptake, which resulted in less toxicity [50]. One of the most widely used cell culture
medium supplements Penicillin-Streptomycin was also shown to modify the protein corona

and induce inflammation in cell cultures [51].
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Figure 1.2. Schematic illustration of protein corona evolution on a bare nanoparticle.

Moreover, the corona-coated NMs become almost all what the “cell sees” and are mostly
treated or endocytosed depending on their corona composition even though the core of the
NM might still exert its characteristics [52]-[55]. The amount of serum proteins on magnetic

NPs was shown to alter their uptake efficiency [56]. In the same study, binding of



Apolipoprotein E (apoE) to magnetic NPs increased the crossing across the blood-brain
barrier. Therefore, the NM’s final destination and effect on the cells might change depending

on their corona.

The general routes of cellular uptake processes are shown in Figure 1.3. Mainly, there are
two accepted routes; phagocytosis (large, solid particles) and pinocytosis (uptake of fluids
or solutes of various smaller sizes) [57]. Under the pinocytosis category, four major
categories also exist.
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Figure 1.3. Cellular entry routes. (GEEC: Glycosylphosphatidylinositol-enriched

endosomal compartments).

Large (> 1 um) endocytic vesicles are formed upon actin-driven membrane protrusions in
macro-pinocytosis and it is considered advantageous for pharmaceutical delivery
applications due to its large uptake capacity [58]. Clathrin- and caveolin-mediated
endocytosis are two types of receptor mediated pinocytosis routes. Particles of around 120-
150 nm size, with an upper limit of 200 nm, are endocytosed via clathrin-coated vesicles.

The endocytosis might be initiated either non-specifically by the cationic particles, thus



called adsorptive pinocytosis, or through specific receptors [59], [60]. Caveola can be
formed by the coating of caveolin-1 and have a diameter of about 50-80 nm [61]-[63]. This
route of endocytosis is often associated with non-lysosomal trafficking even though the
lysosomal route cannot be excluded completely [64], [65]. Therefore, NMs that are taken up
through this route is considered to escape lysosomal degradation and localize in endoplasmic
reticulum (ER), Golgi apparatus or cytoplasm. Although the size limits for clathrin- and
caveolin-dependent endocytosis are estimated to be 200 nm and 50-80 nm, respectively,
there are also studies contradicting with these values. Microspheres ranging from sizes
smaller than 200 nm to approximately 500 nm were found to be endocytosed through
clathrin-dependent pathway, whereas particles above 200 nm size were also seen to be
uptaken through caveolin-dependent pathways [66]. Clathrin- and caveolin-independent
endocytosis pathways were also reported in the literature. These pathways were shown to
rely on the regulation of various proteins such as ADP-ribosylation factor 6 (ARF6) and Ras
homolog family member A, and particles with a size larger than 100 nm are thought to be
taken up through these routes [67]-[69].

The mostly pronounced and accepted mechanism of NM cytotoxicity is the generation of
reactive oxygen species (ROS) [70]-[72]. NM-related ROS production can originate from

various reasons in a cell:

e Metal oxide NPs such as TiO2 NPs can generate free radicals [73]. Metallic
impurities on other types of NMs such as SWCNTs might also result in ROS
generation [74].

e Release of toxic ions can cause reactive hydroxyl radical production through Fenton-

type reactions as shown in Equation 1.2 [75]:

M™ + H,0, > M®™*D + HO' + HO™
M(n+1)+ + 02— - M"t + 02

(1.2))
e Interaction with the cellular components such as the respiratory chain in
mitochondria might interrupt the normal function and lead to ROS generation [76].

e Interaction with antioxidants indirectly leads to an increase in ROS amount [77].



Production of ROS then leads to membrane damage through lipid peroxidation, oxidative
disorder, mitochondrial damage, protein adducts, enzyme dysfunction, gene adducts and
gene mutations [78], [79]. In a specific cell type, one or more of these outcomes might be
observed and the cells might end up with apoptosis, necrosis or autophagy-related cell death.

Moreover, as a genotoxic response, cells might carry mutations to daughter cells.

NM interaction with endolysosomal components and dysfunction of the endolysosomal as
well as autophagy pathways is an emerging cause of nanotoxicity [80]. Upon NM
interaction, lysosomal membranes might become permeable and the leaking ions lead to
ROS generation. Dysfunctional lysosomes also lead to the blockade of autophagy.
Autophagosomes that contain the proteins and organelles such as mitochondria to be
recycled cannot fuse with lysosomes and the non-recycled or waiting-to-be recycled,

damaged components lead to massive ROS production [80].

1.3.3. Conventional Nanotoxicity Determination Assays and Their Drawbacks

To evaluate the possible cytotoxicity caused by NMs, conventional in vitro cytotoxicity
assays have been wused. These include; Annexin V-FITC/Propidium iodide (PI)
apoptosis/necrosis assay, DCFH-DA ROS detection assay, tetrazolium based cell
proliferation assays such as MTT, MTS, WST-1, lactate dehydrogenase (LDH) lipid
peroxidation assay, neutral red uptake assay as well as staining the cells with several
fluorescent dyes or antibodies to either obtain image-based cytotoxicity information through
confocal microscopy or quantitative information through flow cytometry [70]. However, it
was shown in many cases that not all assays give accurate results with all types of NMs [81].
As mentioned in the previous sections, NMs might possess several different
physicochemical properties compared to their bulk counterparts. These unique properties
lead to end up with absorbance artifacts in the assays in most cases because NMs can alter
the light emission, absorbance or fluorescence characteristics through enhancing or
quenching the fluorescence of the medium they are in [71], [82]-[85]. For instance, NMs
with an absorbance peak between 400-600 nm range cause false negative values of
cytotoxicity in assays based on colorimetric detection of dyes, such as MTS, at these
wavelengths. CdSe QDs are one good example to this issue. In a study by Ong and

coworkers, 547+224 cells were counted as alive in MTS assay where there were actually no
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cells in the tested QD-containing medium [86]. The value even got higher, 1297450, when

Alamar blue assay was used.

Because of their similar size range, NMs can also directly interact with enzymes in enzyme
based cytotoxicity assays [87], [88]. Lactate dehydrogenase, amount of which is detected in
LDH assay, was shown to interact with many types of NMs [87]. Adsorption of the enzyme
to NM surface causes a reduced value in the detected amount of LDH leaked from the cells,

thus an overlooked cytotoxicity.

1.3.4. Alternative Nanotoxicity Evaluation Methods

The uncertainties introduced by NMs in assay results have driven researchers worldwide to
form a consensus on how to evaluate nanotoxicity. Many initiatives published their findings
and several meetings helped to take a step further for the development of protocols and
nanotoxicity evaluation approaches. Examples to work groups include; NANOREG,
Managing Risks of Nanomaterials (MARINA), Organization for Economic Co-operation
and Development Working Party on Manufactured Nanomaterials (OECD-WPMN),
NANOVALID, ONE Nano, and Nanosafety Cluster Working Group 10 [23], [24], [89]-
[92]. In addition to their informative reports, there are collective statements from scientists
stressing the importance of improved approaches and how to achieve them [93]-[97]. The
trend observed from the reports is that creating decision trees, grouping NMs, reconsidering
the dosimetry of the particles in the tested system, and read-across approaches are needed
and are currently being developed. Furthermore, in silico predictive methods are believed to
be of benefit, especially in the reduction of number of animals used or the better usage of
funding sources [98], [99].

On the in vitro nanotoxicity evaluation side, some practical solutions to the existing
problems were proposed [84]. These include; separating NMs from the solution containing
assay contents via centrifugation or filtration, washing the cells, lowering the NM
concentration to be tested, confirming the results with other non-optical spectrometry-based
cytotoxicity tests, performing cell-free assays to test NM interference prior to nanotoxicity
evaluation. It is also acknowledged by the scientists in the field that more accurate assays
are sought with minimal or no interference by NMs, whereas being fast and easy to

implement. In an attempt to solve the interference issue, several alternative methods were
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proposed such as atomic force microscopy (AFM)-based cell mechanics investigation, mass
spectrometry-based redox proteomics, cell impedance-based analysis as well as high

throughput screening and high content analysis of cells [100]-[104].

1.4. VIBRATIONAL SPECTROSCOPY

The interaction of electromagnetic radiation with matter and the observable effects of these
interactions have been the topic of various spectroscopy techniques. Such an interaction
might result in ionizing, electronic, vibrational and rotational transitions in molecules
(Figure 1.4), which can be detected via; X-ray spectroscopy, UV-Visible (UV-Vis) or
fluorescence spectroscopy, infrared (IR) or Raman spectroscopy and microwave rotational

spectroscopy, respectively.
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Figure 1.4. The interaction of electromagnetic radiation with matter.
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Among these molecular transitions, information on the secondary structures or modifications
in the local environment of molecules can be extracted by applying vibrational spectroscopy
techniques. As mentioned above, IR and Raman spectroscopy are two techniques to detect
molecular vibrations. Due to their differences in working principles, they are widely used as
complementary techniques [105]. The principles of these vibrations and the mechanisms of
infrared absorption and Raman scattering were summarized from the general chemistry
books and the related references can be found in [106]-[111] for “Section 1.4” and its

subsections.

1.4.1. Molecular Vibrations

Molecules in space possess three types of degrees of freedom (DOF), namely;

e Translational — movements on x, y and z axes as a whole,
e Rotational — movements on orthogonal axes,

e Vibrational — movements in the bonds within the molecules, as can also be seen in

Figure 1.5.
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Figure 1.5. Molecular degrees of freedom. (a) Translational, (b) rotational, and (c)

vibrational movements in X, y, and z axes.

Thus, in a given molecule, there are “3N” DOFs, “N” being the number of atoms in the
molecule. In the case of a linear molecule, three of these DOFs are translational and two are

rotational, whereas in a non-linear molecule the rotational DOFs are three instead of two.
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Therefore, for any given linear molcule, there are “3N-5"vibrational modes and “3N-6 for

non-linear ones.

Depending on the type of the molecule, the vibrational modes can be stretching, bending
(deformation) or in some cases a coupling between various vibrations. These modes are also
summarized in Figure 1.6. Stretching vibrations can be either symmetric or asymmetric.
Bending or deformation vibrations can be either in-plane, as in the case of rocking and
scissoring, or out-of-plane, as in the case of wagging and twisting.
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Figure 1.6. Vibrational modes (a) Symmetric stretching, (b) asymmetric stretching, (c)

bending and deformation vibrations.

1.4.2. IR Spectroscopy

In IR spectroscopy, the incident light at IR region of the electromagnetic spectrum causes a
change in the dipole moment of a molecule at specific frequencies matching the frequency
of its bond vibrations which then causes absorption of a certain amount of the incident light.
Therefore, in an IR spectrum, the percentage of the transmitted light at certain wavenumbers,
one over wavelength in centimeters (cm™), is shown. For instance, as shown in the IR
spectrum of acetone in Figure 1.7, at wavenumber 1715 cm™, about 100 per cent of the

incident light was absorbed by the molecule, which means the bonds vibrate at the same
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frequency with this wavenumber. However, at 3000 cm™, 30 percent of the light was

absorbed, meaning the rest was transmitted [112].
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Figure 1.7. IR spectrum of acetone [112].

The main difference between IR absorption and Raman scattering comes from the response
of bond vibrations due to their characteristics. For a molecular vibration to be IR active, the
incident light should cause a change in dipole moment on that specific bond. Therefore,
asymmetric bond vibrations are IR active since symmetric vibrations are not easily polarized
to cause a change in their dipole moments. On the other hand, for a vibration to be Raman
active, the bond should be polarizable upon the interaction with the incident light. The
polarizability level is determined by the interaction of the nucleus with its surrounding
electron cloud. For instance, molecules with large nuclei and many electrons cannot strongly
attract their electron clouds around them, especially the ones furthest to the nuclues and this
causes higher polarizability. Unlike IR absorption, Raman active bond vibrations are

symmetric, since these vibrations are more easily polarizable compared to asymmetric ones.

