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ABSTRACT

INVESTIGATION OF BIOCHEMICAL PROCESSES IN SINGLE CELL USING
SURFACE-ENHANCED RAMAN SCATTERING

Single cell analysis is rapidly emerging approach to gain molecular information at the
individual cell level. Investigation of specific molecular mechanisms and pathways
providing in single cell level is crucial. In this study, we investigated Surface-enhanced
Raman scattering (SERS) to study single-cells. Gold nanoparticles (AuNPs) were used as
routinely employed SERS substrate. SERS activity of AuNPs depends on size, shape and
aggregation status in living cell depending on their uptake profile. We are interested in
understanding the biochemical changes on AuNPs or in their aggregates to understand the
possibility of monitoring cellular biochemical process in a living cell. Thus, two different
sizes of AuNPs with two different surface chemistry were used in the study. The order and
combination of AuNPs with different sizes and surface chemistry helped to understand the
spectra obtained from a single cell and thus the nature of the biochemical processes taking
place on the AuNPs surfaces. This study showed that SERS can be used for single cell
analysis and its possible use in molecular biology. In this study, the spectral changes
espicially correspond to protein and lipids were observed depending on size, surface
chemistry, and aggregation status in time dependent manner.



OZET

TEK HUCREDE GERCEKLESEN BIYOKIMYASAL SURECIN YUZEYCE
ZENGINLESTIRILMIS RAMAN SACILMASI ILE INCELENMESI

Tek hiicre analizi; tek hiicre seviyesinde molekiiler bilgi edinmek i¢in gelismekte olan bir
yaklasimdir. Ozel molekiiler mekanizmalari ve yolaklarmi tek hiicre seviyesinde incelemek
olduk¢a 6nemlidir. Bu calismada tek hiicre analizi icin Yiizeyce zenginlestirilmis Raman
sacilmasi (YZRS) kullanilmigtir. YZRS alt maddesi olarak ise genel olarak kullanilmakta
olan altin nanopargaciklari kullanilmistir. YZRS aktivitesi altin nanopargaciklarin boyutuna,
sekline, ve hiicre i¢ci alimma gore birikimine baghdir. Biz bu calismada, canli hiicre
icerisinde gergeklesen biyokimyasal degismeleri izlemek igin altin nanoparcaciklarin ya da
kiimelelesmelerinin iizerindeki biyokimyasal degismeleri YZRS ile anlamaya calistik.
Bunun i¢in, iki farkli boya ve yiizeye sahip altin nanopargaciklar kullandik. Altin
nanopargaciklarin farkli boy ve ylizey kimyasi kombinasyonu; tek hiicreden gelen Raman
sacilim1 ve boylelikle yiizeyde olusan biyokimyasal degisiklikleri hakkinda bilgi vermistir.
Bu ¢alisma tek hiicreden gelen spectrayr anlamlandirmakta ve molekiiler biyolojide ve tipta
kullanim olasiligini ortaya ¢ikarmakta yardimci olmustur. Calismamizda, 6zellikle protein
ve yaglar belirten; boyuta, yiizey kimyasina ve kiimelesme durumuna gore zamana bagh

sagilim degisimleri gozlemlenmistir.
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1. INTRODUCTION

A cell is the basic unit of a living organism. Many abnormalities and diseases, especially
cancer, arise due to intracellular biochemical changes [1]. However, cell populations are
heterogeneous. Each cell type has a unique function and exhibits significant variations in
proteins, transcripts, metabolites and other analytes. To obtain an accurate result from the
analysis, all cells should be investigated individually [2]. Therefore, single cell analysis has
emerged in order to obtain the molecular information at the single-cell level. When
molecular signatures at the single-cell level can be measured, understanding the cellular

specificity and complexity of a single cell becomes possible.

Single-cell analysis is used to investigate many topics, such as cancer, stem cells,
immunology, and drug research and development. In cancer studies, molecular profiling of
the subpopulations plays an important role in diagnosis and treatment of cancer. Full
characterization of the cell populations can be achieved and also the stem cell differentiation
mechanism can be identified using single-cell sequencing [3, 4]. In immunology studies,
single-cell analysis overcomes the specific molecular marker limitation and makes the
identification of unique gene expression patterns in T and B cells possible [5]. Also, single-

cell analysis is used to measure the drug responses, which vary due to the heterogeneity [6].

There are many techniques that are used at the single-cell level and these techniques are
constantly being improved. DNA sequencing, RNA sequencing, exome sequencing, and
microarrays are some of the single-cell analysis techniques that are used for gene and

transcript studies [7]. However, the main challenge, for these techniques is contamination.

Mass spectrometry (MS), mass cytometry (CyTOF), Nuclear magnetic resonance (NMR),
flow cytometry and protein arrays are used for the protein and metabolic studies at the single-
cell level [8, 9]. However, antibodies are required for these techniques, except MS, which
has limitations including manual single-cell isolation and high amount of sample

requirement.

Complete analysis of cellular function at the single-cell level requires analysis of nucleic
acids, proteins, lipids, and functional analytes including kinases, apoptotic markers and

metabolites. Analysis of every molecule requires a different technique. To overcome this



limitation, new techniques were developed, such as Raman spectroscopy. Chemical structure
of a cell including nucleic acids, proteins, lipids can be determined using Raman
spectroscopy without any labelling or staining procedure [10]. Therefore Raman
spectroscopy is a suitable technique for live cell studies. since 1990 many cell studies were
carried out using Raman spectroscopy [11]. However, the main disadvantage of Raman
spectroscopy is the weak signals. To overcome this problem, surface enhanced-Raman
scattering was developed, which uses Raman-active noble metal nanostructured surfaces or

nanoparticles, more specifically gold or silver to enhance the Raman scattering [12].

SERS has been used in many fields including biomedical imaging, molecular sensing, and
detection since its discovery. The first single-cell analysis using SERS was reported in 1991
by Nabiev et al. [13]. In the recent years, the use of SERS in single-cell analysis has regained

attention.

For single-cell analysis, cells are incubated with nanoparticles to obtain the spectra.
Therefore, cellular uptake of nanomaterials plays a very important role in SERS
measurements. Uptake of nanoparticles which are smaller than ~200 nm is facilitated by
clathrin-mediated endocytosis [14]. Endocytic vesicles known as clathrin-coated vesicles
(CCVs) are formed by coated pits and clathrin. CCVs transport and recycle the molecules in
the cells [15].

Since the cellular uptake depends on size, shape and surface chemistry of nanomaterials,
SERS activity is also affected by these properties of the SERS substrates. For example,
different sizes of AuNPs exhibit differences in the cellular uptake [14]. 50 nm nanoparticle
is reported as the optimal size for the cellular uptake [16]. On the other hand, shape of the
nanoparticle was also demonstrated to have an effect on the cellular uptake in many studies
[17, 18]. For example, uptake of spherical nanoparticles is better than the uptake of rod-like
nanoparticles [19]. The surface properties including charge and targeting receptor play
important role in the endocytosis pathway of the nanoparticles. For example, positively
charged nanoparticles are endocytosized more efficiently than the negatively charged

nanoparticles [20].

In this study, we have utilized SERS to monitor the biochemical changes on AuNPs and
AUNP clusters up-taken by cells. Our goal was to investigate the possibility of monitoring

biochemical process in a living cell using the technique. First, 13 nm AuNPs (AuNPs13) and



50 nm AuNPs (AuNP50) were synthesized using Turkevich method [21] and the
nanoparticles were characterized by UV/vis spectroscopy and dynamic light scattering
(DLS). Then, both AuNPs13 and AuNP50 were modified with thiol modified poly-Adenine
oligonucleotides. MDA-MB-231 cells were later exposed to a mixture of AuNPs13,
AuUNPs50, or oligonucleotide modified AuNPs (AuNPs13-Oligo or AuNPs50-0Oligo). Then
the SERS spectra of the NP exposed cells were collected after 4h, 8h, 12h, and 24h. At each
time stamp, raster scans were performed on 20 cells to analyze the SERS spectra
reproducibility. Using the changes in the spectra, the effects of NP size, surface chemistry
and incubation time were analyzed to determine the most effective conditions for consistent

single cell spectra measurements.

The results indicate that oligonucleotide modified AuNPs were up-taken by the cells more
efficiently. The major changes in the SERS spectra were observed for the protein and lipid
regions during the endocytosis. Different spectral changes were observed for each AUNPs
treatment in the same incubation time. Therefore, it could be said that AUNPs13, AuNPs50,
and oligonucleotide modified AuNPs could be used to investigate the different stages of

endocytosis in a single-cell using SERS.



2. THEORETICAL BACKGROUND

2.1. MOLECULAR TECHNIQUES IN SINGLE CELL ANALYSIS

Individual cells may differ from each other even in the same population. During the cellular
heterogeneity, tools and assays that are used for cell analysis do not give accurate results.
Minor characteristics of the cells may be masked by the major characteristics [22].
Therefore, single cell analysis is crucial to illuminate the cellular diversity and heterogeneity.
It makes collecting molecular information, molecular mechanisms and pathways at the
individual cell level possible. These advantages have led to new approaches in many fields
such as tissue engineering, biomedical research, and cancer biology. In addition to these,
single cell analysis is promising for diagnostics and therapeutic applications. Some of the
major techniques used for these applications are DNA sequencing, fiber-optic arrays, comet

assay, mass spectrometry, and flow cytometry.

DNA sequencing has been developed in the recent years. The genome must be amplified by
performing PCR-based whole-genome amplification methods before sequencing [23].
However, random genes may cause under-amplification problems during nonlinear PCR
process [24]. To avoid these problems multiple displacement amplification method may be
used alternatively. This method requires 29 DNA polymerase. However, since ¢29 DNA
polymerase enzyme is nonlinear amplifier, it may cause bias. Another technique used for
whole-genome amplification is multiple annealing and looping-based amplification cycles
(MALBAC) [25]. Since initial genome amplification process is linear in MALBAC,

amplification bias is reduced.

