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ABSTRACT 

 

 

SYSTEMATIC INVESTIGATION OF CELLULAR RESPONSE TO 

NANOPARTICLE SURFACE CHEMISTRY 

 

The interface between nanoparticles (NPs) and living systems is one of the most important 

determinants of cellular responses. The well-understanding of the interaction between the 

NP surface chemistry and living systems makes possible to design safer NPs to be used in 

medical and technological areas. In this study, it was aimed to systematically investigate 

the cellular response of living cells to subtle surface chemistry changes on AuNPs 

conjugated with specially designed carbohydrates and peptides. In order to create small 

differences on AuNP surfaces, spherical AuNPs of 13 nm diameter size were modified 

with four carbohydrates, D-Glucose, D-Mannose, Lactose and Mannose, and fourteen 

peptides different in charge, length, isoelectric point, sequence with or without RGD and 

free end terminus -NH2 or -COOH. The cellular responses of A549, BEAS-2b and MDA-

MB-231 cells were investigated by considering cellular uptake, cytotoxicity and cell cycle 

arrest. Before modification of AuNP surfaces, carbohydrates were thiolated using 

Lawesson reagent. Then, AuNPs with an average size of 13 nm were conjugated with 

carbohydrates and peptides in appropriate conditions. The naked AuNPs and AuNP 

conjugates were characterized with UV/Vis spectroscopy, DLS, agarose gel 

electrophoresis, FTIR and SERS to understand the nature of the interactions of the used 

biomacromolecules on the AuNPs surfaces. The peptides designed by placing cysteine to -

NH2 or -COOH end showed significantly different binding affinity to AuNPs surfaces. 

Then, the cellular response of the conjugates were investigated using several molecular 

techniques including WST-1 cell proliferation assay, Apoptosis/Necrosis assay, 

Clonogenic assay and cell cycle evaluation assay. It was found that small changes on the 

surfaces of AuNPs caused varying significant cellular responses depending on surface 

chemistry, NP concentration and cell line type.   
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ÖZET 

 

 

NANOPARÇACIK YÜZEY KİMYASINA HÜCRENİN VERDİĞİ TEPKİNİN 

SİSTEMATİK ARAŞTIRILMASI 

 

Nanopartiküller (NP'ler) ve canlı sistemler arasındaki arayüz, canlı sistemlerin verdiği 

tepkilerin en önemli belirleyicilerinden biridir. NP yüzey kimyası ve canlı sistemler 

arasındaki etkileşimin iyi anlaşılması, tıbbi ve teknolojik alanlarda kullanılacak daha 

güvenli NP'lerin tasarlanmasını mümkün kılar. Bu çalışmada, özel olarak tasarlanmış 

karbonhidratlar ve peptidlerle konjuge edilmiş AuNP'lerin yüzeyindeki küçük yüzey 

kimyası değişikliklerine hücrelerin verdiği tepkinin sistematik olarak araştırılması 

amaçlanmıştır. AuNP yüzeylerinde küçük farklılıklar oluşturmak için, 13 nm boyutlu 

AuNP'ler dört farklı karbonhidrat, D-Glikoz, D-Mannoz, Laktoz ve Mannoz, ve yük, 

uzunluk, izoelektrik noktası, RGD'li veya RGD'siz dizilime sahip oluşu ve -NH2 veya -

COOH serbest uca sahip oluşuna göre farklı olan on dört tane peptit ile modifiye edilmiştir 

ve A549, BEAS-2b ve MDA-MB-231 hücrelerinin hücresel cevapları hücresel alınıma, 

sitotoksisiteye ve hücre döngüsüne olan etkileri dikkate alınarak incelenmiştir. AuNP 

yüzeylerine modifikasyon yapılmadan önce, karbonhidratlar Lawesson reaktifi kullanılarak 

tiollenmiştir. Ardından, ortalama 13 nm boyutta AuNP’ler karbonhidratlar ve peptitler 

uygun koşullarda işlevleştirilmiştir. Çıplak AuNP'ler ve AuNP konjugatları, yüzeydeki 

biyomakromoleküllerin etkileşimlerinin doğasını anlamak için UV/Vis spektroskopisi, 

DLS, Agaroz jel elektroforezi, FTIR ve SERS ile karakterize edilmiştir. Örneğin, sisteinin 

peptitlerin -NH2 ya da -COOH uçlarıdna olması, AuNP yüzeylerine önemli ölçüde farklı 

bağlanma eğiliminde olduğunu göstermiştir. Daha sonra, AuNP konjugatlarının hücrelerde 

meydana getirdiği tepkiler, WST-1 hücre çoğalma, Apoptosis/Necrosis, Klonojenik ve 

hücre döngüsü belirleme deneyi gibi çeşitli deneylerle incelenmiştir. AuNP’lerin 

yüzeylerindeki küçük değişikliklerin, NP konsantrasyonuna ve hücre tipine bağlı olarak 

değişen hücresel tepkilere neden olduğu bulunmuştur.  
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1. INTRODUCTION 

 

1.1. NANOPARTICLES  

Nanoparticles (NPs) are described as any particulate material with at least one dimension 

in the range of 1-100 nm [1]. NPs can be divided into two groups based on the material 

prepared through synthetic approach. The first group are prepared from metals, alloys, 

semiconductors, carbon allotropes, or polymers whereas the second group has a biological 

origin containing viral particles, bacteriophages, liposomes, or biopolymers [2]. NPs can 

be synthesized in various shapes such as spheres [3], rods [4], wires [5], planes [6], stars 

[7], cages [8] and multipods [9]. The synthesis of NPs in the nanometer scale is managed 

by nanochemistry, which have a critical role in modifying physical and chemical properties 

of NPs [10, 11]. The unique properties of NPs, which cannot be found in their bulk 

counterparts, can be aligned as high surface-to-volume ratio (S/V ratio), unique electrical, 

optical, magnetic, mechanical and thermal behaviors and high surface energy [12, 13]. 

These unique properties enable them to be used in a wide variety of applications, which 

can be simplified as electronics [14], energy harvesting and storage [15, 16], 

communications [17], biology and medicine [18]. In order to suit NPs for a specific 

application, their surfaces are modified with desired functional groups to arrange the 

chemical reactivity and dispersibility in different solvents [19].  

The composition of NPs diversifies their structures, which are directly associated with their 

surface chemistry. To begin with, some NPs include only one type of material in their 

structure and they are called as uniform NPs, such as Gold Nanoparticles (AuNPs) as seen 

in Figure 1.1a. In the other cases, NPs are designed as core-shell structures so as to protect 

inner layers by outer shells and named as core-shell NPs such as core-shell Fe3O4/MnxFe3-

xO4 NPs [20] as seen in Figure 1.1b. However, the problem behind the usage of core-shell 

NPs in biomedical applications is that some of them have hydrophobic and complex core-

shell surfaces and are required to tune from hydrophobic to hydrophilic surfaces by 
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chemical modifications as ligand chemistry [21-22]. Moreover, in order to make 

hydrophobic NPs stably dispersed in aqueous systems, NPs surface chemistry can be tuned 

from hydrophobicity to hydrophilicity with phospholipid-micelle technology, pegylation 

and additional free reactive moieties depending on the intended application [23, 24]. 

Nevertheless, it should be known that these free reactive groups can cause toxicity. For 

example, NPs having high cationic surface charge can connect with anionic groups on cell 

membranes and creates severe damage on membrane, named as lipid peroxidation [25]. 

Therefore, it is worth pointing out that conjugation protocols should be carefully analyzed 

to prohibit toxicity of surface modified NPs [26]. 