1.4.3. Raman Scattering

As a difference from IR spectroscopy, where there is an absorption of photons, Raman
spectroscopy is interested in the detection of scattered photons. Molecules, which are mostly
found in ground vibrational states in nature, have the ability of absorption or scattering of

incident photons. Characteristic to the organization of their electron orbits, they have
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allowed energy levels to jump to an excited state, to a virtual state between the ground and
excited states or to remain as they are. Upon such interactions, they also have the possibilities
of either absorption, emission or scattering photons at various energies. These possible

phenomena are summarized in Figure 1.8.
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Figure 1.8. Jablonski diagram depicting fluorescence, Rayleigh, Stokes and anti-Stokes
scattering [113].

If the incident light causes excitation to a higher electronic state and photon emission occurs
at a longer wavelength, which means a loss of energy, then this is called fluorescence. If the
incident light causes increase to a virtual energy state and the scattered photons are at the
same wavelength, it is called Rayleigh scattering. On the other hand, if the scattered light
has lost some of its energy, the phenomenon is called Stokes scattering. If the scattered
light gains more energy, then it is called anti-Stokes and these two types of inelastic

scattering are called in general as Raman scattering.

Since molecules are mostly found in ground state, the rate of anti-Stokes scattering is much
smaller than Stokes scattering and these two comprise a very small portion of scattered
photons (~107") compared to Rayleigh scatteres photons. In a Raman spectrum, the change
in vibrational levels of Raman active bond vibrations are plotted in wavenumbers (cm™)
(Figure 1.9). Although their occurrence rates are different, both Stokes and anti-Stokes shifts
occur at same wavenumbers in a Raman spectrum, anti-Stokes shifts having negative values

on x-axis.
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Figure 1.9. Representative Raman spectrum showing the Stokes, anti-Stokes, and Rayleigh

scattering.

1.5. INSTRUMENTATION AND MODALITIES OF RAMAN SCATTERING

A typical modern Raman spectrometer consists of four units; excitation source, light
collection and distribution optics, wavelength selector, and detector (Figure 1.10) [114].
In this section, the instrument that was used in the present work, Renishaw inVia Reflex,

will be based on and its compartments will be explained.

Focusing optics

Microscope| |Edge ﬁlter‘ \ ] Entrance slit| ‘Grating|

‘e’

—— Laser beam

< Incoming light
Scattered light

Figure 1.10. Instrumental components of a Raman spectrometer.
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The excitation source, a photodiode laser of 830 nm wavelength, provides the laser beam
and the beam first passes through the beam shaping optics. The line filter blocks all other
light except the laser line. The light is directed through mirrors to hit the edge filter, which
blocks the Rayleigh scattering to transmit the path to the detector but allows the Stokes
Raman signals at a high transmission capacity. As a side note here, instead of an edge filter,
a notch filter can also be used to obtain both Stokes and anti-Stokes scattering. The laser that
hits the sample causes Raman scattering that will be condensed through the microscope
optics and directed back to the edge filter. Then, the scattered signals are condensed through
focusing optics to pass through the entrance slit where the light is directed to the grating
optics to be diffracted and finally hit the charge-coupled device (CCD) detector.

Alternative instrumental setup allows to work with various modalities of Raman
spectroscopy and enhance the extent of information that can be gathered from the sample of
interest. For instance, single molecule or single cell characterization as well as manipulation
can be made by the help of optical tweezers, where the sample of interest is optically trapped
by the laser beam and can also be directed to a microchannel for sorting [115], [116].

To suppress the background fluorescence that can be problematic in biological samples, due
to their autofluorescence, coherent anti-Stokes Raman scattering (CARS) and stimulated
Raman scattering (SRS) can be utilized. In CARS, anti-Stokes scattering is acquired where
the fluorescence does not interfere with the signals. SRS, where multiphotons hit the sample

and the signals are thus enhanced, provides even better resolution over CARS [117], [118].

For thick samples, spatially-offset Raman spectroscopy (SORS) can be utilized where the
location of incident laser beam and the collected Raman signals are spatially offset [119].
Similar to SORS, transmission Raman spectroscopy (TRS) enables the analysis of thick
samples, as thick as 10 mm [120], [121]. In TRS, the Raman signals are collected from the
opposite side of the sample where the laser beam hit. Therefore, it is not possible to obtain
information from the different layers of the sample compared with SORS but the system
enables acquiring spectra from the inner side of materials where the surface layer is not a
matter of interest, as in the case of pharmaceutical investigations where the spectrum

originating from the drug capsules are not desired [121].

To enhance the low Raman signals, confocal Raman, surface-enhanced Raman (SERS), tip-

enhanced Raman (TERS), and surface-enhanced resonance Raman (SERRS) spectroscopies
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are commonly used modalities [122]-[127]. Confocality provides an increase in spectral
resolution by focusing on a narrower region on the sample. For SERS, TERS, and SERRS,
basically a rough metal surface is made use of to enhance the weak Raman signals. The
SERS enhancement mechanism will be explained in the next section in detail. The difference
between the three modalities is that in SERS, often a noble metal nanoparticle colloid or a
rough surface is used and in TERS, a tip is coated with such material, whereas in SERRS, a
molecule that can resonate at the specific frequency also adds to the surface enhancement
provided by the SERS substrate.

1.6. SURFACE-ENHANCED RAMAN SCATTERING

The discovery of SERS dates back to early 1970s and the history of early work is exciting
to mention. One of the pioneers of the field, Richard P. Van Duyne, explained the discovery
and theoretical understanding process of SERS phenomenon in a paper published in 2005
[128]. Summarizing his words in this section would be beneficial to understand the process
but interested readers are highly encouraged to read the full story from his own words.

During early 1970s, the vibrational spectroscopy community was highly interested in
obtaining spectra from a solid surface with a monolayer of molecules adsorbed on to study,
for instance, solid-liquid interfaces in electrochemistry to probe the electrochemical
environment. Although IR spectroscopy was being studied, Raman spectroscopy studies
were yet to be investigated. Van Duyne was one of those researchers that was trying to
improve the weak Raman signals. He first made theoretical calculations on a non-resonant
molecule, pyridine, to adsorb on the electrode surface but found out that the signal intensity
would be about 25 counts, which would not be useful. Therefore, he moved on to improving
Raman cross section by utilizing resonance Raman effect. With the preliminary results as
well as the theoretical calculations he made, he was just about to submit a research proposal
on improved resonance Raman scattering from molecules adsorbed on electrode surface in
May 1974, when he saw the article published in the journal Chemical Physics Letters by
Fleischmann’s group [123]. They reported up to 1000 counts from pyridine adsorbed on a
roughened silver electrode at similar settings. In that study, they have also showed that the
peaks shifted with the increased and decreased anodic potentials; demonstrating that it was

possible to observe whether pyridine was adsorbed on the surface or was very near to it.
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Being confused with their findings, Van Duyne had a chance to meet Fleischmann in
September 1974 and was invited to visit his laboratory to discuss with McQuillan, the
coauthor of Fleischmann’s article, to figure out what he was missing when he calculated
very low signal intensity from pyridine. Increased surface roughness was proposed to him
as the key point; a rough electrode surface would enable more pyridine to be adsorbed on
the electrode. Back in his laboratory to replicate Fleischmann’s work, it was actually
discovered that surface roughness was not the only contributor and indeed lower roughness
than the one applied in the paper resulted in even higher Raman intensities. His graduate
student, Jeanmarie, worked on the optimization of surface roughness and successfully
obtained about 10°-10° times enhanced Raman signals which was not possible to be
attributed only to increased surface area. Their outcomes directed them to investigate further
this new type of Raman scattering phenomenon. After a long “submit-be rejected” cycle, in
October 1976, he submitted an extended report on his findings to Journal of Electroanalytical
Chemistry where the article was accepted to be published on May 1977 and eventually get
published in November that year [124]. An electric field enhancement was proposed as being
responsible of the intense signals. Meanwhile in May 1977, Van Duyne attended Optics at
the Solid-Liquid Interface Conference, where he met physicists that opened the way up to
him to learn more about surface plasmons and together developed the electromagnetic field
enhancement (EM) theory of SERS [129].

During his report submission process, in May 1977, he also received a review request from
Journal of American Chemical Society of a report by Albrecht and Creighton with the title
“Anomalously Intense Raman Spectra of Pyridine at a Silver Electrode” [125]. However, he
thought at that time that their results were almost identical to the article he submitted. Thus,
he rejected the article even though it was published in that journal in July 1977. In that report
the observed phenomenon was explained to originate from the charge transfer absorption
from the surface to the adsorbate which caused resonance Raman scattering. The mechanism
IS now accepted as the chemical enhancement (CE) theory of SERS.

These two theories, EM and CE, are accepted as the main mechanisms of SERS effect today.
Localized surface plasmons on the surface of nanostructured metals oscillate with the
incoming laser beam at an appropriate frequency and create an electromagnetic field
gradient. The optimal wavelength of a laser light to create higher oscillation is where the

metal-specific localized surface plasmon resonance (LSPR) peak is. If the molecule that was
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polarized upon interaction with the incoming laser beam have vibrational modes that moves
in line with the electromagnetic field gradient of the SERS substrate, Raman peaks belonging
to these modes are seen as enhanced in the observed spectrum. This is because the
polarizability of the molecule is increased by the help of the oscillations occurring in the
electromagnetic field gradient. The enhancement factor of EM mechanism is about 10°-10°
times whereas the value is between 10° to 10% for CE mechanism [130]. For CE, three sub-
mechanisms were proposed; resonances originating either from molecular excitation or
charge transfer between the substrate and the molecule, and non-resonant changes in the
polarizability of the molecules [131]-[133]. In CE-related mechanisms, the level of
enhancement might be affected from the orientation and distance of the molecule to the
substrate surface or the level of interaction between the electron systems of the molecule and

substrate surface.

1.6.1. Biological Applications of SERS

The ability of SERS to detect molecules even at very low concentrations as well as its ease
of analysis with simple sample preparation, opened the way up for a broad application field
ranging from biosensors to spectroelectrochemistry, forensics, art preservation or
archeology [134]. Application of SERS in biological research has also become a growing
area of interest. It is now possible to monitor drug release, detect yeasts, viruses and other
microorganisms, or map cell surface markers on cells by utilizing SERS [135]-[139]. Even
the detection of potential cancer markers that could not be detected with conventional
immunoassays, such as ELISA, has been accomplished from the serum of patients [140, p.
4]. Low limit of detection (LOD) provided by the technique is promising in clinical decision
procedures for faster and more accurate treatment strategies [141]. Although modalities such
as CARS and SORS are more widely investigated for in vivo studies for their higher
penetration depth, the first in vivo SERS study was reported already in 2008, followed by a
multiplexed SERS nanotag imaging in vivo on mice in 2009 [142], [143].

Besides tissue or body fluid detection, another highly informative application field of SERS
is single cell analysis considering the fact that it enables label-free, non-invasive and living
cell monitoring. The very first living cell SERS analysis report dates back to 1991 by Nabiev

and colleagues where they observed the differences between the interaction of doxorubicin,
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a DNA intercalating anticancer drug, with the cytoplasm and nucleus [144]. Later, with the
advancement of instrumentation, especially the laser and detector technologies, the studies
expanded from intracellular pH changes to endosomal maturation, small molecule detection,
circulating tumor cell detection, or cell cycle and apoptosis dynamics, all of which are
challenging and hot topics of biological research [145]-[150]. With the use of targeting
moieties, SERS substrates can also be directed to various cellular compartments, such as

nucleus and mitochondria, to acquire organelle-specific information [151].