DNA sequencing has several challenges though. Firstly, isolation of individual cells should
be precise. Secondly, amplification of the genome of a single cell should be enough for
further studies. Thirdly, the process both should be cost effective, and it should also fulfill
the requirements of the study. In addition to these, DNA sequencing methods could be
deviated from the ideal uniform which creates the bias. The bias is the biggest challenge for
this technique [26]. To avoid bias, experiment setups of DNA sequencing should be arranged

and carried out carefully.



Another single cell analysis technique is called as RNA sequencing, which is also known as
whole transcriptome shotgun sequencing. This next-generation sequencing tools technique
is used to analyze the transcriptome at single-cell level [27]. Using RNA sequencing immune
cells have been studied and transcriptional heterogeneity of healthy and diseased tissues have
been identified [28-30]. However, contamination is a major challenge for this technique [31].
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Figure 2.1. Workflows of RNA and DNA sequencing of a single cell [32].

Comet assay, also known as the single cell gel electrophoresis (SCGE), is a visual and
sensitive technique that is used to measure the DNA breakage in mammalian cells at the
single-cell level [33, 34]. However, using this technique only limited information can be
gathered from measuring DNA breakage.

Mass spectrometry is another technique that is used to analyze the protein and metabolite at
the single-cell level. Characterization of peptides has been achieved using MALDI MS and
characterization of small molecules has been performed using electrospray ionization (ESI)
MS [35, 36]. However, offline manual isolation is required; and lysis of a single cell is an
another challenge for this technique.



Other than MS, Mass cytometry (CyTOF), Single-cell barcode chips (SCBCs),
Microengraving, fluorescence activated cell sorting (FACS), Single-cell western blotting
(scWestern) methods can be used for single-cell proteomic analysis [37-40]. Each of these
techniques is used for a different purpose. FACs is used to analyze and sort the cells based
on cell surface markers. CyTOF and SCBCs are used to analyze the functional cytoplasmic
proteins. And ScWestern is a western blotting assay which has originated from comet assays.
Although these techniques have certain advantages, they also have some disadvantages such

as further analysis, use of antibodies, and an experienced operator requirements.

Beyond the molecular techniques, new approaches have emerged such as atomic force
microscopy (AFM), fluorescence microscopy, and Raman spectroscopy. For example, the
effect of paclitaxel on the Ishikawa and HelLa cells and the relationship between the
morphology and biophysical properties have been observed using AFM [41]. Cells were
stained with fluorescent molecules, so that they can be visualized by Fluorescence
microscopy. With more developed techniques such as STORM (stochastic optical
reconstruction microscopy) or PALM (photo-activated localization microscopy), higher

resolutions can be achieved[42].

Despite their advantages, all the techniques that we have discussed so far, have certain
problems and limitations. To overcome these limitations Raman spectroscopy is a good
alternative for live cell imaging. The basics of the technique and its use in single-cell analysis

will be summarized below.



2.2. RAMAN SPECTROSCOPY

Spectroscopy is the study of interaction of light with matter. Absorption, transmission and
scattering occur when light interacts with matter. One of the scattering phenomenon is
Raman, which was discovered by C.V. Raman in 1928 [43]. Working principle of Raman
spectroscopy based on inelastic scattering of monochromatic light and vibrational (phonon)

states of molecules which interact each other and illuminate the sample [44].

Scattering occurs in all directions when monochromatic light strikes and interacts with
molecules. Most of the scattered light have frequency that equals to frequency of incident
radiation which creates the Rayleigh scattering, the less amount of scattered light has
frequency that differs from frequency of incident radiation which creates the Raman
scattering [45]. When photons interact with sample energy can be lost which creates stokes
scattering or energy can be gained which creates anti-stokes scattering [46]. The energy

diagram of Raman scattering is shown in Figure 1.

S

S1

Energy

So

Rayleigh Scattering Raman Scattering (Stokes) Raman Scattering (Anti-Stokes)

Figure 2.2. Energy diagram of Rayleigh and Raman scattering with different energy levels
(So, S1, S2, S3).

Raman spectroscopy is a technique that provides information about biological and non-

biological molecules and their structures. The main advantages of Raman spectroscopy are

being non-destructive and label-free technique.



2.2.1. Raman Spectroscopy In Single Cell Analysis

Chemical structure of a cell including nucleic acids, lipid, and proteins can be observed
without any labelling or staining using Raman spectroscopy [10]. In first reports of Raman
spectroscopy used for single-cell analysis, cells were fixed with alcohols and aldehydes to
prevent the degradation. Alcohols were used to disrupt the hydrophobic bonds and denature
the proteins; aldehydes were used to induce the covalent bonds between proteins [47].
Compartments of the cells including nucleic acids [48], proteins [49], lipids [50], and
mitochondria [51] were monitored by using Raman spectroscopy with cell fixation
procedures. Also, cell cycle was observed at different phases [52] and identification of
differences between the benign and malignant breast tissues were achieved using fixed cells.
[53] However, researchers demonstrated that fixing procedures could affect the Raman
spectra of the cells. The Raman spectra differences of nucleic acids, lipids and proteins
between fixed and unfixed cell were investigated [54]. Also, in other studies, changes in
Raman spectra of proteins and nucleic acids depending on fixation procedures were
demonstrated [55, 56].

Since discovery of cell fixation effects, cells have been investigated without cell-fixation
procedures. For example, effects of doxorubicin with different exposure times to single
lymphocytes were investigated using Raman spectroscopy without any fixation, staining or
labeling [57]. Also, cell cycle phases of human embryonic stem cells were observed without
any labelling and fixation [58].

Although Raman spectroscopy has many advantages, it is not widely used in clinical
research because of its inherently weak signals [59]. To overcome this problem laser power
and exposure time are increased to obtain strong signals from samples. However, samples
were damaged because of increased laser power and exposure time [60]. Therefore, new
techniques such as combination with standard confocal microscope and surface-enhanced
Raman spectroscopy have been developed to enhance the weak signals without any damage
[11, 61].



2.3. SURFACE ENHANCED RAMAN SCATTERING

Surface-enhanced Raman scattering (SERS) is emerged to enhance the intensity of Raman
scattering by using Raman-active molecules or nanoscale roughened metal surfaces such as
gold (Au) and silver (Ag). Their laser excitation drives the surface charges resonantly and
plasmonic light field is created [62]. Absorption of a molecule close to the enhanced field is
enough to observe the enhancement in Raman intensity. Enhancement factors can be
remained higher depending on molecules [22]. Therefore, very small concentration of
substances can be detected and identified due to improved limit of detection; even single

molecule can be detected under favor of high Enhancement factors.

The first enhanced Raman signal of pyridine was observed in 1974 using rough silver film
[63]. However, many of enhanced Raman signals were observed from corrugated surface of
the electrode. Since the discovery of SERS by Van Duyne in 1977, research interest of SERS

substrates have been remained for 40 years [64].

The enhancement factors of SERS depend on the substrates [12]. The mechanisms of
enhancement factors are divided into the two which are electromagnetic field enhancement
and chemical enhancement mechanism [65]. In chemical enhancement mechanism, there is
charge transferring between the adsorbed molecule and metal to enhance the molecular
vibration. Theoretically, chemical enhancement factors are calculated up to 10°[66] while
the electromagnetic enhancement factors can be reached to 10'°-10* under favor of localized

surface plasmons (LSPs) of metallic nanostructure [67].

2.3.1. SERS Substrates

Semiconductor substrates, and noble metals are used as SERS-active substrates.
Semiconductor substrates were firstly used in 1983; enhancement of the pyridine spectrum
was observed the using NiO [68]. Later, similar enhancement effects using TiO2 [69] were
observed and later ZnO, CuO, Fes30s, PbS, and CdTe were used as SERS-active substrates
[70-74]. Also, graphene-based SERS substrates are emerged in recent years [75].
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Au and Ag nanoparticles are widely used as SERS-active substrates because of their high
Surface Plasmon Resonance (SPR) which occur when oscillation of free surface electrons
induced by light [76].

Electric Field

| | /%/e\
Electron Cloud Metallic )
v Nanoparticle

Figure 2.3. Surface plasmon resonance (SPR) for a metallic nanoparticle.

Preparation of gold and silver nanoparticles was achieved by reducing reactions [61]. The
main disadvantage of bare AuNPs and AgNPs is oxidation. To overcome the problems such
as instability, oxidation and aggregation of nanoparticles for SERS measurements, Au and
Ag nanoparticles are coated with shells. Silica coating is a method to improve core/shell
nanostructures [77]. Silica-coated plasmonic cores were fabricated and embedded with
Raman probes to be used as SERS-active substrates [78]. Also, silica-encapsulated Ag
(Ag@SiO2) was developed using environmental friendly solvents. To detect the
biomolecules, SERS-active substrates with core-shell structure have been used and they have
exhibited stability [79].

It is well known that AgNPs have higher enhancement factors than AuNPs [80]. However,
AgNPs should not be used in bioanalysis because of is toxicity. Therefore, AUNPs are widely
used in bioanalysis as SERS-active substrates due to the its bio-compatibility and non-
toxicity [81]. AuNPs have unique optical properties and chemical stability, therefore AUNPs
are widely used in scientific and technological fields such as chemical and biosensing,
biomedical imaging, and drug delivery. Different shapes of AuNPs such as spheres, rods,

wires, cubes, stars and triangles have been used for specific biomedical applications [82].
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However, before the use of gold nanoparticles in biomedical and medicine applications, its
potential toxicity should be investigated. For this reason, toxicity of AuNPs in vivo and in
vitro has been investigated in many research and toxicity of AuNPs will be summarized
below [83].