 

 

Figure 1.1. Schematic showing physical and chemical composition of (a) uniform NPs and 

(b) core-shell NPs. Concept partially adopted from ref 20. 

 

Nanomedicine is the application of NPs in medicine [27]. The NPs used in Nanomedicine 

are lipid-based nanocarriers, viral particles, polymeric nanocarriers, drug conjugates and 

inorganic nanoparticles, as schemed in Figure 1.2 [28]. The use of NPs in medical 

application has been inspired from natural NPs in the body, which are nanosized vesicles, 

lipids, proteins, and complex biomacromolecules [29]. For sustained and targeted drug 

delivery, lipid or polymer based nanocarriers have been used in medicine as first attempts 

[30]. The interest of smaller inorganic-based NPs has developed nanoprobes to diagnose 

illnesses and then be utilized for novel therapies [31]. Recently, theranostics, which is a 
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combination of therapy and diagnosis are being recognized as modern medical techniques 

in nanomedicine [32].  

 

 

Figure 1.2. Schematic representation of various NP types used in nanomedicine [28]. 

1.2. NANOPARTICLE-BIOCONJUGATE CHEMISTRY 

For specific biomedical applications such as labeling, tracking and detection, the surfaces 

of NPs can be tailored with a variety of molecules such as peptides [33], proteins/enzymes 

[34-35], antibodies [36], oligonucleotides [37], aptamers [38], carbohydrates [39], lipids 

[40], drugs [41], biologically active small molecules [42], reporter molecules [43], 

radiolabeled or fluorescent dyes [44] as schemed in Figure 1.3. The bioconjugation 

between NP surface and biomolecules occurs via coordinate covalent bonding, electrostatic 

interactions and van der Waals interactions [45]. Moreover, the functional group selection 

for surface modification is directly related to the NP surface. For instance, amines, thiols, 

disulfides and phosphines can anchor to the surface of quantum dots (QDs) and noble 

metal NPs [46], whereas carboxylic acids and phosphonic acids can interact with the 
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surfaces of metal oxide NPs [47]. Notably, the strength of surface modification takes 

importance in biomedical applications because a proper surface coating prevents NP 

aggregation. 

 

 

Figure 1.3. Schematic representation of NP-bioconjugates [28]. 

1.2.1. Challenges in Bioconjugation of Nanoparticles 

Since the NPs are synthesized from various materials in several shapes and dimensions as 

described above, there exists the challenges related to bioconjugation of NPs. Therefore, 

the following factors should be considered when one attempts to control the modification 

of NP surfaces [48-49]: 

 Since NPs are synthesized in various dimensions (1-100 nm), they have a wide 

range of surface areas (S), volumes (V) and pertaining to S/V ratios.  

 The tendency of heterogeneity or polydispersity of NPs in population exists. 
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 NPs cannot dissolve in the suspension however they are adequately small to be 

modified with molecules for colloidal dispersibility and have ability to diffuse in 

aqueous media. 

 The sizes of NPs should be larger than the sizes of biomolecules to be conjugated, 

except large protein complexes.  

 The choice of bioconjugation chemistry is limited due to the fact that the reactive 

groups on inorganic NP surfaces may not create a new covalent formation.  

 The surfaces of NPs might not be applicable for the desired functionalization. 

 Most bioconjugation reactions may induce heterogeneity or polydispersity of NP-

Bioconjugates even though naked NPs have nonaggregated nature and 

homogeneous dispersion.  

 Some properties of NPs such as charge density, electrostatic repulsion, reduced 

colloidal stability, lead to produce low yields of NP-Bioconjugates.  

1.2.2. Criteria for Ideal Bioconjugation Chemistry 

There are six generalized criteria to describe the ideal bioconjugation chemistry of NPs 

[21] as demonstrated in Figure 1.4. These six criteria, which are difficult to accomplish in 

practice, are explained below: 

 Controling average number of biomolecules on a NP (NP1:biomoleculen). The 

NP surfaces’ coating with biomolecules in different concentrations for distinctive 

biomedical applications results in different valencies [50]. For instance, 

monovalency (NP1 : biomolecule1) determines the single binding issues whereas 

higher valency (NP1:biomoleculen>1) displays the avidity and binding interactions. 

Nonetheless, the overconjugation on NP surfaces can cause crowding and so 

mitigate the NPs’ function [51]. Therefore, it must be considered to control over 

the valency of biomolecules on a NP in suspension.  
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 Determining the orientation of biomolecules on a NP. Biomolecules like 

proteins, peptides, enzymes and antibodies, are required not to lose their activities 

after binding on NP surface. Their activities are dependent on the reactive groups 

on the binding sites. Any nonspecific and electrostatic interactions between 

reactive groups inhibit homogeneous attachment of biomolecules on NP surfaces 

and reduce the activity of biomolecules.  

 Controling the distance from NP surface to binding site of biomolecules. In 

some cases, it is necessary to have a rigid distance between NP and biomolecules, 

e.g. Förster resonance energy transfer (FRET) [52]. 

 Controlling the attachment affinity between NP and biomolecules. The linkage 

between NP and biomolecules should be stable or labile under several conditions, 

like temperature, and pH [53]. The linkage may be either rigid or easy breakable 

and this is a key for some NP-mediated drug delivery systems [54]. 

 Pursuing the optimum activity and function of either NP or biomolecules. For 

all cases, the applied chemistry may change the own unique properties of both 

participants, for instance loss of protein activity, loss of NP stability in suspension.  

 Lastly, the reproducibility of aforementioned five criteria among experiments, 

distinct types and synthesis batches of NPs and with other biological molecules 

[2].  

In conclusion, the controlling of the biomolecule attachment on NP surface is nontrivial. 

Even though aforementioned six criteria are claimed to be satisfied by all bioconjugation 

experiments, most of them can be achieved in practice. 
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Figure 1.4. Schematic showing of six generalized principles for controlling the attachments 

of proteins or other biomolecules on NP surfaces [50]. 

1.2.3. General Bioconjugation Strategies 

The choice of bioconjugation strategy is dependent on the factors of both NPs and 

biomolecules. These factors of NPs are defined as size, shape, surface chemistry and 

structure, material composition, surface ligands and functional groups on the surface while 

the factors of biomolecules are pointed out as size, chemical composition, affinity, activity, 

binding sites on active reagents, and utility [55]. The bioconjugation strategies may be 

divided into five main approaches, as electrostatic adsorption, direct attachment, covalent 

chemical attachment, ligand-receptor interaction, and encapsulation as shown in Figure 1.5 

[21]. It is also worth noting that these conjugation approaches should not necessitate 

additional cross-linking and should be stable under desired conditions.  

1.2.3.1. Electrostatic Adsorption 

Electrostatic adsorption, the simplest and most widely utilized approach to conjugate NPs 

with biomolecules, necessitates no chemical reactions. The electrostatic interaction 
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between charges on NP surfaces or charges on ligands of NPs with oppositely charged 

biomolecules to mediate charge-charge based NP-biomolecule conjugates, as schemed in 

Figure 1.5a. It can be exemplified that Song et al. discovered AuNP assembled triangular 

pyramid DNA nanostructures (TP-DNA), having unique Surface Plasmon Resonance 

(SPR) properties in the NIR region, which enable them deep-tissue penetration, to be 

utilized in photothermal cancer therapy, Raman imaging, drug delivery and photoacoustic 

imaging [56]. The citrate reduced AuNPs were coated with quaternary ammoniums by 

ligand exchange reactions to make positively charged surface. Positively charged AuNPs 

were interacted with negatively charged TP-DNA structures via electrostatic attraction and 

finally nanocomposites possessed three or four AuNPs accumulated on a TP-DNA. 