The use of SERS tags is also an option with unique profits especially when SERS is modified
for multiplexed cell imaging. In the SERS-tagged approach, surface of the SERS substrates
are conjugated with reporter molecules. Depending on the presence or absence of the
reporter, desired information, such as pH or the presence of a specific molecule, can
successfully be extracted. Details of the approach are not in the scope of this work but more

detailed information can be read from a well-written review by Wang and colleagues [152].

Here, it should be noted that only molecular vibrations can be detected with any Raman
scattering modality. Thus, in a complex structure like a eukaryotic cell, it can be extremely
chaotic to understand or interpret the obtained spectra. What creates this complexity
originates from the nature of vibrational spectroscopy techniques. In a SERS spectrum, the
obtained peaks are a combination of various bond vibrations such as C-C, C-S, C-H or C-N.
The cellular components are made up of molecules such as carbohydrates, lipids, and
proteins which also have C-C, C-S, C-H or C-N vibrations. Therefore, it is not possible to
pinpoint, for instance the expression of a random protein as in the case of immunoassays.
However, the technique conveniently provides information on the cellular dynamics and
chemical milieu at stimulated or other conditions as mentioned previously in this section.
The information includes the changes in the protein a-helix to B-sheet conformation, lipid

type and abundancy or nucleic acid abundancy.

Another SERS concept-related point that should be kept in mind before making any spectral
interpretation is the accumulation dynamics of the SERS substrate because the observed
bands in a SERS spectrum are the overall information of the close vicinity of the substrate.
Therefore, substrate localization plays a vital role and should be evaluated carefully in
cellular SERS studies.
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2. OBJECTIVES OF THE STUDY

Utilization of label-free SERS in single-cell analyses as a promising powerful approach, and
its potential to bypass NM-related assay interferences were the two driving forces of this
thesis work. It was mainly aimed to develop and optimize a living-cell SERS analysis
method to detect cellular changes upon NM exposure and evaluate nanotoxicity based on the

obtained SERS spectral patterns.

There were several points to be cleared to accomplish this aim and a stepwise approach was
required. First of all, the extent of nanotoxicity should have been evaluated carefully to avoid
assay-related drawbacks mentioned in the previous sections because the results obtained
from these studies would be correlated to the observed SERS spectra upon NM exposure.

Then, SERS experimental setup needed to be optimized. This brought up additional

concerns, mostly originating from the nature of SERS, that were:

¢ In which compartments of the cells were the SERS substrates located?
e To what extent the corona around the substrate contributed to the SERS spectra?

e What were the origins of the observed spectral pattern?

Upon finding answers to these questions, observed spectral peaks were investigated to find

spectral markers that would point out nanotoxicity.

Through testing a panel of NMs with various size, shape, and chemical composition on
several cell lines of distinct tissue origins, it was aimed to demonstrate the discrimination

power of the developed method.
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3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. Cell Lines

A549 (human Caucasian lung carcinoma), HSF (human skin fibroblast), HUVEC (human
umbilical vein endothelial cell), and L929 (mouse fibroblast from connective tissue) cell

lines were purchased from American Type Culture Collection (ATCC).

3.1.2. Cell Culture Reagents

Dulbecco's Modified Eagle Medium (DMEM) with high glucose content (catalog #D6429),
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) (catalog #6421),
fetal bovine serum (FBS) (catalog #F7524), and phosphate-buffered saline (PBS) (catalog #
D8537) were purchased from Sigma-Aldrich®. Trypsin-EDTA (catalog #25200056),
Penicillin-Streptomycin (catalog # 15140122), and L-Glutamine (catalog # 25030081) were

purchased from Gibco®.

3.1.3. Nanomaterials

Zinc oxide nanoparticles (ZnO NPs) were purchased from TecStar, anatase form TiO2 NPs
were from Alfa Aesar® (catalog #044690), SWCNTSs (catalog #704148-1G) and MWCNTs
(catalog #406074-1G) were from Sigma-Aldrich®. The QDs that were used in this thesis
were CdSe/ZnS/MS/hydr QDs and they were purchased from PlasmaChem GmbH.

3.1.4. Kits and Chemicals

The nuclear stain DAPI (catalog #D1306) was purchased from Molecular Probes®.
Gluteraldehyde (catalog #G5882), and gold (l111) chloride trihydrate (catalog #G4022) were
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from Sigma-Aldrich, sodium citrate was from Merck Millipore (catalog #1064321000). Dow
Corning Sylgard 184 Silicone Elastomer Clear was used for polydimethylsiloxane (PDMS)

coating over Petri dish.

Cell proliferation reagent WST-1 (catalog #11644807001) was purchased from Roche.

Apoptosis/necrosis detection kit was purchased from CalbioChem (catalog #PF032).

3.2. CELL CULTURE

A549 and L929 cell lines were cultured in DMEM/F-12 supplemented with 10 per cent fetal
bovine serum (FBS), 1 per cent Penicillin-Streptomycin and 2 mM L-Glutamine. HSF and
HUVEC cell lines were cultured in DMEM with high glucose content supplemented with 10
per cent FBS and 1 per cent Penicillin-Streptomycin. Cells were incubated in an incubator
at 37°C with 5 per cent CO2 humidified atmosphere.

For SERS studies, 7.5x10* cells for HSF cell line, 10* cells for HUVEC cell line, and 1.5%10*
cells for A549 and L929 cell lines were seeded on calcium fluoride (CaF2) slides. CaF- slides
were cut into 1 cm? pieces beforehand to prevent fracture of the slides as well as to be able

to use 24-well culture plates to place the slides for NM exposure.

For WST-1 assay and enhanced- dark field (EDF) microscopy, the same amount of cells as

for SERS studies were seeded on 96-well plates and round glass coverslips, respectively.

For Annexin V-FITC/PI apoptosis-necrosis assay, 3x10* cells for HSF cell line, 3.5x10*
cells for HUVEC and 1929 cell lines, and 4x10* cells for A549 cell line were seeded on each
well of a 24 well-plate in triplicates. For Transmission electron microscopy (TEM) imaging,

2.5x10° A549 cells were seeded on each well of a 6-well plate.

3.3. GOLD NANOPARTICLE SYNTHESIS

Spherical AuNPs of 60 nm diameter size were synthesized by citrate reduction method [153],
[154]. Briefly, 0.01 per cent gold (I11) chloride trihydrate (HAuUCl4) in 100 ml deionized
water was boiled. Then, 0.8 mL of 1 per cent sodium citrate was added into the boiling

solution. The solution was kept boiling for 15 minutes. The final AuNP colloid was left to
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cool down at room temperature before characterization and was stored at room temperature

in the dark. The colloid was stable for several months at these conditions.

3.4. NANOMATERIAL DISPERSION

To disperse purchased powder-form NMs, serum-free cell culture medium of each respective
cell line was used; DMEM with high glucose content for HSF and HUVEC cell lines and
DMEM-F12 for A549 and L929 cell lines. Dispersion was carried out as six cycles of 90
seconds sonication in a cooled ultrasonication bath and one minute “vortex-wait”. The vortex
step consisted of three cycles of five seconds vortex and five seconds wait. The remaining

time in “vortex-wait” cycles was considered as “waiting”.

3.5, NANOMATERIAL CHARACTERIZATION

The dispersed NPs and synthesized AuNPs were characterized via UV-Vis spectroscopy
(Lambda 25, Perkin-Elmer, Foster City, CA, USA), TEM (JEM-2100, Peabody, MA, USA),
and dynamic light scattering (DLS) (ZetaSizer Nano ZS, Malvern Instruments, Malvern,

UK) measurements.

3.6. NANOMATERIAL EXPOSURE TO CELL CULTURE

Cells were incubated with NPs for 24 h at increasing concentrations that were chosen from
the literature to provide a concentration range corresponding with the low, middle and high
levels of cytotoxicity. Therefore, 5, 10, 15, 20 pg/ml for ZnO NPs; 20, 40, 60, 80, 160 pg/ml
for anatase TiO2 NPs, 0.1, 0.25, 0.5, 1 mg/ml SWCNTs and MWCNTSs, and 5, 10, 25, 50
nug/ml for QDs were used as final concentrations in the culture vessels. Additionally,
1.6x10*° of AuNPs (corresponded to 25 pg/ml HAuCls of the synthesized AuNPs) were
added simultaneously to the incubation medium to make up 25 per cent (v/v) of the 1 ml in
each well of a 24-well plate for SERS analyses, apoptosis-necrosis assays and EDF
microscopy. For WST-1 assay, the total incubation medium was 100 pl for 96-well plates.

For TEM samples total medium was 3 ml in 6-well plates.
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3.7. APOPTOSIS/NECROSIS ASSAY

To determine the rate of apoptotic and necrotic cells upon NM exposure, apoptosis and
necrosis detection kit from Calbiochem (Merck Millipore) was used according to
manufacturer’s instructions. Upon NM exposure, the supernatant containing the detached
cells were collected in a test tube. Then, attached cells were trypsinized and collected in the
same test tube. After centrifugation, the cell concentration was adjusted to 10° cells per ml
and stained with Annexin V-FITC as well as with Pl. The samples were kept on ice until
analysis. For each sample, triplicates of 2x10* events were collected on guava easy-Cyte™
5 (Merck Millipore) benchtop flow cytometer. Cells that were stained with only Annexin V-
FITC were labeled as “early-apoptotic”, stained with both Annexin V-FITC and Pl as “late-
apoptotic”, and stained only with PI as “necrotic”, whereas the non-stained cells were

“alive”.

3.8. WST-1 CELL PROLIFERATION ASSAY

Following NM exposure for 24 h, cells were washed once with phosphate buffered saline
(PBS) and incubated with WST-1 containing complete medium for one hour at 37°C, at 5
per cent CO2 in a humidified incubator. Upon incubation, supernatant was transferred to a
new 96-well plate to prevent NM interference during absorbance measurement [84].
Absorbance values were read by a microplate reader at 450 nm (ELx808, BioTek, Winooski,
VT, USA). Results were plotted as per cent cell viability. On the statistical software, SPSS,
one-way ANOVA with a Tukey’s post-hoc test was applied to test the effect of NP
incubation compared to control samples that were incubated with only AuNPs. Samples with

a p<0.05 significance value were marked with a star sign.

3.9. TRANSMISSION ELECTRON MICROSCOPY

Cells were first fixated with 2.5 per cent glutaraldehyde. Then they were dehydrated in
ethanol series of 30, 60, 70, 80 and 100 per cent ethanol concentration. Thin sections of
about 70-100 nm thickness were obtained from the Epoxi resin-embedded samples using a

LKB ultramicrotome equipped with a diamond knife. Samples mounted on copper grids
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were stained with 2 per cent aqueous uranyl acetate and lead citrate. Images were obtained

by using a JEOL 1200 EX microscope operating at 80 kV.

3.10. ENHANCED-DARK FIELD MICROSCOPY

For EDF microcopy cells on coverslips were first fixated with 2.5 per cent gluteraldehyde
and stained the nuclei cells with DAPI for five minutes. After mounting the samples, a
Cytoviva® enhanced-dark field condenser attached to an Olympus BX51 upright
microscope, which is equipped with a fluorite 100x objective and a DAGE CCD camera. By
using the UV excitation of Cytoviva® Dual Mode Fluorescence system, DAPI nuclear
staining was visualized. After obtaining the images the dark field images were merged with
transmission fluorescence images using the image processing software GIMP by using the

“Addition” function.