2.3.1.1 Toxicity of Gold Nanoparticles

Bulk gold is known as chemically inert and safe [84]. Therefore, gold nanoparticles and gold
based molecules are used in bioimaging and therapeutic applications. However,
nanoparticles can cause the DNA damage, apoptosis, oxidative stress and organelle damage
at the cellular level but gold nanoparticles have been reported as non-toxic in many studies
[85]. Goodman et al. reported that gold nanoparticles are toxic. However, in the same study,
anionic AuNPs were found as non-toxic. While 2 nm of cationic gold nanospheres have been
found as toxic, the same nanoparticles which have negative surface charge were found non-
toxic by using same concentration [86]. In another study, necrosis was triggered by 1.4 nm
gold nanospheres while there was no any cellular damage for 15 nm AuNPs [87]. Because
of different size, shape, and surface chemistry of gold nanoparticles, toxicity of AUNPs may

vary.

AUNPs in the range of 4 nm to 100 nm are widely used in cell studies. Since different
reducing agents are used to synthesise different size of AuNPs, toxicity of reducing agents
are important to understand the toxicity of AuNPs. For example, rod shaped AuNPs which
synthesised using Cetyltrimethylammonium bromide is toxic. However, use of Au nanorods

as SERS-active substrate in biological applications was reported [88].

To overcome the toxicity, AUNPs have been modified. Modification of AuNPs also enables
the targeting or delivering. However, when size, shape and surface chemistry of AuNPs

change, its cellular uptake, toxicity and also SERS activity changed [89].
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2.3.1.2 Size-dependent endocytosis of Gold Nanoparticles

The endocytosis process of AuNPs is important to understand for drug delivery, toxicity,
clinical diagnostics and therapeutics and many other biomedical applications. Endocytosis

of AuNPs was found to be size-dependent in many research [90].

Small molecules such as ions, amino acids, and sugars can traverse the plasma membrane
using integral membrane protein pumps or channels. On the other hand, the macromolecules
can be carried into the cell using vesicles which are derived from membrane by invagination
and pinching-off. This process is called as endocytosis [15]. Different endocytic pathways

take role in regard to the size of the endocytic vesicles.

Endocytosis can be divided into two categories; ‘phagocytosis’ and ‘pinocytosis’.
Pinocytosis has four basic mechanisms; clathrin-mediated endocytosis (CME), caveolae-
mediated endocytosis, clathrin- and caveolae- independent, and micropinocytosis that are

shown in Figure 2.4.

Pinocytosis

Phagocytosis Macropinocytosis
(particle-dependent)

Clathrin- Caveolin- Clathrin- and
mediated mediated Caveolin-
endocytosis endocytosis independent

endocytosis

1&o0) = (5 ()

4

Figure 2.4. Different endocytosic pathways of NPs cellular uptake [15].

Phagocytosis is an active and highly regulated process to clear the pathogens or large
molecules. Specific cell-surface receptors and signalling cascades are mediated by Rho-
family GTPases [91]. Membrane ruffling is induced by growth factors or other signals for

macropinocytosis process which is also mediated by Rho-family GTPases.

Caveolae which mediate the cellular transport of proteins are flask-shaped invaginations of
the plasma membrane. Their shapes and structures are mediated by caveolin which is a

integral membrane protein [92]. Caveolin form a caveolin coat on the surface of the
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membrane invaginations, internalized and vesicles carry the particles. Entry of nanoparticles

with approximately 500 nm size is utilized by caveolae-mediated endocytosis [14].

Clathrin-mediated endocytosis is an another vesicular cellular transport. Signal transduction
and nutrient import are induced by internalization and recycling of receptors thus synaptic
vesicles are reformed [93]. Entry of nanoparticles which are under 200 nm is utilized by

clathrin-mediated endocytosis [14].

On the other hand, small structures which have approximately 40-50 nm size, diffuse freely
on the cell surface. This type of endocytosis is called as Clathrin- and caveolin-independent
endocytosis [94].

Table 2.1. summarizes the cellular uptake and toxicity of AuNPs depending on size, shape

and modification.

Table 2.1. Summary of influence of AuNP size, shape, and surface chemistry on toxicity

and cellular uptake.

AuNPs Surface Cell Line Toxicity Uptake Efficiency
Size/Shape Chemistry
2,4,and 6 Cationic, Human 90 per cent More uptake efficiency
nm/ neutral cervical cells cell for cationic nanoparticles,
Spherical and anionic (HeLa) viability less for neutral and
after 24 h anionic particles [95].
17.7nm/ | Citrate, PAH, | Breast cancer | 90 per cent AuNPs/cell; 900 for
Spherical PVA cells (SK- cell PVA,1.800 for citrate,
BR-3) viability 5.200 for PAH [96].
after 24 h
10, 25, and Human 73.444.5 Higher uptake efficiency
50 nm/ HCPT breast cancer | per cent cell for 50 nm [97].
Spherical cells (MDA- viability
MB-23) after 24 h
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90 per cent AuNPs/cell; 3,000 for
50 x 20/ CTAB, PEG, SK-BR-3 cell PEG, 4,400 for anti-
Rods anti-HER2 viability HER2, 8,000 for CTAB
after 24 h [98].
50x20 / Anti-EGFR, | Human brain | Non-toxic AuNPs/cell;
Cage PEG cells (U-87 190 + 31 for PEG and 826
MG) + 50 for anti-EGFR [99].
AuNPs/cell;
40x18 / CTAB, PAH, HelLa 90 per cent | 1.000 for PSS 12.000 for
Rods PSS, cell PAH, 12.000
PDADMAC viability for CTAB, 150.000 for
after 24 h PDADMAC [100].

2.3.2. SERS in Molecular Sensing

SERS is a technique which can be used as a sensitive and label-free biosensor for detection
and identification of small molecules including DNA, proteins, lipids. Also, SERS can be
used for cellular sensing [101]. To detect and identify the desired molecule from the complex

area, SERS molecular sensors have been emerged.

Biological molecules can be identified in the range of 400 cm™ to 1400 cm™ wavelength.
For example, phosphate groups of DNA are detected at 980 cm™, 1080 cm™ and 1240 cm'?
while the carbonhydrates are detected at 470 cm™ and 1200 cm™ [102, 103]. Knowledge of
information of the molecules provides us to use the SERS for sensing, detection and

identification.

For various applications, SERS can be used as a biosensor. For example, SERS was utilized
for a pathogen detection using Ag nanorods in 2002. In this study, different SERS spectra
were obtained from different viruses including adenovirus, rhinovirus and HIV according

to the their compositions [104]. In another study, bacterial cells were detected using gold
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nanoparticle covered SiO> substrates by Ziegler’s group [105]. Also, ultrasensitive sensing
of bacteria and HIV DNA without any labelling was reported using SERS[106]. These
studies demonstrated that SERS can be used to detect the pathogens instead of long
molecular techniques such as PCR. Differently from these, DNA hybridization was observed
without labelling using SERS. To detect the target sequence, 2-aminopurine was substituted
for adenine in the probe DNA sequence [107].

The cell surface was investigate in many research using SERS. For example, the binding
potential of cell-surface receptors was investigated using SERS. For this study, Human
glioma (U251) and epidermoid tumors (A431) were used and epidermal growth factor
receptor (EGFR) was chosen for the sensing. EGFR-targeted and untargeted NPs were
prepared as SERS substrate and the tissues were stained using prepared NPs. Therefore, they
figured out that binding potential depends the NP concentration on cell-surface and the
results were checked using flow cytometry [108]. MUC1 mucin and nucleolin were detected

on the MCF-7 cell by Li et al. using DNA—gold nanoaggregates structure [109].

In another study, membrane proteins on cells were monitored using SERS [110]. Surface of
HeLa cells were labelled with cyano probe functionalized silver nanoparticles (NPs) for this
study. These studies demonstrated that SERS can be used to monitor the cell-surface

receptors and proteins and used for detection of the changes on the cell-surface.
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2.4. SERS IN SINGLE CELL ANALYSIS

The first single-cell analysis using SERS was reported in 1991. Interaction of doxorubicin
with the cells was observed using AgNPs as SERS substrate [13]. Later, AUNPs were utilized
as SERS-active substrate for the single-cell analysis in 2002 by Kneipp’s group [111]. In the
process of time, different size, shape and surface chemistry of AuNPs have been used as
SERS-active substrate in single-cell analysis. For example, gold nanorods (AuNRS) were
conjugated with anti-EGFR and used as cancer cell diagnostics tool in 2007 [112] while the
bare AuNPs were used to investigate the cell response to different doses of nanomaterials at
the single-cell level [113]. Small molecules such as glucose, NADPH/NADP*, and
polyamines were detected in HeLa cells using AUNP - AuNR nanostructures instead of

immunoassay approaches [114].

Cellular processes such as metabolism, cell growth, and cell membrane polarity depending
on pH were investigated using SERS [115]. Spherical AuNPs were modified with pH
responsive 4-mercaptobenzoic acid (MBA). In this study, SERS signal at 1720 cm™ that
corresponds to symmetric stretching of the COO™ group is increased responsing acidic pH.
But in neutral and alkaline environments, SERS peak at 1400 cm that corresponds to C=0
bond is increased due to deprotonation of COO™ group. Also, pH changes of live cells were

successfully monitored using BSA coated [116].

In recent study, intracellular adhesion molecule-1 (ICAM-1) which released after the
treatment of lipopolysaccharide (LPS) in murine macrophage cells (Raw264.7) were
detected using SERS at the single-cell level. For this study, AuNRs containing 4-
mercaptobenzoic acid were used [117]. The study indicates that SERS has high sensitivity

and can be used to detect the biomarker molecules instead of ELISA techniques.

In another study, telomerase activity was detected and inhibition of telomerase activity by
3'-azido-3'-deoxythymidine was successfully measured at single-cell level using SERS
[118].