Furthermore, Guo et al. attached positively charged cellulose nanofibrils on the surfaces of 

citrate reduced AuNPs via electrostatic interactions in order to bio-inorganic hybrid 

materials based on renewable biopolymers to be used in industry [57]. On the other side, it 

must be considered that at the nanoscale, some factors may affect the formation of desired 

NP-biomolecule conjugates via electrostatic adsorption, such as amount of reagents, ionic 

strength, the type and magnitude of the charge [58]. That interaction may be arranged by 

pH or ionic strength.  
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Figure 1.5. NP-biomolecule conjugation strategies. (a) electrostatic adsorption, (b) direct 

attachment, (c) covalent chemical attachment, (d) ligand-receptor interaction and       (e) 

encapsulation. Figure was adapted from ref 21. 
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1.2.3.2. Direct Attachment 

The biological molecules can be directly attached to the surface of NPs and this process is 

named as direct attachment, as seen in Figure 1.5b. Direct attachment is managed by 

coordinate covalent bonds, which are a shared pair of electrons where both electrons 

originate from the same atom [59]. These bonds are also known as having longer bond 

lengths, higher polarities and less energy when compared to covalent bonds. These bonds 

are not classified as strong as covalent bonds, since they can be broken by alteration of 

bioconjugation conditions, such as pH [60]. Coordinate covalent bonds can be exemplified 

with metal ions’ chelation and Gold-thiol (Au-SH) chemisorption. Au-SH chemistry can be 

gained in the case of the fact that sulphur atoms of thiol groups in biomolecules, generally 

cysteine in proteins, enable a lone pair of electrons to unoccupied orbitals of gold atoms 

[21]. This type of conjugation only requires an overnight incubation of AuNPs and 

biomolecules including -SH groups due to form Au-SH bond. First Au-SH chemisorption 

study was reported by Mirkin and Alivisatos. Based on their studies, AuNPs were 

conjugated with thiolated oligonucleotides to generate nanoscaffolds to able to detect DNA 

[61]. Furthermore, sulphur atoms can also directly attach to the surfaces of ZnS/CdSe QDs 

by forming disulphite (S-S) bonds at interface [62]. In addition, His tags can directly link 

to the surfaces of NPs having transition metals in their compositions such as Zn, Ni, Cu, Fe 

and Mn atoms, either [63]. It must be mentioned that there are some concerns in direct 

attachment such as steric crowding on the surface of NPs since the ligands on NPs can be 

so densely or long that biomolecules may not reach to the NP surface to adsorb directly.    

1.2.3.3. Covalent Attachment 

Another common strategy to conjugate NPs with biomolecules is covalent chemical 

attachment, in which the ligands on NPs are linked with biomolecules via covalent bonds, 

as schemed in Figure 1.5c. This type of bioconjugation strategy can be illustrated with 

EDC/NHS reaction. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
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hydrochloride) activates the carboxylic acids on NPs. Then, it is necessary to add NHS (N-

hydroxysuccinimide) to the reaction to form a stable intermediate. The biomolecules 

including amino group link to the intermediate by creating a stable amide bond. In this 

reaction, the ratio of EDC and NHS is very crucial and the pH conditions of the reaction 

must be acidic. Kelestemur and coworkers used EDC/NHS reaction to bind BSA (bovine 

serum albumin) to the surface of silica coated zinc oxide NPs in order to observe their 

possible cytotoxic effects on human lung cancer (A549) and human skin fibroblast (HSF) 

cells [64]. Moreover, Giorgi-Coll et al., prepared Heparin functionalized AuNPs as 

cytokine capture agents in the way of enhancing microdialysis sampling to be applied in 

clinics [65]. In their study, Heparin-AuNPs were created with bifunctional Polyethylene 

glycol linker (PEG), by its thiol functional group was attached to the surface of AuNPs and 

the terminal amine groups were linked to Heparin via EDC/NHS reaction. By contrast, the 

only problem about covalent chemical attachment of biomolecules on the ligands of NPs is 

that the choice of chemistry type is limited because of the reactive groups on NP ligands to 

form a new covalent bond.  

1.2.3.4. Ligand-Receptor Interaction 

As an alternative, the surfaces of NPs can be covered with biomolecules via specific 

labeling strategies, in other words, biomolecules can recognize and bind to the ligands on 

NP surfaces. The most common biolabeling strategy is biotin-avidin binding, as shown in 

Figure 1.5d. The avidin was discovered by E. E. Snell in 1940 and the structure of isolated 

biotin was determined by du Vigneaud. Then, du Vigneaud and coworkers revealed that 

avidin-biotin system can be used in various biological applications as so powerful tool 

[66]. The avidin is a glycoprotein found in white egg, stable at extreme condition, has high 

carbohydrate content at basic conditions and homotetrametric structure to bind biotin [67]. 

Nonetheless, the basic conditions and carbohydrates resulted in nonspecific binding of 

avidin to several substances. As an alternative, streptavidin, which is isolated from bacteria 

Spteptomyces avidinii, is a homotetrametric like avidin, stable at extreme conditions, but is 
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not a glycoprotein, and this enables lower nonspecific binding. Since the avidin-biotin is 

one of the strongest noncovalent interaction to be used in biological studies, several 

companies offered numerous streptavidin and biotin derivatives and their functionalized 

and fluorescent labeled forms by claiming less nonspecific binding of avidin to other 

substances and high specifically binding of avidin to biotin, such as NeutrAvidin (Thermo 

Scientific Pierce), NeutraLite (Belovo), ExtrAvidin (Sigma-Aldrich), Texas red, thiosulfate 

functionalized biotin, BSA conjugated biotin, AlexaFluor (488, 546, 594) and IgG 

conugated avidin [21]. Indeed, this makes avidin-biotin complex so attractive to link 

biomolecules on NP surfaces. There are two ways to conjugate NP surfaces with 

biomolecules via actin-biotin chemistry. The first one is that avidin functionalized NPs are 

conjugated with biotinylated molecules and the second one is that polymer-based NPs and 

biotinylated biomoleules are crosslinked with avidin intermediate. For example, van der 

Meer et al., created covalently avidin conjugated calcium phosphate NPs, which were 

covered with a thin silica layer and then functionalized with sulfhydryl groups so as to link 

any biotinylated biomolecules to be utilized as a versatile NP system [68]. As an second 

example, Veszelka et al., craeted neutravidin functionalized fluorescent NPs linked with 

biotin and biotinylated glutathione to pass through the blood brain barrier with high uptake 

and no valuable toxicity [69]. As a consequence, the existence of a wide range of avidin 

derivatives linking to biotin provides extensively utility in NP bioconjugation in 

foreseeable future.   