3.11. SERS EXPERIMENTAL SETUP

Cells on CaF; slides were washed once with PBS and were directly moved onto a PDMS
coated polystyrene Petri dish. Because the cells were seeded on CaF: slides that were cut
into small pieces, it was practical to carry out the measurements by placing the slides on a
Petri dish. The PDMS coating suppressed the polystyrene peaks that could originate from
the dish. Cells were not fixated for the measurements to prevent additional fixation-related
issues such as fixative-originated peaks in the spectrum and spectral changes due to chemical
fixation or cell drying [155]. A drop of serum-free cell culture medium was added on CaF
slides to prevent the cells from drying throughout SERS measurements. Unless otherwise
was stated, for all SERS measurements, a Renishaw inVia Reflex Raman spectrometer
equipped with a high speed encoded stage (Streamline™), a Leica DM2500 upright
microscope and an 830 nm photodiode laser source with 1200 line/mm grating was used.
The laser spot size was approximately 2.5 um on the sample where Leica 20x long distance
objective (N.A.=0.40) was used. Because the sample was in liquid and a long distance
objective was used, the laser power was kept at 150 mW with two seconds exposure time to

obtain efficient signals.
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The measurements were carried out at a chosen area of approximately 30x30 pm with 2 um
step size. By the help of the high speed encoded stage, mapping an area of this size took
about 4-5 minutes. The spectral acquisition range was set to 1473-473 cm™ with a 0.9 cm™
spectral resolution. A minimum of four cells were scanned on a CaF slide and a minimum

of 50 cells were scanned for each test group.

3.12. SERS DATA PROCESSING

The spectra obtained from a single-cell were pre-processed and averaged to yield a spectrum
representing that single cell. Acquired spectra were background corrected, smoothed by
Savitzky-Golay filtering, vector normalized to unit one and cosmic spikes were removed.
All the averaged spectra from each single cell of a test group were averaged once again to

obtain a representative spectrum of that specific test group.

3.13. GOLD NANOPARTICLE CORONA EXPERIMENTS

AuNPs were incubated in DMEM cell culture medium with 10 per cent FBS for 24 h to
allow corona formation. The suspension was centrifuged at 23000 g for 20 minutes. Then, a
set of samples containing AuNP pellets were resuspended in 20 pl deionized water and
heated to 37°C, 42°C, 55°C or 72°C for 10 minutes. Other two sets of samples were
incubated with 20 ul of increasing concentrations of hydrogen peroxide (H202) (0.18 uM,
1.8 uM, 18 uM, 180 uM) or trypsin-EDTA (2.5 pg/ml, 25 pg/ml, 250 pg/ml, 2500 pg/ml)
for 30 minutes. Upon each type of incubation, test tubes were again centrifuged and 3 pl
from the pellet was placed on a CaF slide. The drop was air dried upside down at ambient
conditions before the SERS measurement. The rest of the pellet was diluted in deionized
water for UV-Vis and DLS characterization. To rupture the cells, cells were first incubated
in deionized water for 30 minutes in the incubator, then sonicated in the ultrasonicator bath

for 30 minutes.
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4. RESULTS AND DISCUSSIONS

4.1. NANOMATERIAL CHARACTERIZATION

NMs were characterized prior to each experiment and the summary of characterization
results were given in Figure 4.1 with their respective standard deviation values in the inset
table.

Although ZnO NPs and AuNPs (Figure 4.1a and j) were more homogenous in cell culture
medium, TiO2 NPs, SWCNTs, and MWCNTs (Figure 4.1b-d) had a tendency to
agglomerate, thus their standard deviation values were higher. QDs also had a tendency to
agglomerate (Figure 4.1i). However, because the large agglomerates tended to quickly
sediment down to the measurement tube, only the dispersed particles were able to be

measured, leading to a small standard deviation.

TEM images were confirmative to the DLS results. ZnO NPs were more dispersed compared
to TiO2 NPs (Figure 4.1e and f). SWCNT and MWCNTSs were in the size range that was
stated by the producer company (Figure 4.1g and h). QDs were seen as agglomerates but

were also in the size range that was stated by the producer company (Figure 4.11).

AUNPs were also characterized by using UV-Vis spectrophotometer, that is an established

standard in AuNP characterization [156]. The absorbance peak was located at 527 nm.
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Figure 4.1. NM characterization results. (a, b, c, d, i, j) DLS plots and (e, f, g, h, I, m)

TEM images of ZnO NPs, TiO2 NPs, SWCNTs, MWCNTSs, QDs and AuNPs, respectively.
(k) UV-Visible absorbance spectrum of as-synthesized AuNPs. The average hydrodynamic

diameters of the used NMs and their standard deviation were summarized in the table.
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4.2. TESTING THE EFFECT OF NANOMATERIALS ON CELLS WITH THE
CONVENTIONAL CYTOTOXICITY ASSAYS

The cytotoxicity of NMs were evaluated by two widely used assays in parallel with the SERS
measurements. To each SERS measurement set, an apoptosis/necrosis assay and a WST-1
cell proliferation assay was coupled, so that any outlier that could originate from possible

experimental variations would be easily pointed out.

TEM and EDF images helped to observe structural aberrations upon exposure to NMs.
Moreover, the location and extent of internalization of AuNPs were observed from these

images.

4.2.1. Apoptosis/Necrosis Assay

Apoptosis/necrosis rates were obtained from NM-exposed cells that were stained with
Annexin V-FITC and PI and analyzed on flow cytometer. The overall results of the four cell

lines that were exposed to five NMs were given in Figure 4.2.

ZnO NPs induced apoptosis in all cell lines, especially from above 15 pg/ml ZnO NP
concentration. HSF cell line was more prone to apoptosis, whereas L929 cell line showed a

resistance to ZnO NP damage until 15 pg/ml ZnO NP concentration.

TiO2 NPs induced milder cytotoxicity. A549 and HSF cell lines were more resistant to
apoptosis compared to HUVEC and L929 cell lines, even though the rate of live cells did

not go below 70 per cent in any of the test groups.

The results obtained from SWCNTs, MWCNTSs, and QDs were not highly reliable. The
instrument counted SWCNTs and MWCNTs themselves as cells in most of the
measurements due to agglomerate formation. In some cases, the instrument was clogged
because of the clumps. For QDs, the emission wavelength of Annexin V-FITC stain was
overlapping with the emission wavelength of QDs (~525 nm), thus the rate of live cells were

false positive.
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Figure 4.2. Apoptosis/Necrosis assay results. A549, HSF, HUVEC and L929 cell lines
were exposed to ZnO NPs, TiO2 NPs, SWCNTs, MWCNTSs and QDs at increasing
concentrations.

4.2.2. WST-1 Cell Proliferation Assay

WST-1 cell proliferation assay relies on the colorimetric detection of formazans that were
reduced from the water soluble tetrazolium salt, WST-1 (Figure 4.3) [157]. The overall
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reaction occurs in the extracellular environment through a couple of redox reactions in the
presence of redox mediator mMPMS (one of the components of the assay kit) and is mediated
by extracellular superoxides [158]. Therefore, superoxide dismutase (SOD) activity

significantly affects WST-1 reduction.

H.0,
WST-1ed
b
ye  MPMS® | s Superoxide
 mPMSe

= \ (Extracellular)
Ubiquinone

cycls (Plasma membrane)
~—
NADH (Intracellular)
NAD* ‘

Figure 4.3. Mechanism of WST-1 reduction in te extracellular environment.

In agreement with the apoptosis/necrosis assay results, ZnO NPs caused significant

reduction in cell viability but L929 cells were more resistant to damage (Figure 4.4a).

TiO2 NPs were not observed as cytotoxic (Figure 4.4b). However, the results were not
reliable because the viability values were even higher than control samples. A recent study
by Masoud et al. showed that superoxide anion production is induced by TiO> NPs and as
mentioned previously, WST-1 is sensitive to superoxide levels in the extracellular

environment [159]. Therefore, false positive results were obtained.

SWCNTSs were found to be more cytotoxic than MWCNTSs and HUVEC cell line stood out

as more resistant to cytotoxicity compared to the other three cell lines (Figure 4.4c and d).

QDs were again found to interfere with the assay results (Figure 4.4e). For instance, HSF
cell line showed about 150 per cent cell viability regardless of QD concentration which was

not confirmed by visual inspection.
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Figure 4.4. WST-1 assay results. (a) ZnO NPs, (b) TiO2 NPs, (c) SWCNTs, (d) MWCNTSs
and (e) QDs were exposed to A549, HSF, HUVEC and L929 cell lines at increasing
concentrations. Results were normalized to their only-AuNP-exposed controls, error bars
represent £S.D. and statistically significant changes compared to control samples were

marked with a star sign (One-way ANOVA with Tukey’s post-hoc test, (p<0.05)).

4.2.3. Transmission Electron Microscopy Images

TEM images provide direct visual outcomes of cellular conditions. Despite being a laborious

technique, precious information can be gathered from the obtained images. Upon exposure
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to NMs structural aberrations and the localization of NMs were observed. Images of the cells
that were only incubated with AuNPs showed that the particles were mostly accumulated in
the endosomes and lysosomes at large amounts. In the inset of Figure 4.5a, AuNPs in the
endocytic vesicles were zoomed in. The more electron-dense lysosomes were seen as darker

vesicles.

Exposure to AuNPs and 10 pg/ml ZnO NPs resulted in structural deformations, especially
the mitochondria were granulated as a marker of oxidative stress (Figure 4.5b). Large
autophagosomes containing AuNPs were also seen. ZnO NPs were not visible in the
acquired images. It was previously shown that upon 24 h incubation, most of the ZnO NPs

dissolve into Zn?* ions which might be the reason why they were not visible [160].

B

Figure 4.5. TEM image of A549 cells incubated with (a) only AuNPs and with (b) AuNPs
as well as 10 ug/ml ZnO NPs. Yellow arrow points to the AuNPs. Inset figures show
AuUNPs accumulated in endosomes and lysosomes. (A: autophagosome, E: endosome, L.:
lysosome, M: mitochondrion, N: nuclues)
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TiO2 NPs were internalized extensively to the cells and accumulated in large quantities. On
the other hand, SWCNTs were not visible inside the cells either because of their small
diameter (0.7-0.9 nm) or because they were not internalized to a large extent that could be
seen. Actually, there are studies that report pristine SWCNTs interact with the plasma
membrane and do not prefer to be internalized [161]-[164]. However, cytotoxic effect of
SWCNTs on the cells were observed. Apart from the formation of large autophagosomes
(Figure 4.6b inset), ER-mitochondria co-localization close to plasma membrane was
observed as a marker of oxidative stress [165]. Granulated and elongated mitochondria were

other indicators of oxidative stress.

Figure 4.6. TEM image of A549 cells incubated with (a) AuNPs and 160 pg/ml TiO2 NPs
Yellow arrows points to accumulated TiO2 NPs. (b) Cells incubated with AuNPs and 0.25
mg/ml SWCNTSs. The yellow highlighted line in inset figure is the double membrane
formation of an autophagosome. (ER: endoplasmic reticulum, M: mitochondrion, PM:

plasma membrane)
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Unlike SWCNTs, it was possible to capture MWCNTSs in endosomes (Figure 4.7a inset).
The structural deformation was not as significant as observed in SWCNTSs, indicating a

milder cytotoxicity.

Cytotoxicity induced by QDs were successfully observed in TEM images (Figure 4.7b).
Exposure to 50 pg/ml QDs caused nuclear condensation and deformation of cell organelles

which lead to apoptosis and cell death.

Figure 4.7. TEM image of A549 cells incubated with (a) AuNPs and 0.25 mg/ml
MWCNTSs. Inset figure shows MWCNTSs accumulated in an endosome. (b) Cells incubated
with AuNPs and 50 pg/ml QDs. (M: mitochondrion, N: nucleus)
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4.2.4. Enhanced-Dark Field Microscopy Images

EDF microscopy provided an overview of cell-NM interaction. It was possible to visualize
NM-accumulation in and around the cells. The extent of AUNP uptake was significant in all

cell lines (Figure 4.8).