Folate binding proteins in cancer HeLa and PC-3, and normal HaCaT cell lines were
investigated using SERS at single-cell level [119]. To detect the expression, AUNPs were
functionalized with folic acid and they bonded more on surface of cancer cell lines than the

normal cell lines thus strong SERS signals were collected from cancer cells. Also, the Jurkat
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cells and Raji cells were identified using AuNPs capped with 4-mercaptobenzoic acid
(MBA) and antibody [120]. This study demonstrated that SERS can be useful technique to

diagnose the leukemic lymphocytes at early stage.

MDA-MB-231 and MCF-7 breast cancer cell lines were characterized and distinguished
using SERS by Hossains et al. [121]. Gold nanosphere deposited ITO was used as SERS
substrates. They reported that molecular detection and distinguishing of the different cells
can be achieved using SERS at single-cell level. Also, different types of breast cancer cells

were distinguished using SERS at the single-cell level by Aberasturi et al. [122].

On the other hand, to monitor the cell differentiation and cell cycle phases, SERS technique
was used in various studies. For example, differentiation of neural stem cells (NSCs) were
observed. While the differentiated and undifferentiated NSCs were distinguished using
graphene oxide (GO)-encapsulated gold nanoparticles by Kim et al. and differentiation of

NSCs was monitored using gold nanostar arrays by El-Said et al. [123, 124].

To obtain the highest selectivity and sensitivity, SERS can be used at the single-cell level
for the detection of targeted molecules. For example, mitochondria was targeted using
AUNP-DNA core Au shell NPs. Cell death was induced by potassium cyanide (KCN) and
they observed the spectral changes originating from mitochondria. It was demonstrated that
SERS can be used to monitor the biochemical changes in mitochondria by targeting SERS

substrates towards the compartments in a single-cell [125].

In another study, nucleus was targeted with different functionalized SERS substrates to
investigate the biochemical changes using SERS. Gold nanorods were attached with a simian
virus (SV40) nuclear localization signal (NLS) peptides through a thioalkyl-triazole linker
by El-Sayed’s group in 2007 [126]. They monitored the intracellular localization of modified
gold nanorods using conventional microscope in the dark field. In addition to this, they
investigate the biochemical environment of nanorods in nucleus using SERS and they
figured out some spectral differences of normal and cancer cells. Also, 40 nm AuNPs
attached with SV40 NLS were used to monitor the differentiation of neuroblastoma cells
using SERS [127].



18

Different from those, to observe the efficiency of anti-cancer drugs, cisplatin and 5-
fluorouracil, AuNPs were modified with NLS and Arginyl-glycyl-aspartic acid (RGD)
peptides [128]. They reported that the Raman peaks at 1000 cm™ and 1585 cm™ which
correspond the phenylalanine and DNA bases were increased during the cell death. Also,
molecular changes in the nucleus were monitored using AuNPs modified NLS-peptide by
El-Sayed’s group [129]. Therefore, these studies demonstrate that SERS can be used to
monitor the biochemical changes and intracellular molecular sensing at the targeted areas at

single-cell level.
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3. MATERIALS

3.1. CHEMICALS AND REAGENTS

3.1.1. AuNPs Preparation

Gold (1) chloride trihydrate (HAuCls-3H20, MW:393.83 g/mol) (Sigma-Aldrich #520918,
USA), trisodium citrate dihydrate (CsHsNasO7-2H20, MW:294.10 g/mol) (Merck
#A829748, Germany).

3.1.2. Modification of AuNPs-Oligo

Potassium phosphate monobasic (KH2POa, 85per cent, d:1.71 g/cm3, stock: 14.8 M; Merck
#100573 Germany), potassium phosphate dibasic (K:HPO4, MW:174.18 g/mol) (Sigma-
Aldrich P3786 USA), sodium chloride (NaCl, MW: 58.44 g/mol) (Sigma-Aldrich #31434,
USA), sodium dodecyl sulphate (SDS) (C12H2504SNa, MW:288.38g/mol) (Bio Basic Inc.
#151213 Canada), and oligonucleotides from Alpha DNA, Canada were used to modify the

AUNPs with oligonucleotides.

3.1.3. Cell Culture

Dulbecco’s Modified Eagle’s Medium - High Glucose (Gibco #21063029, USA), fetal
bovine serum (FBS) (Gibco #10270, UK), phosphate buffered saline (PBS) (HyClone™,
USA) (Gibco #SH30256, USA), Penicillin Streptomycin (Gibco #15140122, USA),
Trypsin-EDTA 0.25 per cent (Gibco #25200056, UK), Cell Proliferation Reagent WST-1
(Roche #05015944001, USA) were used for cell culture studies. Calcium fluoride (CaF>)

slides were used for the cell droplet.
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3.2. INSTRUMENTS

Raman microscopy system (InVia Reflex, Renishaw, UK), UV/Vis spectrometer
(PerkinElmer, USA), Zetasizer Nano-ZS (Malvern Insturements, UK). 2-5 centrifuge
(Sigma, UK), ultrasonic bath (Bandelin Sonorex, Germany), mikro 22R centrifuge (Hettich,
UK), Biohazard safety cabinet (Esco Class Il type A2, USA), CO: incubator (37°C, CO>
5per cent, Nuaire, USA), ELx800 Absorbance Reader (Biotek, USA) were used in this study.

3.3. CELL LINES

MDA-MB-231 breast cancer cell lines were purchased from American Type Culture
Collection (Manassas, VA, USA).



21

4. METHODS

4.1. SYNTHESIS OF GOLD NANOPARTICLES

Two different sizes of AuNPs with an average size of 13 nm (AuNPs13) and 50 nm
(AuNPs50) were synthesized using Turkevich method[21]. Before the synthesis all glasses

were washed with aqua regia (HCI:HNOs of 3:1) to clean the surface of glass.

For the synthesis of AuNPs13, 40 mg of gold chloride (HAuCl4.3H20) was dissolved in 100
ml ddH20. The solution was heated under stirring until boiling. Then, 10 mL of 38.8 mM
sodium citrate (NasCsHs0O7) solution was added into the solution quickly. The soluiton was

boiled for 15 minutes and waited at room temperature for cooling.

For the synthesis of AUNPs50, 10 mg of HAuCls.3H20 was dissolved in 100 ml ddH20. The
solution was heated under stirring until boiling. Then, one mL of one per cent NasCeHsO7
solution was added into the solution quickly to the boiling solution. The soluiton was boiled

for 15 minutes and waited at room temperature for cooling.

4.2. MODIFICATION OF GOLD NANOPARTICLES WITH
OLIGONUCLEOTIDES

Both the AuNPs (AuNPs13 and AuNPs50) were modified with oligonucleotides using salt
aging procedure[130]. Briefly, 100 pl of 0.1 M of phosphate buffer and 100 ul of 0.1 per
cent SDS were added into one mL of each AuNPs13 and AuNPs50. A 20 ul of 100 uM 5°-
thiol modified 20-mer polyadenine oligonucleotide (5’-SH-
AAAAAAAAAAAAAAAAAAAA) was added into the AuNPs13 suspension while 30 pl
of oligonucleotide was added to AuNPs50 suspension. Both the suspensions were mixed
gently for 30 minutes at room temperature. After mixing, 100 pl of 2M NaCl solution was
added into prepared suspensions at the three steps. After every addition step, the suspensions
were sonicated for 20 seconds and mixed gently for 30 minutes. After the last addition of

NaCl, the suspensions were incubated under gently mixing overnight. To remove excess



22

oligonucleotides, suspensions were centrifuged at 13.000 rpm for 20 minutes and the pellet

was resuspended with ddH20. This step was repeated three times.

43. CHARACTARIZATION OF GOLD NANOPARTICLES AND GOLD
NANOPARTICLES WITH OLIGONUCLEOTIDES

4.3.1. UV/Vis Spectroscopy

The absorbance of 13 nm AuNPs, 50 nm AuNPs, and AuNPs-Oligo were measured using
UV/Vis spectrometer (PerkinElmer, USA).

4.3.2. Dynamic Light Scattering

Hydrodynamic size measurements of the 13 nm AuNPs, 50 nm AuNPs, and AuNPs-Oligo
were measured using Zetasizer Nano-ZS (Malvern, UK) at the room temperature at 173°
scattering angle with a 4 mW He-Ne laser. The prepared samples were placed into
polystyrene cuvettes for the measurements. The refractive index and absorption of the
AUNPs were assumed as 2.0 and 0.320, respectively. The measurements were repeated three

times.

4.3.3. Transmission Electron Microscopy Analysis

Transmission Electron Microscopy (TEM) measurements of 13 nm AuNPs and 50 nm
AUNPs were performed by using JEOL-2100 HRTEM LaBs (JEOL, USA) which is equipped
with an Oxford Instruments 6498 EDS system operating at 200 kV. For the analysis, drop of

samples were placed onto carbon support film coated copper TEM grids.
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44. CELL CULTURE

MDA-MB-231 breast cancer cell line was cultured in high glucose DMEM containing 10
per cent FBS and 1 per cent PS at 37°C under 5 per cent CO, humidified atmosphere. In
every 3-4 days cells were passaged and seeded again for reproducing.

45. TREATMENT OF CELLS WITH AUNPS

MDA-MB-231 cells were seeded at the density of 20.000 cells/well in 24-well plates. The
cells were incubated for 24 h for attachment. After 24 h, the MDA-MB-231 cells were treated
with AuNPs50, AuNPs50-Oligo at the concentration of 10 nM in cell culture medium. The
treatment of cells by the mixtures of AuNPs was performed by addition of 25 nM of
AUNPs50 and 10 nM of AuNPs13, and 25 nM of AuNPs50 and 10 nM of AuNPs13-Oligo

into the cell culture medium.