1.2.3.5. Encapsulation 

One of the most utilized bioconjugation chemistry, especially for NP-mediated drug 

delivery, is encapsulation, in which biomolecules are placed inside of NPs during NP 

synthesis or after NP formation, as seen in Figure 5e. Relevant NPs can consist of several 

materials like metals oxides [70], liposomes [71], dendrimers [72], micelles [73] and 

natural or artificial polymeric NPs [74]. During encapsulation process, either size and 

function of encapsulated NPs or drug loading and its efficient release from NPs must be 
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considered. Banga et al., loaded polymeric NPs with cancer drug doxorubicin and modified 

with oligonucleotides to create stable 65 nm size Dox-loaded polymeric spherical nucleic 

acid nanostructures to be utilized in nanomedicine [75]. Thanks to surface 

functionalization with DNA, these specific NPs could be uptaken more by SKOV3 cancer 

cells and resulted high cytotoxicity. In addition, especially anti-cancer drug loaded 

magnetic NPs have an importance in cancer studies. These magnetic NPs provide 

hyperthermia in tumor tissues since NPs absorb energy and transfer all energy to heat and 

so burst tumor cells. Healthy cells surrounded tumor cells are not affected by this heat 

owing to localized point of heat in tumor cells. It can be exemplified that Du et al., 

synthesized FeO magnetic NPs with arsenic trioxide using co-precipitation and 

impregnation techniques to obtain AsO-FeO NP complexes [76]. These NPs were injected 

into xenograft cancer tissue of HeLa cells in nude mice. It was seen that these NPs were 

internalized by cancer cells more and after applying heat, the cancer cells were destroyed. 

Overall, encapsulation will continue to be one of the most common method in future NP-

bioconjugate studies due to its wide materials made of and versatile application processes.   

1.3. GOLD NANOPARTICLES 

1.3.1. History 

Gold, a noble metal, was discovered in Bulgaria five hundred years ago and the history of 

its studies and applications spread over two hundred years [77]. The treatises among 

Arabian, Indian and Chinese scientists in the fifth-fourth centuries BC can be approved as 

first information about colloidal gold. “Liquid gold” by Indian scientists and “Golden 

solution” by Chinese scientists were used for medical purposes [78]. The ancient colloidal 

was first appeared in China and Egypt for medical and decorative purposes. Colloidal gold 

was seen in alchemist laboratories in Europe in the Middle Age. Paracelsus, a German-

Swiss physician and alchemist, found out the reduction of gold chloride by vegetable dig 

outs in alcohols or oils. He utilized “potable gold” as cure for several metal diseases and 
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syphilis. His contemporary, Giovanni Andrea used “aurum potabile” as the treatment of 

lepra, ulcer, epilepsy and diarrhea. The first book about preparation of colloidal gold and 

its applications was written by Francisco Antonii, philosopher and doctor of medicine, in 

1618 and was presented till today [79]. In 1633, David de Planis-Campy, the alchemist, 

was entrusted as the doctor to Louis XIII of France and he advised his “longevity elixir”, 

colloidal gold solution [80]. A complete summary of medical usages of gold was published 

by Hans Heicher in 1712 [81]. It was defined that gold could be stabilized with boiled 

starch. This study may be accepted as first colloidal gold stabilization with ligands.  

In 1857, Faraday shifted the paradigm of colloidal gold to a modern view by publishing an 

article about synthesis methods and properties of colloidal gold [82] and Mie developed 

the visible absorption of colloidal gold by using Maxwell’s electromagnetic equations in 

1908 [83]. For the first time, Faraday mentioned about agglomeration of colloidal gold in 

the presence of electrolytes and he was possibly prior to experience that colloidal gold has 

different properties than bulk gold [84]. In 1898, Richard Zsigmondy firstly synthesized 

different sizes of colloidal gold by reducing with hydrogen peroxide, formaldehyde and 

white phosphorous and reported their physicochemical and optical properties [85]. 

Moreover, Zsigmondy and Siedentopf invented ultramicroscope, whose main experimental 

item was colloidal gold. In 1925, Zsigmondy was remunerated the Nobel Prize in 

Chemistry “for his demonstration of the heterogenous nature of colloid solutions and for 

the methods he used, which have since become fundamental in modern colloid chemistry”. 

Furthermore, Theodor Svedberg was awarded in the Nobel Prize in Chemistry in 1926 “for 

his work on disperse systems”. In his study, Svedberg examined reduction kinetics of gold 

halides and formulated main notions of chemical condensation mechanisms of colloidal 

gold [86]. 

Gold colloids have been advised to treat several diseases over the centuries and until 

recently. Rheumatoid arthritis patients have been treated with colloidal gold until 1920s 

[87]. In 1927, colloidal gold was firstly applied as a cure for patients suffering from 

inoperable cancer [88]. In addition, the colloidal solution of the 198Au isotope, having 65 h 
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half-life time, was utilized as treatment for cancer [89]. During 1970s, Faulk and Taylor 

discovered a technique to conjugate gold colloids with antibodies to visualize Salmonella 

surface antigens under electron microscopy [90]. This study firstly showed that colloidal 

gold conjugate was benefited as an immunochemical marker. The tendency of colloidal 

gold biomolecule conjugates usage in numerous fields of nanomedicine for therapeutic and 

diagnostic purposes has raised thanks to this study and numerous studies in the literature 

showed that gold colloids could be functionalized with various biomolecules such as 

proteins, enzymes, oligo or polypeptides, oligonucleotides, DNA, antisense or sense RNA 

molecules, antibodies, cell surface receptors to be used in gene delivery [91-92], targeted 

drug delivery [93-94], cancer diagnostics [95], biosensors [96], metal sensors [97], 

detection of biological molecules [98], enzyme immobilization [99], immunoassay [100] 

and single nucleotide polymorphisms detection [101]. 

1.3.2. Synthesis 

AuNPs can be synthesized in various sizes and shapes such as spherical [102], rod [103], 

triangular [104], star [105], cage [106], cube [107], wire [108], diamond [109] and popcorn 

[110] as seen in Figure 1.6. AuNPs firstly was synthesized by Turkevich in 1951 as 

monodisperse spherical gold nanoparticles suspended in water [102]. This simple method 

is based on the reaction of chloroauric acid (HAuCl4) and sodium citrate solution. Acting 

citrate ions either a reducing agent or a capping agent generates the collodial gold. AuNPs 

in sizes between 10-100 nm are synthesized by using this general procedure. The red-wine 

solution includes 10-20 nm sized negatively charged AuNPs. By changing the ratio of 

citrate to gold in the reaction, the sizes of AuNPs are grown up to 150 nm and the color of 

the suspension alters from red to blue [111]. The Turkevich method for spherical AuNPs 

was later developed by Brust and Schiffin in 1990 in terms of AuNPs suspended in organic 

liquids [112], by Perrault and Chan in 2009 in the way of using hydroquinone as a 

reducing agent [113], by Martin and Eah in 2010 as nearly monodispersed naked AuNPs in 
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water [114], by Navarro et al. in 2013 as creating one pot protocol [115]. The AuNPs 

synthesis protocol changes due to reaction conditions and the reason of AuNPs usage.  

 

Figure 1.6. Electron microscopy images of AuNPs in various shapes. (a) spherical, (b) rod, 

(c) triangular, (d) star, (e) cage, (f) cube, (g) wire, (h) diamond and (i) popcorn.  

In addition to wet chemical synthesis, AuNPs can be synthesized with natural and low-cost 

products by biosynthesis due to minimize the usage of chemicals and their possible 

environmental hazards. The materials in plant extracts were used as a reducing agent to 

reduce Au (III) precursors, such as sugar in the extract of Eucalyptus globulus Labill [116]. 

Furthermore, microorganisms are utilized to synthesize AuNPs in case of playing reducing 
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and stabilizing agents of amino acids in proteins or enzymes in microorganisms for 

instance Lactobacillus strains, Shewanella algae or Rhodopseudomonas capsulate, [117]. 

Despite of promising inventions for AuNPs biosynthesis, the controlling of sizes and 

shapes of AuNPs is still a handicap. 