ZnO NPs at 5 ng/ml concentration were observed as non-cytotoxic in apoptosis/necrosis and
WST-1 cell proliferation assays. EDF images were also in agreement with this observation
with no visual aberrations in cells or nuclei morphology. As an exception, in HSF cells
nuclear swelling was observed together with increased AuNP uptake which increased the

possibility of membrane swelling as well (Figure 4.9f).

TiO2 NPs covered the outer surface of the cells like a sheath, especially in HUVEC and L929
cell lines (Figure 4.10). The situation was similar in SWCNT and MWCNT-exposed cells,
SWCNTSs being more significantly accumulated (Figure 4.11 and 4.12).

QDs were seen as accumulated clumps, whereas some of them were captured as yellow
fluorescent spots (Figure 4.13). The nuclei of the cells were mostly condensed as a marker

of apoptosis as was also observed in the TEM image (Figure 7b).
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Figure 4.8. EDF images of A549, HSF, HUVEC and L929 cell lines (a, b, ¢, d) without
and (e, f, g, h) with 24 h AuNP incubation. Cell nuclei were stained with DAPI and false

colored to cyan. Scale bars are 20 pm.
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Figure 4.9. EDF images of A549, HSF, HUVEC and L929 cell lines exposed to 5 ug/ml
ZnO NPs (a, b, c, d) without and (e, f, g, h) with 24 h AuNP incubation. Cell nuclei were

stained with DAPI and false colored to cyan. Scale bars are 20 pm.
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Figure 4.10. EDF images of A549, HSF, HUVEC and 1.929 cell lines exposed to 40 ug/ml
TiO2 NPs (a, b, ¢, d) without and (e, f, g, h) with 24 h AuNP incubation. Cell nuclei were

stained with DAPI and false colored to cyan. Scale bars are 20 um.
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Figure 4.11. EDF images of A549, HSF, HUVEC and L929 cell lines exposed to 0.1
mg/ml SWCNTSs (a, b, ¢, d) without and (e, f, g, h) with 24 h AuNP incubation. Cell nuclei

were stained with DAPI and false colored to cyan. Scale bars are 20 pm.



Figure 4.12. EDF images of A549, HSF, HUVEC and L929 cell lines exposed to 0.25
mg/ml MWCNTSs (a, b, ¢, d) without and (e, f, g, h) with 24 h AuNP incubation. Cell

nuclei were stained with DAPI and false colored to cyan. Scale bars are 20 pm

43
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Figure 4.13. EDF images of A549, HSF, HUVEC and 1.929 cell lines exposed to 25 pug/ml
QD:s (a, b, ¢, d) without and (e, f, g, h) with 24 h AuNP incubation. Cell nuclei were

stained with DAPI and false colored to cyan. Scale bars are 20 um.
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4.2.5. Summary of Cytotoxicity Implications

In summary, the conventional cytotoxicity analyses apoptosis/necrosis and WST-1 cell
proliferation assays were not fully conclusive for the NMs tested because the presence of
NMs were found to manipulate the assay results in most cases. This was an expected
outcome considering the literature on the drawbacks of the existing nanotoxicity evaluation
approaches. However, it was still possible to extract important implications of cytotoxicity

that would be useful in the evaluation of SERS-based results.

First of all, it was seen that AUNPs were efficiently internalized by all cell lines. Particles
were mostly seen in the endolysosomal system unless there was a leakage or rupture of these
vesicles. Therefore, the SERS spectra would be expected to give information about the
changes in these vesicles and their content, which are highly dynamic especially upon

cellular stress conditions.

A brief comparison among the cell lines revealed that L929 cell surface tended to adsorb
more NMs at the same NM concentration regardless of NM type. However, WST-1 assay
results indicated that the cell line was quite resistant to NM toxicity. On the other hand, HSF

cell line was more prone to damage upon NM exposure.

A comparison at NM level showed that ZnO NPs were the most nanotoxic among the tested
NMs even at lower concentrations. TiO2 NP nanotoxicity appeared to be ROS-mediated and
the extensive uptake of TiO2 NPs would possibly lead to mechanical stress on the cells.
SWCNTs were more nanotoxic than MWCNTs and induced ER-mediated stress,
mitochondria granulation and elongation. QDs induced apoptosis especially at higher

concentrations.

The reports where same type of NMs of similar size range were tested for their nanotoxicity
in the literature were in agreement with the above findings [24], [39], [166], [167].

4.3. METHOD OPTIMIZATION FOR LIVING-CELL SERS MEASUREMENTS

Before moving on to nanotoxicity evaluation, several parameters were to be optimized for
SERS measurements. For instance, the extent of AUNP accumulation in cells at various time

points were investigated. An important point to consider was the evaluation of spectral
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contributors to living-cell SERS. A clear understanding should be established on the
contributors to come to healthy conclusions on the SERS spectral patterns upon NM
exposure. Apart from these, AUNP concentration to be used, and instrument settings such as
microscope objective, laser power, and focus adjustment were optimized to obtain high
signal intensity whereas to limit additional cytotoxicity that could be introduced to the cells.

The effect of the size of the sampling space was also discussed.

4.3.1. Intracellular AUNP Localization

In “Section 4.2.3.” and Figure 4.5a, AuNPs were shown to accumulate in the endolysosomal
compartments. The extent of AuNP accumulation through time was also evaluated and
correlated to the SERS spectra obtained at these time points (Figure 4.14). In a short time
incubation such as 15 minutes, AuNP accumulation was not visible to eye and SERS
spectrum was the same as blank, thus excluded. Upon six hour incubation, surface of cells
were mostly covered with AuNPs and the amount of AuNPs were more than the amount
observed at 24 hour. However, SERS signal intensity was higher at 24 h (Figure 4.14e). In
the six hour samples, playing with the microscope focus showed that AUNPs were located
more on the upper parts of the cells, which could also be observed in Figure 4.14c where
AuNPs looked blurry when focus was adjusted on cell nuclei. On the other hand, in 24 hour
samples, the AuNPs looked more clearly and at the same plane with cell nuclei. Therefore,
it was concluded that AUNP uptake was in its later stages at 24 hour, thus the particles were
localized inside cells in larger aggregates. In the cells incubated with AuNPs for six hours,
the aggregation was less prominent thus they looked more blurry and dispersed on the cells.
Although the normalized SERS spectra carried the same pattern in both time points, 24 hour

AUNP incubation was chosen for ease of operation during NM exposure studies.
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Figure 4.14. AuNP accumulation in A549 cell line at (a) Oh, (b) 15 minutes, (c) 6 h and (d)
24 h. Scale bars are 20 um. (e) Overlapped SERS spectra obtained after incubation with
AuUNPs for 6 h and 24 h. The above spectra are the same spectra after normalization.

4.3.2. The Spectral Contributors to Living-Cell SERS

In a chaotic environment like cell, there is a prior question to be answered; that is “What are
the spectral contributors to the average spectrum?”. At this stage, the biological corona
around the SERS substrate that is formed right after the first interaction into the incubation
medium containing molecules such as proteins, lipids, carbohydrates plays a vital role. This
is because the SERS effect occurs in a few nanometer scale (about one to five nm) from the
substrate surface at furthest [113]. Therefore, the corona and its dynamics are highly
important in data interpretation. In an attempt to enlighten the subject “To what extent the
SERS spectra are affected from the changes on corona?”, two approaches were applied. A
cell-free approach where external stimuli were tested on corona-formed AuNPs, and a cell-
related approach where the living cell spectrum was compared to the cell-free and ruptured-

cell spectra.

First of all, as-synthesized AuNPs (referred as “bare” in Figure 4.15) were observed to have
about 10 nm increase in their hydrodynamic diameter, meaning a corona layer of five nm

thickness was around them.
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Figure 4.15. Protein corona characterization results. (a) DLS and (b) UV-Vis plots of bare

AUNPs as control and AuNPs incubated with cell culture medium.

Heating the corona to 42°C led to loosening of the proteins and an enlargement of
hydrodynamic diameter, whereas at 55°C loss of corona due to detached corona content was
observed (Figure 4.16a). At 72°C, however, an increase in diameter was again observed
probably due to aggregation of AuNPs upon heating which was also observed as a redshift
in UV-Vis spectra (Figure 4.16b). The redshift was not thought to be due to corona
thickening because the UV-Vis spectrum of 55°C-heated sample also showed a redshift,
meaning a gradual aggregation occurred which was also visible from the AuNP pellets in
test tubes; at the higher temperatures there were precipitates of AuNPs at the bottom of the
tubes. These changes were traced in SERS spectra as changes in a-helix content (1284 cm-
Y, lipid deformation vibrations (1437 cm™), and C=C stretching vibrations (1583 cm™)
(Figure 4.16¢). At 42°C, C=C stretching vibrations were higher compared to control,
whereas with the increasing temperature, thus loosening of proteins from the AuNP surface,
led to a gradual decrease of this peak. Similarly, depletion of a-helix content and lipid

deformation were increased especially at 72°C.
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Figure 4.16. Protein corona characterization results. (a) DLS (b) UV-Vis and (¢) SERS
spectra of medium-incubated AuNPs treated with increasing temperature. (d) Peak

positions for each sample were summarized in the table. (e) Assignments of the most

prominently changed SERS peaks.

Incubation with the protein digesting enzyme, trypsin, caused a gradual breakdown of corona

and aggregation of AuNPs at the highest tested concentration (Figure 4.17a). This was traced

from the UV-Vis spectra as peak broadening and redshift from 553 nm up to 574 nm (Figure

4.17b). In the SERS spectra, the pattern change was more evident compared to heated

samples. Up to 250 pg/ml trypsin concentration, C=C stretching vibrations increased which

can be attributed to increased number of peptide fragments upon trypsin activity. At 2500

png/ml, the enzyme activity led to loss of protein corona, thus a sudden decrease in this peak

was observed together with a decrease in 1284 cm™ a-helix peak.
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Figure 4.17. Protein corona characterization results. (a) DLS (b) UV-Vis and (¢) SERS
spectra of medium-incubated AuNPs treated with increasing concentrations of trypsin. (d)
Peak positions for each sample were summarized in the table. (e) Assignments of the most

prominently changed SERS peaks. (f) Trypsin SERS spectrum compared to spectrum of

2500 pg/ml trypsin incubated corona.

Testing H202, a member of ROS family, on corona was of interest because most of the NMs
exert nanotoxicity via ROS-dependent mechanisms as mentioned previously. Increasing

concentration of H>O> caused a dramatic loss of corona leading to the precipitation and
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sticking of the AuNPs to the tubes in high amounts. This was especially evident at 180 uM
H.O> concentration (Figure 4.18a and b). Moreover, the SERS spectral pattern was
significantly affected from the exposure (Figure 4.18c). Different from the two previous
stimuli, heating and trypsinization, phenylalanine (Phe) peaks were affected from H20:
exposure. It has been shown that 1030/1000 cm™ peak ratio is sensitive to oxidative
environment and increases upon exposure to free radicals [168]. Furthermore, lipid
deformation was much more evident, indicating the lipid components of the corona were

oxidized when contacted with H20,.
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Figure 4.18. Protein corona characterization results. (a) DLS (b) UV-Vis and (¢) SERS
spectra of medium-incubated AuNPs treated with increasing concentrations of H20.. (d)
Peak positions for each sample were summarized in the table. (e) Assignments of the most

prominently changed SERS peaks.