4.6. WST-1CELL VIABILITY ASSAY

Cytotoxicity of AuNPs13, AuNPs13-Oligo, AuNPs50, AuNPs50-Oligo, mixture of
AUNPs50 and AuNPs13, and mixture of AuNPs50 and AuNPs13-Oligo were investigated
by measuring the mitochondrial activiy using WST-1 assay. Briefly, MDA-MB-231 cells
were seeded at the density of 5.000 cells/well in 96-well plates.After 24 h incubation, the
MDA-MB-231 cells were treated with AuNPs13, AuNPs13-Oligo, AuNPs50, AuNPs50-
Oligo, mixture of AuNPs50 and AuNPs13 and mixture of AuNPs50 and AuNPs13-Oligo at
concentrations of 2.5, 5, 10, 15, 20, and 25 nM. After 24 h treatment, the cells were incubated
with 5 per cent WST-1 dye containing fresh cell culture medium for 1.5 h. When the colour
of medium returned to yellow from pink, cell viability was measured by using microplate

reader at 450 nm.
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4.7. SERS MEASUREMENTS

Cells were treated with the AuNPs for 4 h, 8 h, 12 h, and 24 h. After each incubation duration,
the cells were detached from cell culture plate surface using trypsin and placed on CaF;
within a volume of cell culture medium in order to prevent from drying. The cells were
allowed to settle down on CaF surface for a while in order to keep laser beam on the same
sample without any flow. An area was selected for the SERS acqusition. Before the
measurements, the system was calibrated using silicon as Raman shift standard at 520 cm”
1. A raster scan was performed with 2 um steps using Raman Microscopy system with
StreamLine™ under long distance 20X (N.A:0.4) objective at 830 nm excitation
wavelength. The steps were determined according to the spot size of laser beam on sample
surface, which was found as 2.5 um from the formula 1.22 A/NA. Approximately, 36-64
spectra were collected from a single cells. For all measurements, laser power of 150 mW
and 2 s of exposure time were used as previously optimized by Kuku et al. in another study
for single-cell analysis [113]. 20 cells were used for the evaluation and the spectra were

processed using Wire software.
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Figure 4.1 Experimental design of treatment and SERS measurements.



25

5. RESULTS AND DISCUSSION

5.1. CHARACTARIZATION OF GOLD NANOPARTICLES AND GOLD
NANOPARTICLES WITH OLIGONUCLEOTIDES

Characterizations of AuNPs13, AuNPs50, AuNPs13-Oligo, and AuNPs50-Oligo were
performed using UV/Vis spectroscopy and Dynamic Light Scattering (DLS).

5.1.1. UV/Vis Spectroscopy

The UV-Vis spectra of the AuNPs13 and AuNPs13-Oligo are shown in Figure 5.1.
According to the literature, maximum wavelength for the AuNPs13 is at 520 nm[131]. When
the AuNPs13 were modified with oligonucleotides, maximum wavelength shifted from 520

nm to 535 nm due to the modification and size increase.

04 AuNPs13
531
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Figure 5.1. UV/Vis spectra of suspension of AuNPs13 and AuNPs13-Oligo.
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The UV-Vis spectra of the AuNPs50 and AuNPs50-Oligo are shown in Figure 5.2.
According to the literature, maximum wavelength for the AuNPs50 is at 532 nm [132].
When the AuNPs50 were modified with oligonucleotides, maximum wavelength shifted

from 532 nm to 540 nm due to the modification and hydrodynamic size increase.
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Figure 5.2. UV/Vis spectra of suspension of AUNPs50 and AuNPs50-Oligo.

5.1.2. Dynamic Light Scattering

Hydrodynamic sizes of AuNPs13 and AuNPs13-Oligo are shown in Figure 5.3.
Hydrodynamic size of AuNPs13 is shifted from 13 to 28 when oligonucleotide modification

was occurred.
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Figure 5.3. DLS spectra of suspension of AuNPs13 and AuNPs13-Oligo.

Hydrodynamic sizes of AuNPs50 and AuNPs50-Oligo are shown in Figure 5.4.

Hydrodynamic size of AuNPs50 shifted from 58 to 90 when oligonucleotide modification

was occurred.
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Figure 5.4. DLS spectra of suspension of AUNPs50 and AuNPs50-Oligo.

Transmission Electron Microscopy

TEM images of AuNPs13 and AuNPs50 are shown in Figure 5.5. Sizes of AuNPs13 and

AUNPs50 are determined from TEM analysis to be about 13 nm and 50 nm, respectively.

A

50 nm
—

50 nm

Figure 5.5. TEM images of the AuNPs with sizes of (a) 13 nm and (b) 50 nm.
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5.2. WST-1CELL VIABILITY ASSAY

It is known that AuNPs are non-toxic [85]. However, toxicity of AuNPs change depending
on surface chemistry, shape, size, and aggregation status [87]. In this study, influences of
AuNPs13, AuNPs13-Oligo, AuNPs50, AuNPs50-Oligo, mixture of AuNPs50 and
AuUNPs13, and mixture of AuNPs50 and AuNPs13-Oligo to cell viability were investigated.
The cytotoxicity of AuNPs in the concentration of 2.5 nM to 20 nM was assessed and the

results are shown in Figure 5.5.

According to the control group, AuNPs13, AuNPs13-Oligo, AuNPs50, AuNPs50-Oligo, and
mixture of AuNPs50 + AuNPs13 did not show significant cytotoxic effect; 90 per cent cell
viability was observed after 24 h treatment. However, cell viability decreased to 89 per cent
when the cells were exposed to mixture of AuNPs50 + AuNPs13-Oligo at the concentration
of 20 nM. The decrease in cell viability could be due to the aggregation status of AuNPs
[133].
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Figure 5.6. Cell viability of MDA-MB-231 cells treated at increasing concentrations of (a)
AuUNPs13, (b) AuNPs13-Oligo, (c) AuNPs50, (d) AuNPs50-Oligo. Mixture of (e) 25 nM
of AuNPs50 and AuNPs13 with increasing concentration, and (f) 25 nM of AuNPs50 and

AuNPs13-Oligo with increasing concentration.



31

5.3. SERS MEASUREMENT

The influence of surface chemistry difference on the uptake of AuNPs and molecular process
taking place in single-cell were investigated using SERS. Cells were treated with 10 nM of
AuNPs13, AuNPs13-Oligo, AuNPs50, AuNPs50-Oligo, mixture of AuNPs50 and
AuNPs13, and mixture of AuNPs50 and AuNPs13-Oligo. After 4h, 8h, 12h, and 24h
treatment, SERS spectra of the 20 MDA-MB-231 cells were collected. Intensities of SERS
spectra and obtained spectral information from the cells changed depending the size, surface
chemistry and the combinations of AuNPs mixtures, which were AuNPs13, AuNPs13-
Oligo, AuNPs50, AuNPs50-Oligo, mixture of AuNPs50 and AuNPs13, and mixture of
AUNPs50 and AuNPs13-Oligo has shown in Figure 5.6. AuNPs50 provided more intense
spectra than the others due to the more efficiently uptake and intracellular aggregation while
AuUNPs13 and AuNPs13-Oligo did not show any SERS activity.
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Figure 5.7. SERS spectra of MDA-MB-231 cells incubated with AuNPs50, AuNPs50-
Oligo, AuNPs13, AuNPs13-0Oligo, mixture of AUNPs50+ AuNPs13, and mixture of
AuUNPs50+ AuNPs13-Oligo for 24h.

To investigate possible spectral differences of AUNPs13 and AuNPs13-Oligo, SERS spectra
of non-treated cells were also collected to check the spectral differences and the same spectra
were obtained from the cells, shown in Figure 5.7. Thus, we can clearly say that AUNPs13
and AuNPs13-Oligo do not have any SERS activity up to 24 h exposure time.
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Figure 5.8. SERS spectra of MDA-MB-231 cells incubated with AUNPs13, AuNPs13-

Oligo, and without incubation for 24h.

5.3.1. Time Dependent SERS Activity on AUNPs50

Time dependent SERS activity of AuUNPs50 inside the cells was monitored after 4h, 8h, 12h,
and 24h treatment. Firstly, cells were exposed to 10 nM of AuNPs50. An area of 20 cells
were scanned after 4 h, 8 h, 12 h, and 24 h incubation. An average 36-64 spectra were
collected from a single cell. The data of a single cell was pre-processed by applying subtract

baseline, smoothing and normalization using Wire software.

The reproducibility of SERS spectra of the MDA-MB-231 cells treated with AuUNPs50
obtained from each time point was shown in Figure 5.8. Coefficient of variation values (CV),
which indicate the degree of variation of reproducibility of spectra from a group of single
cells, were calculated for each group. As is seen in Figure 5.8., the reproducibility of spectra
obtained at 4h and 8 h are very low while the reproducibility of spectra increased further
incubation to 12 h and 24h. Dependently, CV values are observed as 75.62 per cent, 73.55
per cent, 53.21 per cent, and 38.34 per cent. The decrease in the CV values can indicate that
the time-dependent uptake process of the cells and aggregation of AuNPs inside the cells.
The small aggregates were started to comprise in the cells in 4 h. When the exposure time
was increased, the uptake of AuNPs and their aggregation also increased because of the
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particle aggregation in the vesicles or fusion of endosomes which contain nanoparticles. It

was reported that formation of NPs aggregation depends on time [134].

Significant changes in peak intensities are clearly observed due to the molecular dynamics
of the cells during exposure times. The average of spectra from 20 cells after 4h, 8h, 12h,
24h treatment is shown in Figure 5.8.(E). Briefly, the intensities at the 545 cm™ (S-S), 640
cmt (C-C twisting of proteins), 646 cm™ (C-C twisting mode of tyrosine), 662 cm™ (C-S
stretching mode of cystine), 687 cm™ (C-N), 840 cm™ (amine groups), 884 cm™ (proteins),
1203 cm™* (Amide 111), 1223 cm™ (cellular nucleic acids), 1278 cm™ (Amide 111), 1319 cm™
(Amide 111), 1337 cm™ (Amide 111), and 1420 cm™ (nucleic acids) peaks which correspond
to proteins and nucleic acids increased starting from 4 h to 24 h. The peaks at 717 cm™
(membrane phospholipids), 813 cm™ (phosphodiester bands), 1031 cm™ (Phenylalanine),
1064 cm™ (C-C stretch of lipids) and 1445 cm™ (CH. deformation) which correspond to lipid
also changed by decreasing the intensities from 4 h to 24 h [135-141].