1.3.3. Properties 

AuNPs are one of the most studied and promising metal NPs for therapy and diagnosis in 

medical and biomedical fields because of their unique physical and optical properties 

[118]. The most essential physical property of AuNPs is surface plasmon resonance (SPR) 

[119]. Along with irradiation of light, the electrons of conduction band on AuNP surfaces 

commence to oscillate collectively, which is called SPR, as seen in Figure 1.7. This results 

in strong absorption and scattering of light by colloidal AuNPs within the visible region of 

the electromagnetic spectrum [120]. In addition, the agglomeration of AuNPs cause a red-

shifting in SPR frequency and altering the color of AuNP suspension from red to blue 

because of interparticle plasmon coupling [121]. 

 

Figure 1.7. Basics of SPR of AuNPs [122]. 

The SPR absorption peak can be tunable within the visible to NIR range by changing their 

size, shape, solvent, surface chemistry, agglomeration and refractive index of surrounding 
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medium [123]. This SPR absorption peak can be monitored by UV/Vis spectroscopy as 

seen in Figure 1.8 [124]. Approximately 5-15 nm diameter sized spherical AuNPs have 

this SPR peak as a unique peak close to 520 nm and this peak shifts through red with 

respect to the size increase such as 50 nm AuNPs have SPR peak around 530 nm. The rod 

shaped colloidal gold (AuNRs), however, have two distinct peaks as transverse peak 

around 520-530 nm representing width of AuNRs and longitudinal peak around 600-1200 

nm representing length of AuNRs [125]. Therefore, the alteration of the aspect ratio of 

length to diameter of colloidal gold, different AuNPs owing multiple transverse and 

longitudinal peaks can be prepared, which is exploited in several applications, and these 

tuned AuNPs can be monitored by UV/Vis spectroscopy thanks to their SPR effect.    

 

Figure 1.8. AuNPs owing different SPR properties. TEM images of (a) 13 nm spherical 

AuNPs, (b) 50 nm spherical AuNPs and (c) rod shaped AuNRs, (d) their UV/Vis spectra 

and (e) images of color of suspensions [124].  
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There exist several other properties of AuNPs, which can be utilized in bio-imaging and 

diagnosis. Thanks to their light scattering and high electron density, AuNPs can be used as 

contrast agent in live cells using dark-field imaging and X-ray computed tomography 

imaging [126]. In addition, AuNPs have great potential to be used in in vivo imaging such 

as two photon optical luminescence imaging [127], optical coherence tomography imaging 

[128] and photoacoustic tomographic imaging [129]. Furthermore, in the realm of single 

cell analysis, AuNPs have significant applications in surface-enhanced Raman scattering 

(SERS) since they enhance Raman signal and enable to detect small biological molecules 

in living cells [70]. Finally, AuNPs have been widely used in photothermal therapy for 

cancer as targeted drug carries because they can convert optical absorption in heat energy 

to destroy cancer cells in living organisms [107]. 

1.3.4. Surface Chemistry and Bioconjugation 

One of the reasons why AuNPs are widely utilized metal NPs for biomedical and 

technological applications is that their stability and performance needed for the application 

can be improved by functionalization of their surface chemistry. Functionalization of 

AuNPs with biomolecules, which is strictly related to NP surfaces itself, stabilizing ligands 

and functional groups of biomolecules, provides high stability and low or no aggregation at 

biological conditions. Biomolecules the most used in functionalization of AuNP surfaces 

are peptides [130], proteins/enzymes [131-132], DNA [133] and carbohydrates [134]. 

Owing to the fact that these biomolecules are fundamental components of living organisms 

and have various functions, AuNPs are functionalized with them to possess enhanced 

properties to be employed in biomedical and technological fields. Moreover, these 

biomolecules are regarded as ideal to adsorb to AuNP surfaces thanks to their sizes within 

the range of 2 to 20 nm [135]. High stability in biological conditions and advanced optical 

properties can be achieved by building AuNP-Biomolecule hybrids consisting of the 

benefits of either AuNPs or biomolecules. The most chosen surface functionalization 
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process to enable a stable monolayer of these biomolecules on AuNP surfaces are 

chemisorption, electrostatic interaction and hydrophobic interaction.   

Undoubtedly, the first and most studied bioconjugation strategy to functionalize AuNP 

surfaces with biomolecules is thiolate chemisoption on gold, simply named as 

chemisorption. The principle of this strategy is that various organosulfur compounds, 

which are known as alkyl thiols, dialkyl sulfides, dialkyl disulfides, alkylxanthates and 

dialkylthiocarbamates, create a monolayer on metal NP substances [136]. Additionally, 

alkyl thiols and dialkyl disulfides are predominantly chosen for AuNP surface 

functionalization. These types of thiol compounds chemisorp to Au as gold (I) thiolates by 

reductive elimination of the thiol hydrogen to either H2 or H2O. During chemisorption, 

citrate ligands used as stabilizing agent during AuNP synthesis are exchanged with thiol 

compounds without disturbing structure and function of NPs thanks to high affinity of 

sulfur for gold and then form a strong coordinate covalent bond S-to-Au atoms, whose 

strength is estimated as 40-50 kcal/mol [137]. Furthermore, in order to increase solubility 

of NPs in aqueous environment and to enable a chemical handle for a following 

bioconjugation with another biomolecules, the terminal functional group on thiol 

derivatives can be particularly designated [138]. During monolayer formation of thiol 

ligands on spherical AuNP surfaces, the curvature of NP structure takes a remarkable role 

[139]. Three-dimensional structure and function of proteins, especially enzymes, are 

required to be conserved after conjugation. This curvature of NPs provides a less contact 

area between thiol groups and Au surface and eleminates conformational changes 

associated with function loss [51]. AuNPs owing larger size than 0.8 nm are estimated to 

possess a truncated octahedral or cubooctahedral shape, which is correlated with the 

number of gold atoms in core, as seen Figure 9a [140]. Based on Thermal Gravimetric 

Analysis (TGA) results, AuNPs increased as a truncated octahedron more than 4.4 nm 

have mostly surface atoms consisted of flat terraces instead of edges and vertices. Thus, the 

increment on AuNPs size provides that the thiolate ligand layer have similar properties 

with planar SAM [141]. Therefore, thiol ligands cover densely AuNP surfaces, which is 

similar to a planar SAM. Moreover, to possess a high radius of curvature of thiol ligand is 
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also important for SAM as this curvature results in less conjugated thiol chain density on 

the surface of the core, as shown in Figure 9b. The decreasing of number of alkanethiols 

density consequences improved mobility of terminal methyl group. The alkyl chain 

completely fits into the volume of a cone encircling an area for each chain conjugation on a 

NP, however, cannot occupy the higher end of the cone, as demonstrated in Figure 9c 

[142]. For instance, methyl group density of fully conjugated 2.4 nm sized AuNPs with an 

octanethiol decreased to one-fourth that of Au-S groups situated on the core surface [143].  

 

Figure 1.9. Schematic description of AuNP curvature. (a) Model of Au140 nanoclusters 

with a truncated octahedral geometry, (b) equilibrium configurations of Au140 nanoclusters 

conjugated with dodecanethiol gained by a molecular dynamic simulation as 350K (left) 

and 200K (right), and (c) scheme of a Rcore sized Au nanocluster modified with a branched 

and unbranched alkanethiolate [138]. 
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Regarding thiol chemisorption, the surfaces of AuNPs are also tailored with biomolecules 

via other reactive groups on biomolecules, such as amino, carboxyl and hydroxyl groups 

from lysine, glutamic or aspartic acid, and tyrosine or serine residues of proteins [144]. 