These findings confirmed that corona on AuNPs were highly affected from external stimuli
and the effects could successfully be traced on SERS spectra. Taking a step further, the

average spectrum obtained from living cells were compared to cell-free, medium-incubated
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AUNP spectrum and the spectrum obtained from ruptured cells (Figure 4.19). To rupture the
cells, ultrasonication was applied and cellular compartments were all ruptured. Therefore,
the nuclear content as well as the plasma membrane were all in the same mixture with AUNPs
which led to increase in nucleotide and lipid-related peaks. Combining the ruptured cell
spectra to cell-free corona spectrum, a spectrum very similar to living-cells was obtained,

only except the presence of excess nucleotide and lipid contents.
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Figure 4.19. (a) Average SERS spectra obtained from cell-free protein corona, ruptured
cell and living cell. (b) The average spectrum of living cell (black spectrum) overlapped
with the summed spectrum of cell-free protein corona, and ruptured cell average spectra

(red spectrum). (c) The assignment list of peaks highlihgted with gray in (b).

In conclusion, the corona content was found to evolve upon stimulation which could also be
traced on SERS spectra. The information obtained from these experiments was the starting
point of SERS spectral interpretation in the coming sections.
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4.3.3. Experimental Optimization

4.3.3.1. SERS Substrate Concentration

It is important to minimize any possible contribution from AuNPs to nanotoxicity while
utilizing AuNPs for SERS experiments. Thus, the concentration of AuNPs in the exposure
medium was adjusted. Although the approximate number of particles were provided in
“Section 3.6.”, for ease of explanation the final amount of AuNPs in the incubation medium
will be referred to the final amount of HAuCl4 taken from the initial HAuUCls in AuNP

synthesis, which was 0.01 grams in 100 ml.

First, cells were incubated with 50 pg/ml AuNPs, which corresponded to half of the
incubation medium volume (1/2, v/v), whereas the other half contained complete cell culture
medium. Then 37.5 pug/ml (3/8, v/v) and 25 pg/ml (1/4, v/v) AuNP concentrations were
tested. The spectral pattern as well as the signal intensity were almost the same for all groups
(Figure 4.20). Therefore, to avoid any possible additional stress on the cells, 25 pg/ml
concentration was chosen as optimal. Lower concentrations were also tested. However, the

signal was noisy, thus the results were excluded.

Incubating the cells for 48 hours resulted in reduction of signal intensity which was expected
due to cell doubling [169]. After cell division, the amount of internalized AuNPs were
diluted. However, the spectral pattern was still consistent with the other spectra. The chosen
AUNP concentration was also tested for its toxicity by WST-1 assay. There was not any

significant cell viability change.
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Figure 4.20. (a) SERS signal intensities of AuUNPs at increasing concentrations and
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incubation duration. (b) Cell viability upon 24 h incubation with 25 pg/ml AuNPs. Error

bars were calculated from three independent experiments and plotted as per cent S.D.

4.3.3.2. Objective, Laser Power and Focus Adjustment

Using higher magnification objectives with higher numerical aperture (N.A.) provides

higher spatial resolution. However, working with living cells makes it laborious to adjust the

proper settings for each sample. Therefore, both 50 x and 20% objectives were tested for

SERS measurements. Although the signal intensity was about 10 times higher in

measurements carried out with a 50x objective, after spectra normalization the spectral

patterns were the same with the ones obtained with a 20x objective (Figure 4.21a).

Therefore, 20% objective was chosen for further studies.
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Figure 4.21. Selection of (a) microscope objective and (b) laser power for SERS

measurements. The above spectra in (a) are the same spectra after normalization.

A near-IR laser (830 nm) was used in the experiments in the present work. Although a near-
IR laser is less harmful compared to a laser in the visible wavelength region, it can still
induce damage if the laser power (L.P.) is not chosen properly. Because a long-distance
objective was used and the samples were in liquid to prevent drying during measurements,
low laser powers such as 15 mW were not enough to obtain satisfactory signal intensity. In
Figure 4.21b, spectra obtained at various laser powers at two seconds laser exposure time
were plotted. Although at 30 mW L.P. the spectral intensity looked satisfactory, it was not
always possible to obtain meaningful SERS spectra from each sample. Therefore, 150 mW
L.P. was chosen. At 300 mW L.P., it was observed in some samples that the laser-exposed

areas on cells were burnt during analyses, thus 300 mW was not chosen.

One other issue was the adjustment of focus for the SERS measurements. It is known that
culturing cells in a two dimensional cell culture affects the localization of organelles and
vesicles due to gravity [170], [171]. Upon exposure to AuNPs, the vesicles containing AUNP
agglomerates are also expected to localize near the culture vessel surface. In Figure 4.22, the
focus adjustment that was used in the experiments were labelled as “O um”. with an

increment of 1 um, 5 um above (-5 t0 -1 pm) and below (1 to 5 um) this Z-stack were
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scanned. It was observed that the spectral pattern was more reproducible in the deeper parts

of the cell. Thus, the focus was always kept at this region for SERS measurements.
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Figure 4.22. (a) SERS spectral pattern of the same area at various focus adjustment from -5
um to 5 um. The color code shows the respective Z-stacks. (b) Light microscope images of
the spectra obtained from Z-stacks.

4.3.4. Variations Originating from the Size of the Sample Space

Eukaryotic cells consist of diverse compartments made of complex biomolecules, which
creates heterogeneity within cells (Figure 4.23). This can be both a strength and a limiting
factor for cellular SERS analyses. Because SERS can provide label-free detection, it is
possible to extract multi-dimensional information about the cellular conditions in a simple
setting with proper experimental setup. For instance, unlike many typical cytotoxicity assays
where only one-dimension of cytotoxicity, such as lipid peroxidation status, can be detected,
it is possible to obtain information about lipid, protein or nucleic acid-related conditions all

at the same time by utilizing SERS.
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Figure 4.23. Example to spectral variations within a cell.

On the other hand, the heterogeneity can be a limiting factor because the reproducibility of
the results are not guaranteed, knowing that SERS signals come from the close vicinity of
accumulated AuNPs in various parts of the cell [172]. The heterogeneity issue is not limited
to intracellular dynamics. In a population of cells, there are dividing, growing or dying cells,
simultaneously. Thus, proper sampling is a crucial step in cellular SERS analysis to improve
the reproducibility of the results. As a rule of statistics, a minimum of 20 cases are necessary
to form a normally distributed population, whereas 30 cases would be desired. To
demonstrate this, in Figure 4.24, average spectrum of 50 cells was compared to average of
one, two, five, ten, and twenty cells randomly selected from the 50-cell population. With the
increasing number of cases, above 10, the average spectra started to look alike. Therefore, a
minimum of 50 cells were scanned for each test group throughout SERS experiments.
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Figure 4.24. Spectral variations in a population of 50 cells and the spectral patterns
obtained from the average spectrum of (a) one, (b) two, (c) five, (d) 10 and (e) 20 random

cells in triplicates (red, blue, and black spectra) within a population of 50 cells. The

average spectrum of 50 cells (yellow spectrum) was included in each group as comparison.
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4.4. SERS SPECTRAL DATA UPON NANOMATERIAL EXPOSURE

4.4.1. The Background Spectra of Nanomaterials

The background spectra of the samples were acquired as the initial step of the analyses. ZnO
NPs, TiO2 NPs, and QDs did not give a different background spectrum than the NM-free,
culture medium containing background spectrum (Figure 4.25). The spectrum only
contained a sharp peak at 1002 cm™ and two less prominent peaks at 1031 and 1041 cm™.
The same spectrum was obtained for Raman measurements of samples both with or without
cells. In Figure 4.25a, a typical average cellular spectrum was given with the average signal
intensity obtained. It should be noted that the background spectrum had a constant signal
intensity at the tested laser power and exposure time.

SWCNTs and MWCNTSs, that are known to have high Raman scattering characteristics, had
their unique spectral pattern even in the absence of AuNPs. With the 830 nm NIR laser,
peaks at 495, 573, 826, 836, 998, 1061, 1127 and the D band at 1292 cm™ were observed
(Figure 4.25b). However, the signal intensity at the used laser settings was as low as 150
units. For MWCNTSs, only a peak at 1307 cm™ was observed, that was the D band of
MWCNTSs (Figure 4.25c). Again the signal intensity was very low, even lower than
SWCNTSs.

Although the contribution of the background spectra of SWCNTs and MWCNTSs were not
high in terms of spectral intensity, the interpretation of the peaks at mentioned regions were

made cautiously.
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Figure 4.25. Background spectra of samples compared to cellular SERS spectra. (a)
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Background spectrum of ZnO NPs, TiO2 NPs, and QDs. The spectrum also represents the

Raman spectrum obtained from the samples with and without cells. (b) Background

spectrum of SWCNTSs and (c) MWCNTSs.
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4.4.2. Comparison of Cell-Line Dependent SERS Spectral Patterns

The SERS spectra obtained from each cell line were given in Figure 4.26 and the full list of
peak assignments were given in Table 4.1. the visual inspection of the spectra already
revealed the spectral variations between cell lines especially at Phe-related 1000 and 1030
cmt peaks.
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Figure 4.26. Average SERS spectra of each cell line in the absence of any NM exposure.
The most prominent peaks were highlighted and their respective Raman shifts were given

at the top of each line.
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Table 4.1. Peak assignment list for SERS spectra [173].

Peak (cm™) Assignment
501 v(S-S) gauche-gauche-gauche
548 Cholesterol
589 OH out-of-plane bending (free)
623 C-C twisting of aromatic ring
636 v(C-S)
653 C-C twisting of Tyr
685 DNA, G ring breating
708 v(C-S) trans
756 DNA
798 O-P-O stretching
838 Tyr ring breath
882 Protein
950 Proline, a-helix

990-1002 Phe

1012 Trp ring breathing
1030 Phe in-plane bending
1060 C-C PO stretch
1130 Phospholipid structural changes (trans versus gauche isomerism)
1176 Tyr
1202 Phe, Trp
1218 Protein
1276 Protein (a-helix)
1303 Lipid
1317 Amide IIT (a-helix)
1342 CH3CH; wagging (collagen assignment)
1352 Protein (B-sheet)
1418 AG
1449 CH, deformation of lipids and proteins

A more detailed analysis of the peaks correlates well with the current knowledge on the

variations between these cell lines. The analyses were carried out through intensity ratios of
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peaks assigned to several biomolecules, namely; collagen, fibronectin, cholesterol,
phospholipids, the amino acids Phe and tyrosine (Tyr), as well as the C-S and S-S vibrational
modes that can be easily affected from the redox reactions occurring in cells. The chosen
intensity ratios help understand extracellular matrix (ECM)-related changes, membrane
deformation or structural changes, inflammation and ROS activity, all of which can be

indictors of toxic response initiated upon NM exposure.

Collagen, an ECM protein that is extensively produced by fibroblasts, mostly consists of a-
helix structure and proline (Pro) or hydroxyproline residues [174], [175]. Therefore, the

intensity ratio I.4;;q4en Was calculated from (1342/950) cm’. As expected, the fibroblast cell

lines HSF and L929 gave the highest values (Table 4.2).

Table 4.2. SERS intensity ratios of control samples that are the four cell lines used in NM
toxicity studies. Each row was highlighted with a color code (from green to red) that

indicate the increasing values of each intensity ratio.

Ratio A549 HSF | HUVEC | L929
Icotiagen 4.06 5.76 4.09 5.00
Ipibronectin 2.4 2.5 3.6 3.2
Ipne/Tyr 1.21 1.02 1.28 2.16
ITyrphos 0.31 0.21 0.30 0.28
Ichotesterot 0.71 0.55 0.63 0.83
Iipid stability 6.96 11.05 5.66 7.52
Ics_ss 2.45 4.41 1.67 2.16

Fibronectin, on the other hand, was highest in HUVECs. The ratio for fibronectin
Iribronectin Was calculated from (501/1352) cmt, from the peaks assigned to S-S vibrations
and B-sheet structures of proteins because fibronectins consist of f-sheets connected with
disulfide bridges [176].