These spectral changes reflect the inhomogeneity of a cell content and depending on
localization and aggregation status of AuNPs50. For example, while the peak intensity at
717 cm™ which corresponds to C-N bond in membrane phospholipids is decreased, the peak
intensity at 884 cm™ which corresponds to proteins is increased during exposure time.
Because AuNPs50 could be still interacted with the cell membrane in 4 h or aggregation of
AUNPs distributed nearly membrane. On the other hand, effect of membrane wrapping can
be still remained in 4 h. After 12 h, AuNPs are uptaken into cells and larger aggregation
started to occur near nucleus [142]. Therefore, peaks which correspond to protein, nucleic
acids, RNA and DNA are increased while the exposure time is increased. The peaks between
1200 cm™ - 1400 cm™ indicates the amide 111 bonds which give structure information about
the proteins. On the other hand, peak intensities at 1064 cm™ and 1445 cm™ decreased during
24 h because they indicate the C-C stretch and CH. deformation at lipids, respectively, which
associated the membrane status. An another peak that corresponds to phosphodiester bond
at 813 cm™ also disappeared after 12 h. These spectral changes could indicate the motion of

endosomes from early endosome to lysosomes.

Spectral changes at 545 cm™, 640 cm™, 646 cm™ and 687 cm™ which correspond to S-S
and C-C bonds of proteins were clearly observed after 8 h. This situation indicates the

endosome maturation. Since early endosomes link to lysosomes or form the fusion
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endosomes, proteins take very important role. Thus, the spectral changes can be explained

as endosome maturation process after 8 h.
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Figure 5.9. Reproducibility of SERS spectra of 20 MDA-MB231 cells incubated with
AUNPs50 for (a) 4 h, (b) 8 h, (c) 12 h, (d) 24 h. (e) Comparison of average of SERS
spectra obtained from different incubation times.
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5.3.2. Time Dependent SERS Activity On AuNPs50-Oligo

Time dependent SERS activity was monitored after 4 h, 8 h, 12 h, and 24 h AuNPs50-Oligo
treatment. The reproducibility of SERS spectra obtained from each time point was shown in
Figure 5.9. CV values were calculated for each group. As expected, the reproducibility of
spectra was increased from 4 h to 24 h. Dependently, the CV values are observed as 55.81
per cent, 51.81 per cent, 49.15 per cent, and 42.29 per cent. CV values of AuNPs50-Oligo
uptake at 4 h, 8 h, and 12 h are smaller than AuNPs50 uptake. These results could be
explained with the time dependent intracellular uptake efficiency and the aggregation.
AuNPs-Oligo could enter the cells more efficiently than AuNPs or localization of AUNPS50-
Oligo have differences from AuNPs50 treatment [143]. However, CV value of AuNPs50-
Oligo treatment was more than CV value of AuNPs50 treatment at 24 h. It could be caused

by the particle loss due to exocytosis [142].

Intensities at the 552 cm™ (S-S), 585 cm* (S-S), 678 cm™ (Ring breathing modes in the DNA
bases), 1228 cm™ (Amide I11), 1275 cm™(Amide 111), 1317 cm™*(Amide I11), 1420 cm?
(nucleic acids) peaks which correspond to nucleic acids and proteins also increased during
the treatment of AuNPs50-Oligo and the peaks at 620 cm™ (C-C twist), 729 cm™ (Adenine),
960 cm! (vibration of PO4), and 1064 cm™ (C-C stretch of lipids) which correspond to lipids
also decreased [137, 138, 140, 141]. The peak intensity at 717 cm™ which corresponds to C-
N bond in membrane phospholipids decreased for 8 h and 24 h treatment.

For example, there is a significant decrease at 960 cm™ and 1064 cm™ after 4 h which
correspond to PO4 and C-C in lipids, respectively. And at 1228 cm™ which correspond to
amide 111 sharpened during increased exposure time. Also the peaks between 1200 cm™ and
1400 cm! indicates the amid 111 bonds which give structure information about the proteins
increased during exposure time. Between 500 cm™ and 600 cm™ which correspond to S-S
bond, spectral changes are observed during the protein interaction. The peak intensity at 729
cm* which corresponds to Adenine disappeared after 4 h. This peak could be caused by the
poly-Adenine oligonucleotides. The peak at 1420 cm™, attributed nucleic acids, showed up
after 8 h. As we expected, the spectral changes which correspond to protein, lipids and
nucleic acids are observed and generally the intensities of protein and nucleic acid peaks

increased and the lipid peaks decreased since the exposure time increased.
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Figure 5.10. Reproducibility of SERS spectra of 20 MDA-MB231 cells incubated with
AuUNPs50-Oligo for (a) 4 h, (b) 8 h, (¢) 12 h, (d) 24 h. (e) Comparison of average of SERS
spectra obtained from different incubation times.
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5.3.3. Time Dependent SERS Activity on Mixture of AUNPs50 + AuNPs13

Beside the effects of surface chemistry of AuNPs, effects of intracellular aggregation status
of AuNPs to SERS spectra were investigated. The particle size of nanoparticles influences
the nanoparticle uptake and intracellular aggregation status. However, the efficiency of
internalization of difference sizes of nanoparticles when they are exposed together is
unknown. Although not yet certain, influence of uptake and intracellular aggregation status
of different sizes on SERS enhancement was investigated using mixture of AuNPs50 and
AUNPs13 in this study.

AUNPs50 were added to the medium in 25 percent (v/v) of 1 mL which was the optimal
amount for the SERS enhancement [113]. 10 nM of AuNPs13 were added to same incubation
medium and MDA-MB-231 cells were incubated with mixture of AuNPs50 and AuNPs13
for4h,8h, 12 h, and 24 h.

Time dependent SERS activity was monitored after 4 h, 8 h, 12 h and 24 h mixture of
AUNPs50 and AuNPs13 treatment. The reproducibility of SERS spectra obtained from each
time point was shown in Figure 5.10. CV values were calculated for each group. As
expected, the reproducibility of spectra is increased from 4 h to 24 h. Dependently, the CV
values are observed as 61.05 per cent, 60.99 per cent, 58.72 per cent, and 41.60. CV values
of AuNPs50 + AuNPs13 uptake at 4 h, 8 h, and 12 h are smaller than AuNPs50 uptake. It
could be explained by the aggregation status of AUNPs50 and AuNPs13 during the uptake
process and eventually in the cells.

Intensities at the 555 cm™ (S-S), 646 cm™ (C-C twisting mode of tyrosine), 678 cm™ (Ring
breathing modes in the DNA bases), 884 cm™(Proteins), 1275 cm™ (Amide 111), and 1302
cm (Amide 111) peaks which correspond to nucleic acids and proteins increased during the
treatment and the peaks at 717 cm™ (membrane phospholipids) and 960 cm™ (stretching
vibration of PO4) which correspond to lipids decreased [137, 138, 140, 141, 144].

Spectral changes are observed between 500 cm™ and 600 cm™ correspond to S-S bond for 4
h and 8 h. It could be explained as motion of endosomes in the cell. During the motion,
proteins such as kinesin, dynein take role thus peaks that correspond to proteins exhibited
intensity changes during exposure time. For example, significant increase was observed at

646 cm™ which correspond to C-C twisting mode of tyrosine. While the peaks at 717 cm™
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and 960 cm™ which correspond to C-N and PO at lipids disappear after 24 h. As we
expected, CV value was decreased during exposure time and protein peaks increased while
the lipid peaks decreased. As is seen in Figure 5.8, Figure 5.9, and Figure 5.10 number of
spectral changes are less than the AuNPs50 and AuNPs50-Oligo treatment. It could be
caused by aggregation status of AuNPs in the lysosomes which means the end of the

endocytosis pathway.
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Figure 5.11. Reproducibility of SERS spectra of 20 MDA-MB-231 cells incubated mixture
of AuNPs50 and AuNPs13 for (a) 4 h, (b) 8 h, (c) 12 h, (d) 24 h. (e) Comparison of
average of SERS spectra obtained from different incubation times.
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5.3.4. Time Dependent SERS Activity on Mixture of AUNPs50 + AuNPs13-Oligo

While the particle size of nanoparticles influences the nanoparticle uptake and intracellular
aggregation status, surface chemistry of AuNPs also influences the aggregation status.
Therefore, AuNPs13-Oligo was used in mixture to investigate the influence of surface
chemistry to SERS spectra.

AUNPs50 were added to the medium in 25 percent (v/v) of 1 mL and 10 nM of AuNPs13-
Oligo were added to same incubation medium and MDA-MB-231 cells were incubated with
mixture of AUNPs50 and AuNPs13-Oligo for 4 h, 8 h, 12 h, and 24 h

Time dependent SERS activity was monitored after 4 h, 8 h, 12 h, and 24 h mixture of
AUNPs50 and AuNPs13-Oligo treatment. The reproducibility of SERS spectra obtained
from each time point was shown in Figure 5.11. CV values were calculated for each group.
As expected, the reproducibility of spectra is increased from 4 h to 24 h. Dependently, the
CV values are observed as 63.19 per cent, 62.81 per cent, 57.46 per cent, and 53.09. CV
values of mixture of AUNPs50 + AuNPs13-Oligo treatment at 4h, 8h, and 24h are larger than
AUNPs50+AuUNPs13 treatment. It could be caused by the size increase of AuNPs50 and
AuUNPs13-0ligo compared to AUNPs50 +AuNPs13.