The affinity of amino and carboxyl groups to Au results in an adsorption of proteins on 

AuNP surfaces. Moreover, in particular pH conditions, protein residues at opposite charge 

can adsorb to the ligands on AuNPs surfaces through electrostatic interaction [60]. For 

instance, as carboxyl groups are negative above pH 4, they can be electrostatically linked 

to positive ligands on AuNPs surfaces. It should be paid attention that simple adsorption of 

biomolecules on AuNPs may be a weak interaction for a desired application, especially the 

case required medium condition alteration. In order to form a strong conjugation, 

biomolecules are covalently cross-linked on the AuNP surfaces, such as EDC/NHS 

chemistry to conjugate COOH with NH2 or vice versa [145].  

Even though thiol chemisorption has been used the first and most preferred bioconjugation 

strategy for AuNP surface functionalization, other non-thiolated organic and inorganic 

substances have been also utilized to coat AuNP surfaces for a specific biological 

applications [146]. The use of amino or carboxy terminated polyethylene glycol (PEG) 

ligands is prevalent for AuNP functionalization due to significantly improve their stability 

in in vivo and in vitro studies [147]. Furthermore, several non-thiolated polymers have 

been applied to stabilize and modify AuNPs, such as poly-N-vinylpyrrolidone (PVP) 

[148], poly(2-aminothiophenol) [149], polyethyleneimine (PEI) [150] and chitosan [151]. 

Among inorganic materials, silica coating is one of the most chosen functionalization 

strategies in order to enhance stability and surface function of AuNPs. The silica shell on 

AuNP surfaces enables an easy conjugation with diverse functional groups via silane 

coupling agents. 
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1.3.5. Characterization of AuNP-Biomolecule Conjugates  

The characterization of AuNP-Biomolecule conjugates is an essential step to confirm the 

construction of the targeted structure, which is necessary for well-controlled and 

reproducible performance and safety in desired application [152-154]. 

In order to characterize AuNP-Biomolecule conjugates, several physicochemical norms are 

particularly considered and these norms can be listed as size and size distribution, shape 

and aspect ratio, zeta potential, surface area and surface chemistry, chemical composition, 

stability, solubility, purity and aggregation state [155]. Several techniques can be used to 

characterize not only bare AuNPs are but also AuNP-Biomolecule conjugates, which are 

transmission electron microscopy (TEM) [45], scanning electron microscopy (SEM) [156], 

dynamic light scattering (DLS) [157], zeta potential [158], UV/Vis/NIR spectroscopy 

[159], fluorescence microscopy (FM) [160], inductively coupled plasma (ICP) [161], 

atomic force microscopy (AFM) [162], small angle X-ray scattering (SAXS) [37], small 

angle neutron scattering (SANS) [163], surface enhanced Raman scattering (SERS) [164], 

X-ray ray diffraction (XRD) [165], energy dispersive X-ray spectroscopy (EDX) [166], 

agarose gel electrophoresis [130], circular dichorism (CD) [167], fourier transmittance 

infrared resonance (FTIR) [168] and nuclear magnetic resonance (NMR) [169].  

1.4. NANOTOXICITY 

The developed NPs, before using them in medical applications, should undergo several 

toxicity tests to check their possible risks associated with their interactions with biological 

systems. Theoretically, NPs are delivered into the body in a medical intent to represent 

their function, and then are excreted from the body without any hazard effects [46]. On the 

other hand, it was revealed either in vitro studies or clinical observations that NPs create 

minor or major toxic effects on a biological system [26]. Therefore, it is very critical to 

understand behavior of NPs from toxicological perspective.  
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NPs are recognized by biological systems as foreign materials. Thus, some undesirable 

effects caused by them can be seen on the host. The degree of the hazard depends on the 

dosage of NPs, extent and type of physical, chemical or immunological host-guest 

interactions [170]. These physical and chemical interactions trigger nanotoxicity via 

several mechanisms such as oxidative stress [171], DNA damage [172], immunogenicity 

[173], apoptosis and necrosis [70] and inflammation [174]. In addition, in order to be able 

to safely use of NPs in medicine, it is important to determine the correct dosage of NPs 

associated with specific threshold concentration of each NPs above which they show toxic 

effects [175].  

NPs have the ability to enter into various tissues, cells and biological compartments [176]. 

Toxicity can be caused because of these overcrowded biological compartments. For 

instance, occupation-related NP exposure in miners results critical lung toxicity by 

producing inflammatory cytokines, fibrosis and carcinogenesis [26]. The internalization of 

NPs can result several toxicity mechanisms in cells such as ROS [177], interference with 

cell signaling proteins [178], glutathione (GSH) depletion [179] and increase of Ca+2 

uptake [180] by inducing damage on organelles and mitochondria and finally cell death 

(Figure 10). The excretion of NPs from body and its route have not been clear yet.  



 
 

 

25 

 

Figure 1.10. Schematic representation of biochemical mechanisms associated with 

nanotoxicity [181]. 

1.4.1. Surface Chemistry and Nanotoxicity 

The physical effects of NPs uptake on tissues, cells and biological compartments are 

related to several biochemical mechanisms activated by several physical and chemical 

properties of NPs such as size, shape, chemical composition and surface chemistry. The 

surface chemistry of NPs is the most controllable property of NPs as it controls their 

behavior in biological systems. These behaviors, directly related to their toxicological 

profiles, can be itemized as aggregation tendency, pharmacodynamics, biochemical 

reactivity, immunogenicity, biodistribution, cell entry and intracellular localization, 

biodegradability, and excretion [26]. The primary reason of NP toxicity is their high 
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surface energy in comparison to their bulk forms. This high surface energy can be gained 

by modification of NP surfaces with several biomolecules having reactive end(s). Due to 

the fact that the strength and nature of the modification is essential from their toxicological 

perspective, a proper surface functionalization can prohibit NP aggregation in aqueous 

media.  

For specific applications, NPs must possess cationic, anionic or zwitterionic surfaces. 

Therefore, the NP surfaces are functionalized with free reactive moieties such as amines, 

carboxylic acids or proteins [46]. Nevertheless, it must be kept in mind that these reactive 

groups on surfaces can cause toxicity. For instance, the strong interaction between cationic 

NP surfaces and anionic functional groups of biomolecules on cellular membrane lead to 

severe damage to the membrane such as lipid peroxidation [25], to lose entrance control of 

ions and other biomacromolecules to the cytosol [182], to mitochondrial dysfunction [183], 

to activate defensive signaling pathways [184], to induce ROS [185] and genotoxicity 

[186]. Additionally, positively charged AuNPs showed severe cytotoxicity and 

genotoxicity to HeLa cells by inducing ROS [187]. It is noteworthy that the toxicity of NPs 

is altered based on the type of hydrophobic ligand on their surfaces. In another study, it 

was demonstrated that ultrasmall NPs having cationic surface passed through nuclear 

membrane and then inhibited gene expression by interacting with negatively charged DNA 

[188]. Furthermore, it was determined that starch functionalized silver NPs decrease ATP 

in either IMR-90 (human lung fibroblast) or U251 (human glioblastoma cells) and cause 

mitochondrial damage. Additionally, these NPs arrested cell cycle of both cell lines at 

G2/M phase, and the arrest content was concentration dependent [189]. It must be kept in 

mind that the reason why various cell lines showed different cytototoxic effects to the same 