Phe/Tyr conversion by phenylalanine hydroxylases (PAHs) was shown to be impaired at

inflammatory conditions and has been used as an inflammation marker [177]. Therefore,
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IpneTyr Was calculated from the ratio of peak intensities assigned to Phe in-plane bend (1030
cm™) vibrations to Phe symmetric (1002 cm™) vibrations, divided by Tyr C-C twisting (653
cm™) vibrations to Tyr ring breathing (838 cm™) vibrations for Phe deformation and Tyr
deformation, respectively. The overall ratio was (1030/1002)/(653/838) cm. For the control
group, the highest Ippe 7, Was calculated for L929 cell line. Compared to HSF cell line,
which ranked the second highest value, L929 cell line was previously shown to have a larger
pool of Phe than Tyr at normal conditions. Thus, the calculated ratios were in-line with the
literature [178].

Tyrosine phosphorylation is one of the early markers of oxidative stress and is increased
in cancer cells [179]. The ratio Ir,ppos Was thus calculated from (798/653) cm assigned
to O-P-O stretch and Tyr C-C twisting vibrations. The adenocarcinoma cell line, A549,

ranked the highest value for Ir,,.pp,s among the other cell lines.

Cholesterol is a vital component of cell membranes and helps providing fluidity to the
membrane, through the formation of lipid rafts and is important for efficient particle uptake
[66]. The ratio of phospholipid peak (1060 cm™) to cholesterol peak (548 cm™) is therefore
can be an important indicator of cholesterol depletion, which was shown to play role in
cytoskeleton reorganization and membrane stiffness [180]. Among the four cell lines, the

highest cholesterol depletion, I¢cpoiesteror, Was calculated for L929 cell line.

Cell membrane also contains a large portion of phospholipids. Upon external stress these
phospholipids might be peroxidized and lead to membrane leakage or further structural
deformations [181]. The ratio, I1piq stapiity, Was thus calculated from (1130/1060) cm?,
where 1130 cm™ is assigned to phospholipid trans-gauche isomerism, to determine the level
of phospholipid stability. For the control samples, the highest value was obtained from HSF

cell line.

One other oxidative stress indicator is the ratio of S-S vibrational peaks (501 cm™) to C-S
vibrational peaks (708/636 cm™, the ratio of v(C-S) trans vibrations to v(C-S) vibrations)
termed as I.s_ss. C-S groups are very sensitive to their environmental changes in terms of
redox potentials [182]. Therefore, tracing the changes of this ratio can give precious
information on the cellular oxidative stress. The higher the I.s_g¢ ratio, the more disulfide
formation is expected. For the control groups, HSF showed the highest I.5_ss value (4.41),

approximately 2.6 times more than HUVECs (1.67). In a study by Stone et al., it was
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reported that the antioxidant capacity of HUVECs were higher than HSF cell line, which
could also be observed from the calculated I-5_ss values because an increased antioxidant

activity would result in a higher degree of free C-S formation [182].

4.4.3. Comparison of SERS Spectral Patterns upon Nanomaterial Exposure

The intensity ratios that were found to be convenient for toxicity determination were
calculated for the four cell lines upon exposure to each of the five NMs at increasing
concentrations, independently. The toxicity of NMs was evaluated based on cell-type

specific responses.

4.43.1. A549 Cell Line

Being of cancer origin, A549 adenocarcinoma cell line have a greater tendency to be resistant
to oxidative stress than the healthy cells [183]. This phenomenon was also traced in the

SERS intensity ratios especially in I-_gs fluctuations.

For instance, ZnO NPs that are known to induce oxidative stress in cells did not cause a
sudden decrease in I;s_gs Vvalue at increasing ZnO NP concentrations. Therefore,
inflammation (Ippe,ry,) and cholesterol depletion (Icpoiesteror) assigned ratios were quite
stable (Figure 4.27). However, above 15 pg/ml dose Is_gs Showed a sharp decrease which
also resulted in loss of collagen (I¢oqgen) and phospholipid stability (I.ipia stabitity):
whereas fibronectin assigned Ir;pronectin iNCreased significantly. The gradual decrease of
Lpipia stabitity CaN be due to membrane lipid peroxidation causing a sudden viability decrease

at above 15 pg/ml ZnO NP concentration.

TiO2 NPs, on the other hand, resulted in an increasing trend in I-s_g ratio (Figure 4.28). A
mild increase in oxidative stress was shown to induce cell survival which might also be the
case in TiO2 NP exposure [184]. A mild decrease in Iipiq stabitity aNd Iripronectin CaN be
because of the oxidative as well as mechanical stress introduced by TiO2 NPs on cells. It has
been previously shown that mechanical stress causes relaxation of fibronectin B-sheets,

leading to loss of secondary structure [185], [186].
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Pristine SWCNTSs that were used in this study are known to be hydrophobic which makes
them prefer interacting with hydrophobic molecules around them, which is the cell
membrane at first place. From the intensity ratios it was observed that Iz;p;onectin iNCreased
in response to stress caused upon exposure to SWCNTs (Figure 4.29). Although I-s_ss had
a decrease at 0.1 mg/ml SWCNT concentration, the ratio was stable at higher doses,
indicating and confirming the existing literature that the stress caused by SWCNTSs was also
through their physical presence on cells. SWCNTSs were shown to indirectly damage the cell
through depleting the cell culture medium proteins and lead to starvation of cells [43]. From
the calculated ratio I-poresteror 1t COUld be said that SWCNT exposure caused massive
cholesterol depletion and lipid instability as well as loss of collagen. One important point to
note here is that the increase in peaks 1060 and 1130 cm™ can be originating from the

background spectrum of SWCNTSs themselves as was also discussed in “Section 4.4.1.”.

Another type of CNTs, MWCNTSs, induced a relatively different response compared to
SWCNTSs. The relatively stable I¢poiesteror 1€VEIS Were in agreement with a previous study
by Cavallo and coworkers, where they showed MWCNT penetration into cells, instead of
agglomerating/aggregating on the cell membrane at large amounts (Figure 4.30) [187]. The
sharp increase followed by a sharp decrease of 1,4 stapisicy ratio can be an indication of
membrane blebbing followed by cell death [187]. At lower concentrations, MWCNTSs

induced inflammation that also cause an increase at Ir;pronectin 1€VEIS.

QDs that contain Cd are known to release Cd?* ions leading to oxidative stress in cells [188].
This phenomenon was also observed in SERS spectra through the sudden decrease of I-5_gg,
leading to sharp decrease of Iy;piq stapitity @Nd Iconiagen, Whereas an increase of Iry,ppos,
IphesTyr AN Ipipronectin (Figure 4.31). However, the high level of toxicity introduced by
QDs led to decrease of Irpronectin @Nd cells were mostly dead at concentrations above 10

ug/ml.
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Figure 4.27. (a) SERS pattern of A549 cell line exposed to ZnO NPs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.28. (a) SERS pattern of A549 cell line exposed to TiO2 NPs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.29. (a) SERS pattern of A549 cell line exposed to SWCNTSs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors. The peak belonging to SWCNTSs was highlighted

with a dashed line.
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Figure 4.31. (a) SERS pattern of A549 cell line exposed to QDs at increasing
concentrations. In the lower panel, NM-exposed spectra were subtracted from the control
spectrum to better visualize the spectral differences. The highlighted areas show the
spectral peaks that were used in (b) intensity ratio calculations and the color code depicts
the respective intensity ratio. The two peaks that were used in intensity ratio calculations
were highlighted with those two colors.
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4.4.3.2. HSF Cell Line

The fibroblast cell line HSF was found to be more prone to damage upon ZnO NP exposure
and the toxicity increase was in correlation with Ip, 7, inflammation-related ratio increase
(Figure 4.32). Toxic response started with relatively sharp decrease of I-s_gs and the loss of
CS pool led to Ippe 1y, increase. Inflammation increase was coupled to Ir;pyonectin iNCrease

and Icollagen and ILipid stability decrease.

TiO2 NPs caused moderate oxidative stress that was apparently balanced through cellular
defense systems because I-s_ss levels were in a tendency to reach its starting values after a
gradual decrease (Figure 4.33). Moreover, other ratios were mostly stable at all TiO, NP
concentrations. On the other hand, lipid stability continued decreasing which can be an

indication of lipid peroxidation as the main mechanism of damage to cells.

SWCNT (Figure 4.34), MWCNT (Figure 4.35) and QD (Figure 4.36) exposure on HSF cell
line showed similar spectral trends to what was observed in A549 cell line. Ir;pronectin 1€VElS
were observed in SWCNT-exposed cells, whereas MWCNTSs induced increased Ippe /7y
indicating inflammatory response. QDs also showed increased Ippe 7y, levels as well as
Iy rphos €ven though 10 ug/ml QD exposure was seen to be less toxic compared to a lower

dose 5 pg/ml.



73

Raman Intensity (a.u.)

b) 12

[e<]

Intensity ratio (a.u.)
»

»~

|
I Ctrl
| [ 5 pg/ml
\ 10 pgiml
i 15 pg/ml
'w 20 pg/ml
400 I S(IJOII - 82)0 - I1O}OO‘ o 12=00I I14=00I
| - 5 pg/ml
B 1wl Ve ——
A~ Mugv—lr \]M‘.L 10 ng/mi
15 pg/ml
20 pg/ml

Raman Shift (cm™)

5 10 15
Dose (ug/ml)
@ Ics g5 (501/(708/636) cm)

@ Icollagen (1342/950 cm™)
Icholesterot (1060/548 cm™)

8 I7y, ppos (798/653 cmr')

@ Ipibronectin (501/1352 cm)

- Ip;,e/Ty,, ((1030/1002)/(653/838) cm™)
8- I1ipid seabitity (1130/1060 cm)

20

Figure 4.32. (a) SERS pattern of HSF cell line exposed to ZnO NPs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.33. (a) SERS pattern of HSF cell line exposed to TiO> NPs at increasing
concentrations. In the lower panel, NM-exposed spectra were subtracted from the control
spectrum to better visualize the spectral differences. The highlighted areas show the
spectral peaks that were used in (b) intensity ratio calculations and the color code depicts
the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.34. (a) SERS pattern of HSF cell line exposed to SWCNTSs at increasing
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Figure 4.35. (a) SERS pattern of HSF cell line exposed to MWCNTS at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors. The peak belonging to MWCNTSs was highlighted

with a dashed line.
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Figure 4.36. (a) SERS pattern of HSF cell line exposed to QDs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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4.4.3.3. HUVEC Cell Line

Although in the previous section (Section 4.4.1.) the antioxidant capacity of HUVECs were
calculated to be lower compared to other cell lines, I.5_gs levels were found to be more
stable and resistant to change upon NM exposure. For instance, as in the case for ZnO NP
exposure, the stable Ics_gs levels prevented remarkable decrease of I)iyig stapiticy and
Ieoniagen (Figure 4.37). However, at a certain point, that is 15 pug/ml ZnO NPs, the

accumulated oxidative stress led to the decrease of Ics_gs and increase of Iry,ppos and

IFibronectin-

Similarly, TiO2 NPs caused milder toxicity to HUVECs compared to A549 and HSF cell
lines due to more balanced I.s_gss levels (Figure 4.38). Above 80 pug/ml TiO2> NP
concentration, however, oxidative stress caused lipid and collagen deformation whereas

increased Iripronectin-

Another remarkable difference of HUVEC intensity ratios was in Igipronectin 1€Vels. The
already-higher value of this ratio was more resistant to further changes, indicating a higher
level of defense capability of this cell line upon external damage. Although this was possible
to be confirmed through the intensity ratios calculated for each NM for HUVECs, the only
significant exception was upon SWCNT exposure (Figure 4.39). Tyrosine phosphorylation
increase, which was to an extent that was not observed in any other test group, led to massive
oxidative stress coupled with an incredible increase of cholesterol depletion. Again, the
cholesterol depletion ratio was not considered as relevant for this NM because of the
possibility of SWCNT background signal contribution.