Intensities at the 548 cm™ (S-S), 646 cm™ (C-C twisting mode of tyrosine), 678 cm™ (Ring
breathing modes in the DNA bases), 760 cm™ (Ring breathing tryptophan), 884 cm?
(Proteins), 1224 cm™ (Amide 111), 1247 cm™ (Amide 111), and 1260 cm™(Amide I11), peaks
which correspond to nucleic acids and proteins increased during the treatment and the peak
at 717 cm™ (membrane phospholipids) and 800 cm™ (phosphate ion interactions ) which
correspond to lipids decreased [136, 137, 140, 141, 144-146].

The peak at 646 cm™ which corresponds to C-C twisting mode of tyrosine significantly
increased while the peak at 800 cm™ corresponds to phosphate ion interactions significantly
decreased after 24 h. 1224 cm™, 1247 cm™, and 1260 cm™ corresponds to Amide 111 increased

during exposure time.

On the other hand, it can be said that to monitor the changes in the cells, mixture of AUNPs50
and AuNPs13-Oligo is more suitable than mixture of AuNPs50 and AuNPs13. As is seen
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form figure 5.11, we can clearly observe the protein and lipid changes during exposure time
for mixture of AUNPs50 and AuNPs13-Oligo treatment.
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Figure 5.12. Reproducibility of SERS spectra of 20 MDA-MB231 cells incubated mixture
of AuNPs50 and AuNPs13-Oligo for (a) 4 h, (b) 8 h, (c) 12 h, (d) 24 h. (¢) Comparison of

average of SERS spectra obtained from different incubation times.

According to the time dependent SERS activity measurement, it was observed that the SERS
spectra of 24 h treatment was more reproducible than 4 h, 8 h, and 12 h treatment. It could
be inferred from the spectral changes of all treatments, peaks which correspond to proteins

increased while the lipid decreased during the endosomal activity depends on time.
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5.3.5. SERS Activity on AuNPs After 4 h Treatment

According to the comparison of the time-dependent spectra it can be said that AuNPs50,
AUNPs50-0ligo, mixture of AuUNPs50 + AuNPs13 and mixture of AUNPs50 + AuNPs13-
Oligo were uptaken and aggregation status changed during exposure time. However, to
understand the effects of size and surface chemistry, the SERS spectra of different AuUNPs

treatments should be compared at the same exposure time.

It was expected to measure the correlation between the size, surface chemistry and
aggregation status of nanoparticle and the SERS spectra obtained from cells during

endocytosis process. Thus, we expect the monitor the molecular changes.

The averaged spectrum of the cells were compared according to the particle treatment in
same incubation time. The spectral changes of the cells which were treated for 4 h are shown
in Figure 5.12. Intensity changes of the peaks at 552 cm™ (S-S), 640 cm™ (C-C twisting of
proteins), 662 cm™ (C-S stretching mode of cystine), 755 cm™ (Symmetric breathing of
tryptophan), 890 cm (Protein bands), 1172 cm™ (tyrosine), 1224 cm*(Amide 111), 1269 cm’
L (Amide 111), 1296 cm™ (Amide 111), and 1230 cm™ (Amide 111) which correspond to proteins
and nucleic acids; the peaks at 576 cm™ (Phosphatidylinositol), 717 cm™*(membrane
phospholipids), 800 cm™ (phosphate ion interactions), 1064 cm™ (C-C stretch of lipids), and
1445 cm™ (CH: deformation) which correspond to lipids and phosphates were observed.

As is seen from the Figure 5.12., so many spectral changes were observed after 4 h treatment
because of the aggregation status and endocytosis process. Clathrin-mediated endocytosis is
utilized to uptake of AuNPs smaller than 200 nm [14]. Protein—protein or protein—lipid
interactions take important roles in the coat nucleation and assembly [147]. Thus, spectral

changes generally correspond to proteins and lipids.

For endocytosis, firstly membrane wrapping is occurred [147]. Thus, in 4 h , the spectral
changes correspond to protein and lipids were expected during membrane wrapping and
vesicle forming. For example, peak intensities at 640 cm™, 662 cm™ |, and 755 cm™ which
correspond to proteins are increased and also peaks between 1200 cm™ - 1400 cm™ which
correspond to Amide 111 for proteins increased for AUNPs-50-Oligo. Because proteins take

important role to form the vesicles after membrane wrapping. Therefore, it could be said that
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while AuNPs can be still interacted with cell membrane, the endosomal vesicles were started
to be formed during AuNPs50-Oligo treatment in 4 h. These spectal changes were also
observed for the treatment of AuNPs50 + AuNPs13-Oligo mixture. So, effects of

oligonucleotides on cellular uptake and endocytic process could be observed during 4 h.

In addition to these, the peak at 1445 cm™ which corresponds to CH: deformation and the
peak at 1064 cm™ which corresponds to C-C bond in lipids were observed for AuNPs50
while the peaks at 552 cm™, 1172 cm™ and 890 cm™ which correspond to nucleic acids and
proteins were observed for just AUNPs50-Oligo. These spectral changes can enable us to
understand the biochemical changes during uptake and regulation of different surface
chemistry of nanoparticles in the cells.

On the other hand, the peak at 800 cm™ which corresponds to phosphate can be
representative of ATP. Since motion of endosomes started, ATP takes very important role
for the motion and pH regulation in the cells. The result indicates that molecules might have
been carried with gold nanoparticle inside the cell.

Molecules around the AuNPs in the cells change thus spectral changes were observed.
Therefore, the SERS spectra enables us to understand the molecular environmental change
such as the presence or absence of transport proteins. On the other hand, endosomes are
motile and their movements linked to their stage of function and maturation. The movement
is mediated by both kinesin and dynein motor proteins. Thus, spectral changes were observed

for the proteins and lipids.
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Figure 5.13. SERS spectra of MDA-MB-231 cells incubated with AuNPs50, AuNPs50-
Oligo, mixture of AUNPs50+ AuNPs13, and mixture of AUNPs50+ AuNPs13-Oligo for 4h.

5.3.6. SERS Activity on AuNPs After 8 h Treatment

The averaged spectrum of the cells were compared according to the particle treatment in
same incubation time. The spectral changes of the cells which were treated for 8h are shown
in Figure 5.13.. Intensity changes of the peaks at 560 cm™ (S-S), 589 cm™ (POs), 640 cm'™?
(C-C twisting of proteins), 656 cm™ (Guanine), 682 cm™ (C-S), 717 cm™ (membrane
phospholipids), 733 cm™ (phosphatidylserine), 890 cm™ (protein bands), 1064 cm™ (C-C
stretch of lipids), 1224 cm™ (Amide 111), 1260 cm™ (Amide 111), 1320 cm™ (Amide 111), and

1420 cm* (nucleic acids) were observed.

After 8 h treatment, spectral changes especially between 500 cm™ and 600 cm™ which
correspond to proteins and nucleic acids are observed. This can be explained that after 8 h,
endosomes start to form the multivescilar bodies which is also called formation of late
endosomes. Various proteins and receptors take role for the endosome maturation. Since
endosomes are not in close proximity to cell membrane, there are not any spectra changes
correspond to lipids expect the peak at 1064 cm™ which corresponds to C-C stretch of lipids.
This peak is observed for AUNPs50 treatment only. Some of the aggregation of AUNPs50

still could be remained close to membrane during 8 h.
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It is difficult to link the detected spectra and the molecular basis of transport. However,
phosphate signal could be representative of ATP and it could be caused by the start of
increased motion or change in motion direction since ATP controlled the motion. Thus, the
peak at 733 cm™ which corresponds to phosphatidylserine can be explained for mixture of
AuNPs50 + AuNPs13-Oligo treatment.

On the other hand , the peak intensity at 890 cm™ corresponds to protein bands is observed
for the AuNPs50-Oligo and mixture of AuNPs50 + AuNPs13-Oligo treatments and also
increase in protein peak intensities for AuNPs50-Oligo and mixture of AuNPs50 +
AuNPs13-Oligo were observed. Thus, it can be said that effects of oligonucleotides to
cellular uptake and endocytosis process can be observed using SERS also in 8 h.
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Figure 5.14. SERS spectra of MDA-MB-231 cells incubated with AuNPs50, AuNPs50-
Oligo, mixture of AuNPs50+ AuNPs13, and mixture of AuNPs50+ AuNPs13-Oligo for 8h

5.3.7. SERS Activity on AuNPs After 12 h Treatment

The averaged spectrum of the cells were compared according to the particle treatment in
same incubation time. The spectral changes of the cells which were treated for 12 h are
shown in Figure 5.14. Intensity changes of the peaks at 555 cm™ (S-S), 589 cm™* (PO.), 640
cm* (C-C twisting of proteins), 728 cm™ (C-C, proline), 1265 cm™ (Amide 11), 1275 cm
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L(Amide 111), 1302 cm™(Amide I11), 1356 cm™ (Guanine) and 1420 cm™ (nucleic acids) were

observed.

After 12 h treatment, the number of spectral changes started to decrease during the endosome
maturation. Since the environment of AUNPs changed the spectra of the cells after 12 h also
change. The spectral changes are observed at 555 cm™, 589 cm™, 640 cm™ and 728 cm'

which correspond to S-S and C-C bond in proteins, respectively.