NPs is that the each cell type gave unique cellular responses, which were cell type 

dependent [190]. As a consequence, the choice of free reactive group on NP surfaces plays 

an essential role to be able to avoid the cytotoxic effects on each cell type. 
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1.4.2. Gold Nanoparticle Toxicity 

The utilization of several forms of AuNPs in a wide range of application such as imaging, 

drug and gene delivery, photothermal therapy and sensing revealed a concern about their 

possible toxicity in biological systems and so their toxicity has been comprehensively 

studied both in vitro and in vivo [18]. Many researchers have studied to understand cellular 

uptake, localization and trafficking, cell cycle progression, cell viability, DNA damage, 

circulation, aggregation, and excretion of AuNPs and their possible effects on immune 

system and the toxicity mechanisms, as schemed in Figure 11 [191]. Many reviews have 

been clearly published to evaluate the toxicity of AuNPs either in vitro or in vivo 

conditions and a deep and meaningful discussion by overviewing the all published reports 

on this topic [192]. On the other hand, all the previous studies determined two 

contradicting consequences as some researchers claimed that AuNPs are non-toxic while 

the most others claimed significantly high toxicity of AuNPs [193]. The discrepancy 

among AuNP toxicity studies was caused by several parameters of AuNPs such as size, 

shape and surface chemistry, interactions between AuNPs and biological systems and 

experimental conditions. In spite of these conflicting reports, there is a general concurrence 

about their size dependent cytotoxicity in a such way that AuNPs having less than 5 nm 

size caused more toxicity than those of having larger size than 15 nm [194]. The reason 

behind is that small AuNPs penetrated through nucleus and induce genotoxicity while 

larger AuNPs do not have the ability to do it because of steric effect. Moreover, thanks to 

surface modification of AuNPs, their toxicity can be diminished or even eliminated. For 

example, cationic AuNPs determined an important toxicity whereas anionic AuNPs were 

non-toxic [195]. Furthermore, it must be kept in mind that each group perform the studies 

under their own facilities and the variety of experimental conditions among groups also 

lead to different and even opposite conclusions. 
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Figure 1.11. Illustrative scheme about AuNPs and their interaction with biological systems 

either in vitro or in vivo [191]. 

The carbohydrates on mammalian cell surfaces play critical roles in several cellular 

processes such as cell-cell recognition, inflammation, infection, cancer, tumors and 

metastasis [196-198]. For protein-carbohydrate and carbohydrate-carbohydrate 

interactions, it was demonstrated that carbohydrate functionalized AuNPs can be utilized 

as an effective therapeutic agent [199]. In a study, AuNPs were modified with lactose, 

maltose and glucose neoglycoconjugate as specific tumor associated carbohydrate 

antigens. The carbohydrate functionalized AuNPs having diameter below 2 nm were tested 

in mouse melanoma model (B16F10) for ex vivo investigation of the possible providing 

antiadhesion therapy and prohibition of lung metastasis [200]. The Glucose and Maltose 

functionalized AuNPs were used as negative inhibitor while The Lactose modified AuNPs 

was potential inhibitor of adhesion of melanoma cells to endothelium cells. According to 

the results, it was demonstrated that the AuNP-Lactose conjugates showed a strong 

protective effect to lung metastasis. Moreover, for designing a potential carbohydrate 

based anticancer vaccines, AuNPs were conjugated with T-cell helper peptides and 

sialylTn and Lewis antigens, which were tumor associated carbohydrate antigens 

overexpressed in several cancer types [201]. In another study, the utilization of thio-

glucose modified 13 nm AuNPs with megavoltage X-ray enhanced the radiation affect and 

induced apoptosis in A549 cells [202]. At last but not least, Suvarna et al. have developed 



 
 

 

29 

a novel 2-deoxy-D-glucose (2DG) capped AuNPs as a theranostic candidate [203]. The 

synthesized 2DG-AuNPs and Glucose-AuNPs induced no toxicity in three cancer cell lines 

(HeLa, HepG2 and HCT116), however 2DG-AuNPs maintained the survival ability of all 

cancer cells. Therefore, 2DG-AuNPs were claimed as a better candidate for theranostic 

studies since they were a new targeting agent for glucose-dependent cancer cell types and a 

perfect candidate to AuNPs as a drug to be delivered to the interested sites. At that point, it 

must be confessed that even though there existed some studies about the effects of AuNP-

Carbohydrate conjugates on cancer cells, a systematic investigation of cellular response to 

them is a requirement to solve the relation between the cellular response and AuNP surface 

chemistry in either healthy cells or cancer cells.  

In addition to AuNP-Carbohydrate studies, there existed several studies in the literature to 

investigate the relation between surface chemistry of AuNPs and cellular response. For 

example, Kawazoe and Guoping claimed that AuNPs with different charges and moieties 

resulted in various cell responses in mesenchymal stem cell osteogenesis [204]. In order to 

search the interactions of surface modified AuNPs with the cells, AuNP surfaces were 

functionalized with differently charged alkanethiols, which were aminoethanethiol for 

amine group modification, mercaptoethanoic acid for carboxylic acid group modification 

and mercaptoethanol for hydroxyl group modification. No significant cytotoxicity was 

seen surface modified AuNPs treated mesenchymal cells, but amine group modified 

AuNPs induced higher cellular uptake. Moreover, carboxylic acid group functionalized 

AuNPs induced upregulation of growth factors, and thus increased the cell proliferation. In 

another study, the role of surface charge of AuNPs on membrane potential of either 

malignant or nonmalignant cell lines was investigated [205]. The surfaces of AuNPs were 

covered with alkanethiols different in charge and reactive free ends such as amine, 

hydroxyl, carboxylic acid and sulfonic acid groups. The findings showed that the positive, 

negative, neutral and zwitterionic AuNP surfaces modulated membrane potential of the 

cells affected cellular uptake. In another study, the toxicity of the quartenary amonnium 

and carboxylate functionalized AuNPs was investigated in Cos-1 cells, red blood cells and 

E. coli [206]. Interestingly, the AuNP surfaces were coated with an alkanethiol mix 
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consisting of approximately 70 charged thiols and 30 unsubstituted thiols. Based on results, 

only cationic AuNPs showed cytotoxicity and this was associated with strong electrostatic 

attraction to negatively charged bilayer. At that point, it must be mentioned that the 

common similarity between these studies was the explicit differences on surface chemistry 

of AuNPs and the anticipated different cellular responses to them. On the other hand, a 

systematic investigation of cellular response to the subtle differences on NP surface 

chemistry such as free reactive group orientation, order of peptide sequence, free terminus 

of peptide, remained unclear.  

1.4.3. How to Determine Toxicity of Nanoparticles 

In order to elucidate the possible cytotoxic effects of NPs on cell cultures, several 

conventional in vitro cytotoxicity assays can be applied. These assays can be listed as 

tetrazolium based cell proliferation assays such as WST-1, WST-8, MTT, MTS, which 

measure the enzymatic activity of cellular mitochondria and are accepted as gold standard 

for in vitro cytotoxicity studies, Annexin V-FITC/PI assay or caspase substrates, which 

detect apoptosis/necrosis in cells, lactate dehydrogenase (LDH) lipid peroxidation assay, 

which measures LDH released from cells to cell culture medium and is accepted as a best 

sign for cell membrane disruption, DCFH-DA ROS detection assay, which detects 

intracellular hydrogen peroxide and oxidative stress, tryphan blue and PI staining, which 

detect cell membrane permeability, and finally calcein AM assay, which determines 

intracellular esterase activity [207]. The cytotoxicity of NPs should be cross-checked with 

at least two different assays mentioned above because of eliminating misconstruction of 

results. As a general advise, the results of different cytotoxicity in vitro assays cannot be 

compared with each other since each assay detects discrete parameter of toxicity [208]. 