MWCNT (Figure 4.40) and QD (Figure 4.41) exposures caused mild toxicity again mostly
through balanced CS-SS levels, even though high concentrations led cell death especially in

QD-exposed cells. For MWCNT exposure, I1piq stabiticy decrease was the most remarkable

change, indicating membrane damage could be the main cause of toxicity.
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Figure 4.37. (a) SERS pattern of HUVEC cell line exposed to ZnO NPs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The peaks that were used in two intensity ratio calculations

were highlighted with those two colors.
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Figure 4.38. (a) SERS pattern of HUVEC cell line exposed to TiO2 NPs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.39. (a) SERS pattern of HUVEC cell line exposed to SWCNTSs at increasing
concentrations. In the lower panel, NM-exposed spectra were subtracted from the control
spectrum to better visualize the spectral differences. The highlighted areas show the
spectral peaks that were used in (b) intensity ratio calculations and the color code depicts
the respective intensity ratio. The two peaks that were used in intensity ratio calculations
were highlighted with those two colors. The peak belonging to SWCNTSs was highlighted
with a dashed line.
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Figure 4.40. (a) SERS pattern of HUVEC cell line exposed to MWCNTSs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors. The peak belonging to MWCNTSs was highlighted

with a dashed line.
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Figure 4.41. (a) SERS pattern of HUVEC cell line exposed to QDs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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4.4.3.4. 929 Cell Line

The mouse fibroblast cell line L929 is known to produce cholesterol-poor high density
lipoproteins (HDL), have less overall cholesterol content and was also calculated in Section
4.4.1. to have the highest cholesterol depletion I ppiesteror Fatio [189]. Knowing the
importance of cholesterol homeostasis and presence in membrane stability, I;;yiq stapirity
was the most affected intensity ratio in L929 cells, regardless of the type of exposed NMs.
ZnO NPs caused an almost linear decrease in Ipiyig stapiticy With increasing ZnO NP
concentration, Whereas Ippe yy and Iry.ppos levels increased at 15 ug/ml ZnO NP (Figure

4.42). The pattern of the ratios was similar to the HSF fibroblasts.

The response observed in TiO2 NP-exposed L929 cell line was exceptional to the other three
cell lines used. I;piq stapiicy @S Well as I¢s_gs levels significantly increased whereas other
ratios were almost stable (Figure 4.43). From the knowledge that oxidative stress might
cause both proliferative and anti-proliferative effect on cells depending on its extent, it can
be speculated that the possible mild oxidative stress might have caused this positive effect

on the cells.

SWCNT (Figure 4.44) and MWCNT (Figure 4.45) exposure response was again similar to
HSF cell line. Cholesterol depletion was not in excess amount. Interestingly, the relatively
increased I.s_gs Value at 0.25 mg/ml SWCNT exposure might be related to the increased

Lpipia stabitity 'atio at 0.5 mg/ml SWCNT exposure as a sign of cellular defence activation,

which was seen already at the same dose of MWCNT exposure.

QD exposure response pattern was similar to what was obtained from HUVEC cell line

(Figure 4.46). A very slight increase of Ippe 7y, and Iry.pros coupled with increase of

Iripronectin Values indicated initiation of inflammation.



85

12 4
Ctrl | 107
|
Spgml 3
ug/ Ze !
-
* 10pgml ®
| 2
%61
‘.\ 15 pg/ml E,
e 1 ~ £ i
)
:; 20 pg/ml al
= ! | | | ,
f= —t T+ — )
£ 400 600 800 1000 1200 1400
ﬁ 2 ®
E ] 5 pg/ml
m b W PN ——
10ugm 07 = = i '
| | B L u , A 0 5 10 15 20
6 ’ WY 0 T Dose (ug/ml)
_A A M 15 pg/ml
N 1 8 8- [c5_g5 (501/(708/636) cm!)
- I,;Duﬂgen (1342/950 cmr")
I Icholesterot (1060/548 Cm'ﬂ)
8- Iy, phos (798/653 cm)
20 pg/ml O~ Iribronectin (501/1352 cm™)
' - Iphe/ryr ((1030/1002)/(653/838) cm)
8- I ipid stabitity (1130/1060 cm™)

Raman Shift (cm™)

Figure 4.42. (a) SERS pattern of L929 cell line exposed to ZnO NPs at increasing
concentrations. In the lower panel, NM-exposed spectra were subtracted from the control
spectrum to better visualize the spectral differences. The highlighted areas show the
spectral peaks that were used in (b) intensity ratio calculations and the color code depicts
the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.43. (a) SERS pattern of L929 cell line exposed to TiO> NPs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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Figure 4.44. (a) SERS pattern of L929 cell line exposed to SWCNTSs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors. The peak belonging to SWCNTSs was highlighted

with a dashed line.
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Figure 4.45. (a) SERS pattern of L929 cell line exposed to MWCNTS at increasing
concentrations. In the lower panel, NM-exposed spectra were subtracted from the control
spectrum to better visualize the spectral differences. The highlighted areas show the
spectral peaks that were used in (b) intensity ratio calculations and the color code depicts
the respective intensity ratio. The two peaks that were used in intensity ratio calculations
were highlighted with those two colors. The peak belonging to MWCNTSs was highlighted
with a dashed line.
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Figure 4.46. (a) SERS pattern of L929 cell line exposed to QDs at increasing

concentrations. In the lower panel, NM-exposed spectra were subtracted from the control

spectrum to better visualize the spectral differences. The highlighted areas show the

spectral peaks that were used in (b) intensity ratio calculations and the color code depicts

the respective intensity ratio. The two peaks that were used in intensity ratio calculations

were highlighted with those two colors.
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5. CONCLUSIONS AND OUTLOOK

The applicability of SERS in nanotoxicity assessment of living cells were demonstrated in
the present work with promising observations. Moreover, two original research articles were
published as outcomes that can be found in references [190], [191] as well as a review article
on single-cell analysis by using AuNPs as SERS substrates [192]. Indeed, throughout the
time span of this thesis work, from 2013 to 2017, several groups also reported the potential
use of SERS as a toxicity detection method [193]-[195]. A study on nanotoxicity detection
of polystyrene nanoparticles with Raman spectroscopy was also recently reported [196] and
the topic seems to be trending more in the future. Those studies, however, relied more on
multivariate statistical analyses to discriminate the treated and non-treated sample groups.
In this study, an alternative approach was chosen; searching for spectral intensity ratios that
would point out to important cellular stress markers such as inflammation, redox dynamics,
lipid content- and ECM protein-related changes. The approach provided a clear comparison

between cell lines as well as among increasing NM concentrations.

Prior to spectral analyses of NM-exposed cells, however, important points in experimental
optimization were cleared out. The localization of the SERS substrates was one of these.
AuNPs were mostly found in endolysosomal system unless the vesicles were ruptured or
AUNPs leaked out from the vesicles. This meant that the spectral interpretation should have
been made based on the possible content of endolysosomal vesicles such as membrane and
ECM proteins that were to be recycled, and lipid content of vesicles.

With this observation, the second question that was answered was the extent of corona
contribution to the spectral pattern. Corona-formed AuNPs were exposed to heat, trypsin
and H2O: in a cell-free environment. In addition to that, cells were ruptured upon AuNP
exposure for 24 hours. The results obtained from these studies showed that the spectral
changes were a combination of corona modifications and the changes in the
microenvironment around the corona; meaning that NM-exposed cell spectra could

successfully mirror the biochemical changes in cells.

Then, in the absence of NM-exposure, SERS spectra belonging to the four cell lines were

compared and correlated to their well-known distinct features in the literature through
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comparing seven spectral intensity ratios. The observations were in-line with the literature.

Therefore, a cell-line dependent response could be monitored by the applied method.

The five NMs initiated distinct cellular responses at increasing NM concentrations. From the
results, ZnO NPs were seen to be the most cytotoxic NM and the mechanism of nanotoxicity
appeared to be mainly through lipid peroxidation leading to membrane deformations. QD
nanotoxicity was observed to be of similar mechanism but inflammation induction was more
pronounced. TiO2 NPs initiated a mild oxidative stress that was overcome in most of the cell
lines through their antioxidant activities. Even though the visual inspection of the cells upon
NM exposure showed that the cells were affected, the results of WST-1 assays carried out
with TiO2 NPs and QDs were found to be false positive or negative due to their interaction
with the assay components or light scattering properties, respectively. Therefore, SERS
nanotoxicity detection was more powerful and provided more insight than this method for
these NMs. Among the two CNTs, MWCNTSs were less cytotoxic but caused an increase in
fibronectin-related peaks, indicating the formation of stress fibers upon interaction with
these NMs. Due to the observed background signals originating from SWCNTs themselves,
spectral interpretation was made cautiously even though the rate of SWCNT signal
contribution (continuos Raman) to the overall signal intensity was shown to be subtle. A
Raman scattering-based SWCNT nanotoxicity evaluation report from 2009 have also shown
similar results to the findings herein; significant changes in lipid-related peaks. Their results
were also supported by an additional report from the same group where they acquired TEM
images of cells upon SWCNT exposure and showed an increase in lamellar bodies in cells
[197], [198]. Therefore, the increased cholesterol depletion rates might be relevant. Indeed,
acquiring spectra from the high wavenumber region (between 2400-3800 cm™) could be
beneficial to bypass the SWCNT interference in lipid-related peaks observed in this work
[199]-[201].

In the scope of this thesis, some complementary experiments could be done and indeed these
experiments can be suggested as future directions to the project. One of them was the
isolation of endolysosomal vesicles from the cells for SERS analysis and their comparison
to cellular spectra. Analyzing the endosomes by mass spectroscopy for vesicle contents
could confirm the obtained results [202]. Similarly, lipid content changes, antioxidant
capacity as well as ROS induction upon NM exposure of each test group could be detected.

However, the ROS detection assay, DCFH-DA assay, would likely not be efficient because



92

the literature reports demonstrated that most of the NMs result in absorbance artefacts in this

assay.

All in all, with the established protocol, it is possible to successfully assess nanotoxicity
from a multidimensional perspective and more importantly in a fast, cheap, and simple way.
Upon NM exposure step, the analysis takes about four to five hours including the data
processing step of spectral acquisition from about 100 cells. Considering the time that would
require to conduct several types of conventional cytotoxicity assays to obtain such
multidimensional information, four to five hour duration is actually faster and less laborious.
Because the obtained results are semi-quantitative, the method can also be used as a starting
point in nanotoxicity investigations. Through checking the important cellular parameters
such as lipid stability, inflammation induction or oxidative stress, further quantitative studies
can be chosen accordingly, which can reduce the time, cost and effort spent on conducting

various tests.

Moreover, the intensity ratios created herein can be applied to any other toxicity screening
studies including drugs and other chemicals, of course with cautious evaluation of
background spectra of the chemicals themselves. It is also possible to carry out comparative
nanotoxicity experiments. As in the case for the two CNTs in this study, SWCNTs and
MWCNTSs, it was possible to point out the variations in toxic response when only the type
of the CNT was different. Similarly, it is possible to investigate the effect of surface
chemistry, size, shape and other physicochemical properties of NMs on the toxic outcome;
for instance the effect of various sizes of the same NMs can be investigated.
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