For 12 h treatment, the peak at 1420 cm™ show high intensity for AuNPs50. When pH is
between 6.2 and 6.9, COO" released and the peak assignment is observed at 1420 cm™.
However, this situation is for the early endosome or just before the late endosome [148].
Although not yet certain, AuNPs50 could be still remained at early endosomes or near the

cell membrane after 12 h .
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Figure 5.15. SERS spectra of MDA-MB-231 cells incubated with AuNPs50, AuNPs50-
Oligo, mixture of AUNPs50+ AuNPs13, and mixture of AuNPs50+ AuNPs13-Oligo for
12h.
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5.3.8. SERS Activity on AuNPs After 24 h Treatment

The averaged spectrum of the cells were compared according to the particle treatment in
same incubation time. The spectral changes of the cells which were treated for 24 h were
shown in Figure 5.15. Intensity changes of the peaks at 552 cm™ (S-S) , 589 cm™ (PO.), 689
cm™ (C-N), 725 cm™* (Adenine), and 1298 cm™ (Amide 111) were observed.

After 24 h treatment, the number of spectral changes are significantly decreased because of
the aggregation status and endosomal process. As we expected, uptake of AuUNPs should be
completed after 24 h. The spectral changes between 552 cm™ and 725 cm™ correspond to
Adenine and Phosphate can be occurred during the VATPases which is responsible for
acidification during endocytosis or enhancement of phosphate peak can be caused by the
aggregation in lysosomes [149]. Phosphate resulting from the digestion and turnover of

nucleic acids is found in lysosomes which are known accumulation points of nanoparticles.

= AUNPs50

AuNPs50-Oligo
= AUNPs50 + AuNPs13

Intensity

= AUNPs50 + AuNPs13-Oligo

= AUNPs13

- AuNPs13-0Oligo
470 570 670 770 870 970 1070 1170 1270 1370 1470
Raman Shift (cm-)

Figure 5.16. SERS spectra of MDA-MB-231 cells incubated with AuUNPs50, AuNPs50-
Oligo, mixture of AUNPs50+ AuNPs13, and mixture of AuNPs50+ AuNPs13-Oligo for
24h.
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Table 5.1. shows the all peaks which changed for this study and their interpretations.

Table 5.1. The spectral interpretations.

Peak Interpretation
545 cm? S-S
548 cm? S-S
552 cm?! S-S
555 cm? S-S
576 cm™ Phosphatidylinositol
585 cm? PO
589 cm! Symmetric stretching vibration of v4PO,4*
620 cm? C-C twist aromatic ring
640 cm™? C-S stretching & C-C twisting of proteins
646 cm! C-C twisting mode of tyrosine
656 cm™ Guanine
662 cm! C-S stretching mode of cystine
678 cm™ Ring breathing modes in the DNA bases
682 cm™ C-S
687 cm™ C-N
689 cm? C-N
717 cmt C-N (membrane phospholipids head)
725 cmt A (ring breathing mode of DNA/RNA
bases)
728 cm'? C-C stretching, proline
729 cm'? Adenine
733 cm'? Phosphatidylserine
755 cmt Symmetric breathing of tryptophan
760 cm? Ring breathing tryptophan (proteins)
800 cm? Phosphate ion interactions
813 cm Phosphate: v(OPOQ)
884 cm? Proteins, including collagen |
890 cm™? Protein bands
960 cm! Symmetric stretching vibration of PO4
1031 cm™? Phenylalanine, C-N stretching of proteins
1064 cm™* Skeletal C-C stretch of lipids
1172 cm* Tyrosine (protein assignment)
1203 cm Amide Il
1223 cm* Cellular nucleic acids
1224 cm* Amide 111
1228 cm Amide Il
1230 cm*? Amide 111
1247 cm Amide Il
1260 cm*! Amide 111
1265 cm Amide 11
1266 cm Amide 111
1269 cm! Amide 111
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1275 cm™? Amide 11
1278 cm™? Amide 111
1280 cm™? Amide 111
1296 cm™? Amide 111
1302 cm™? Amide 111
1317 cm™? Amide 111
1319 cm™? Amide 111
1320 cm™? Amide 111
1337 cm™? Amide 111
1356 cm™? Guanine
1420 cm™? Nucleic Acids
1445 cm™? CH> deformation
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6. CONCLUSION AND FUTURE PERSPECTIVE

SERS has emerged as a technique to analyze single-cells without labeling. In this study, it
was shown that using different size, surface chemistry, and incubation time for AuNPs had
an influence on the obtained SERS spectra from single cells. As part of an ongoing effort in
our research group where, the spectral changes on cellular SERS spectra are investigated, it
was aimed to investigate SERS as a possible nano-sensing tool for tracing biochemical
changes in a single cell. Thus, effects of AUNPs50, AuNPs50-Oligo, mixture of AuNPs50
and AuNPs13, and mixture of AuNPs50 and AuNPs13-Oligo on SERS activity upon their
introduction to the cells were observed and it was found that size, surface chemistry and

aggregation status of AuNPs play an important role.

When interpreting the observed spectral changes, one should carefully consider the cellular
uptake processes of AUNPs. The source of spectral changes can be due to the differences in
cellular uptake route, surface chemistry and aggregation status. The expectation was that
both sizes of AuNPs and altered surface chemistry would cause difference in uptake route
and biochemical processes taking place in the vicinity of the AuNPs. As indicated, AUNPs13
and AuNPs13-Oligo did not show any SERS activity. Therefore, AUNPs50 functioned as
SERS active substrate. A 20-base long polyadenine oligonucleotide was used to coat the
surface of both AuNPs sizes to change the surface chemistry. The difference in uptake
profiles upon introduction of mixture of AuNPs (AuNPs50+AuNPs13 and
AuNPs50+AuNPs13-0ligo) could result in differences in their aggregation status as well,

which may also cause spectral variations.

After the endosomal uptake of the NPs, the endosomes are fused with the lysosome to form
a hybrid structure, where some of the uptaken materials are digested. The hypothesis was
that during this process changes in the vicinity of AuNPs could be monitored. If there is any
possibility, the degradation of molecular structures bound to the AuNPs surfaces should be
observed. In this study, as mentioned above, a 20-base long polyadenine was used to coat
the AuNPs with the hope that upon degradation of polyadenine some changes at 729 cm

peak, which is attributed to adenine, could be observed.

The CV values of SERS spectra were used to evaluate the uptake progress and aggregation

status of the AuUNPs. Since the uptake of AuNPs is dynamic process, their aggregation status
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continuously change until they settle down in the hybrid structure which could be one of the
factors influencing the spectral variation. During the uptake process, proteins and receptors
take very important roles for endosomal activity such as vesicle formation, motion, and
endosome—lysosome fusion. Therefore, increase in the peak intensities corresponding to
proteins was observed for all AuNPs treatments during the exposure time. For example, the
increased peak intensities between 1200 cm™ and 1400 cm™ corresponding to Amide I
bonds of proteins indicate the changes in secondary structure during exposure time. In
addition, while the peak intensity at 646 cm™ corresponding to C-C twisting mode of tyrosine
increased, the peak intensity at 717 cm™ attributed to C-N in membrane phospholipids
decreased for all AuNPs treatments from 4 h to 24 h. In the first hours, AuNPs interact with
membrane receptors during membrane wrapping and budding from the cell membrane. As
the time pass, the vesicles transfer from the cell membrane into the cytosol. Meanwhile,
early endosomes fuse with lysosomes, where the proteases are transferred into the endosome.
Therefore, the increase in the peak intensities corresponding to protein structures and
decrease in the peak intensities of phospholipid structures could indicate the motion of

endosomes from early endosome to lysosomes.

The SERS spectra of obtained from each AuNPs treatments were compared to the same
exposure time to investigate the effects of size and surface chemistry to relate the uptake
process. The evaluation of the SERS spectra with the introduction of AuNPs50 and
AUNPs50 + AuNPs13 reveal the interaction of lipids with SERS active surfaces while the
introduction of AuNPs50-Oligo and AuNPs50 + AuNPs13-Oligo reveal the interaction of
proteins with the SERS active surfaces at the initial incubation times. For example, peak
intensities at 640 cm™, 662 cm™ , and 755 cm™ attributed to proteins increased for AuUNPs50-
Oligo treatment after 4 h treatment. These spectal changes were also observed for the
treatment of AUNPs50 + AuNPs13-Oligo mixture. For 8 h treatment, an increase in the peak
intensity at 1064 cm™, corresponding to C-C stretch of lipids, was observed for AuNPs50
while, a peak intensity increase at 890 cm™ attributed to protein was observed for the
AUNPs50-Oligo. The time dependent observed changes during 8 h in the SERS spectra of
oligonucleotide modified AuNPs and unmodified AuNPs indicated that the surface
chemistry strongly influenced the uptake of AUNPs and their aggregation status at the initial

incubation times, possibly through the protein corona status of the AuUNPs.
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After 24 h, the spectral variation decreases as AuNPs settled down in the fused endosome-
lysosome hybrid structures. The peaks at 552 cm™ and 725 cm™ attributed to adenine and
phosphate, respectively, showed differences for each case of AuNPs treatment. While the
peak at 552 cm™ was observed for AUNPs50, AuNPs50-Oligo and AuNPs50 + AuNPs13-
Oligo treatments, a shift from 552 cm™ to 555 cm™ was observed for the AuNPs50 +
AuUNPs13 treatment. In addition, the peak at 725 cm™ was only observed for AuUNPs50 +
AUNPs13 treatment. The results were observed possibly due to acidification during
endocytosis. In addition, aggregation status of AuUNPs in endosomal-lysosomal

compartments could be another reason for the enhancement of phosphate peak after 24 h.

In conclusion, this study shows that the surface chemistry, size and aggregation status of the
SERS active AuNPs play important role for deciding their endosomal route and spectral
patterns. Although the observed spectral changes are attempted to explain with the limited
experimental study, the results indicate that further studies are necessary for full elucidation
of the source of the observed spectral changes during the uptake of the AuNPs. In order to
clarify status of the AUNPs as they enter into cells, a detailed TEM imaging study should be
undertaken. In addition, performing the similar experiments with different cells lines will
add invaluable insight to decipher the nature of the process taking place on the AuNPs

surfaces as they travel into the cells.
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