Moreover, all these in vitro cytotoxicity assays mentioned above cannot give accurate 

results for all types of NPs, because the unique properties of NPs can change emission, 

absorbance and fluorescence characteristics of active molecules in the assays and occur the 

false negative or false positive results. For example, metal ions like Zn+2 ions interfered 
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with MTT and resulted the alteration on absorption spectrum of MTT and so false negative 

results were acquired [209]. Furthermore, single-walled carbon nanotubes (SWCNTs) can 

interact with free MTT and then cause false negative results [210]. As the last example, 

metal NPs such as copper NPs interfere with LDH and lead to false results [211]. On the 

other hand, the cytotoxicity of AuNPs has been investigated by all these cytotoxicity in 

vitro assays for several studies [70]. Since the well-developed protocols to test the 

cytotoxicity of AuNPs were generated, interference of AuNPs with reagents in the assays 

is nearly negligible and the toxicity assay consequences are reliable [212].   
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2. OBJECTIVES OF THE STUDY 

 

The interfaces between the NP surfaces and living systems have a critical role to explain 

the cellular response to the NP surfaces. Therefore, the nature of these interactions should 

be determined to design safer NPs to be used in medicine and other application fields. In 

all previous studies, the cellular responses to quite different chemistry changes on NPs 

were investigated and predictable results were obtained. With these studies two 

contradicting results were determined such as some researchers claimed AuNPs were non-

toxic while the most others argued their significantly high toxicity. When considered these 

contradictory results, it is clear that a systematic investigation of cellular response to small 

changes on NP surface chemistry is absolutely needed. Therefore, in this thesis, it was 

aimed to systematically investigate the cellular response of living cells to subtle surface 

chemistry changes on AuNPs conjugated with custom designed carbohydrates and 

peptides. In order to systematically find out the effects of functionalized AuNPs, their 

cellular uptake and the possible effects on cytotoxicity, reproductive integrity and cell 

cycle phases were investigated and the relationship between the cellular response and NP 

surface chemistry was aimed to understand better.  
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3. MATERIALS AND METHODS 

 

3.1. MATERIALS 

3.1.1. Chemicals 

D-(+)-Glucose (powder, ≥99.5%), D-(+)-Mannose (powder, ≥99.0%), α-Lactose 

monohydrate (powder, ≥96.0%), D-(+)-Maltose monohydrate (powder, ≥98.0%), 1,4-

dioxane (anhydrous, ≥99.8%), dichloromethane (anhydrous, ≥99.8%), Lawesson reagent 

(≥97.0%), methanol (for HPLC, ≥99.9%), hydrochloric acid (36.5-38.0%), sodium 

hydroxide (BioXtra, ≥98.0%), gold (III) chloride trihydrate (≥99.9% trace metals basis), 

agarose (powder), Trizma base (powder, ≥99.0%), EDTA (anhydrous, ≥98.5%), acetic acid 

(anhydrous, ≥99.0%), Triton X-100 (for molecular biology) and ethanol (anhydrous, 

≥99.5%) were purchased from Sigma-Aldrich (Darmstadt, Germany). Crystal violet 

(powder) and tri-sodium citrate (powder) was purchased from Merck Millipore (Germany). 

Peptides were synthesized by Alpha DNA (Montreal, Canada).   

3.1.2. Cell Lines 

A549 (human caucasian lung carcinoma), BEAS-2b (human bronchial epithelial cell) and 

MDA-MB-231 (human breast cancer cell) cell lines were purchased from the American 

Type Culture Collection (ATCC).  

3.1.3. Cell Culture Reagents 

Dulbecco's Modified Eagle Medium (1x DMEM, 4500 mg/L Glucose, L-glutamine, 

sodium pyruvate, Phenol red), Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

(DMEM/F-12, 4500 mg/L Glucose, L-glutamine, sodium pyruvate, Phecol red), fetal 
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bovine serum (FBS), Penicillin (10,000 Units/ml), Streptomycin (10,000 μg/ml), L-

glutamine (200 mM), 1x Trypsin-EDTA (0.25 percent Trypsin- 0.02 percent EDTA) and 

HyClone™ phosphate buffered saline (10x PBS) were purchased from Gibco, USA. 

Colchicine (≥95 percent HPLC purified, powder) and dimethyl sulfoxide (anhydrous, 

≥99.9 percent) were purchased from Sigma-Aldrich (USA). Tissue culture flasks, well 

plates, falcon tubes, serological pipettes and cryotubes were purchased from TPP, 

Switzerland.  

3.1.4. Kits  

WST-1 cell proliferation reagent was purchased from Roche Diagnostic GmbH 

(CELLPRO-RO, Germany). Annexin V-FITC-/PI apoptosis necrosis detection kit was 

taken from Calbichem (Germany). Propidium iodide solution (10 mg/ml in water) and 

Ribonuclease A were purchased from Sigma-Aldrich (USA).  

3.2. METHODS 

3.2.1. AuNP Synthesis 

The 13 nm sized spherical AuNPs were synthesized by Turkevich method or also called 

citrate reduction method [102]. 80 mg gold (III) chloride trihydrate (HAuCl4.3H2O) in 200 

ml deionized water (dH2O) was heated with continuous stirring at 1000 rpm by using a hot 

plate with magnetic stirrer. Then, 228.22 mg sodium citrate in 20 ml dH2O was rapidly 

added into the boiling mixture. Finally, the resulting mixture was shaken for another 15 

minutes. The synthesized AuNPs suspension was cooled down at room temperature for 

characterization.  

The concentration of AuNPs was calculated by Beer-Lambert’s Law [213]. Firstly the 

serial dilutions (1:2, 1:4, 1:8 and 1:16 v/v) of the AuNP suspension were prepared in 
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deionized water to determine concentration of the AuNPs (n=3). The samples were 

scanned from 200 to 800 nm in quartz cuvette by UV/Vis spectrometer. The SPR 

absorptions of diluted AuNP suspensions were recorded. The concentration of AuNP 

suspension was calculated using resulting values. Moreover, the number of AuNPs in 1 ml 

suspension was calculated via a formula advanced by Haiss et al., by considering 

absorbance value of AuNP suspension at 450 nm [213].  

3.2.2. Surface Modification of AuNPs with Carbohydrates 

3.2.2.1. Thiolation of Carbohydrates 

In order to conjugate carbohydrates to AuNPs, the carbohydrates needed to be 

functionalized with thiol groups to enable Au-S bond. Therefore, the carbohydrates were 

thiolated with sufficient yields by Lawesson reagent [214] as schemed in Figure 3.1. 

 

Figure 3.1. Scheme showing thiolation process of (a) Glucose, (b) Mannose, (c) Lactose 

and (d) Maltose by Lawesson reagent. 
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A 500 mg of carbohydrate and the Lawesson reagent (1.2 mol equivalents of carbohydrate) 

were dissolved in 30 mL of 1,4-dioxane. The resulting mixture was stirred at 1100 C for 48 

hours without any intervention under argon gas, as seen in Figure 3.2.  

 

Figure 3.2. Image of the carbohydrate thiolation set up. 

3.2.2.2. Purification of Thiolated Carbohydrates 

The cooled reaction mixture was filtered through a filter paper using 20 ml of 1,4-dioxane. 

The filtered mixture was concentrated using a rotary evaporator. The concentrated sample 

was dissolved in a mixture of 50 ml dichloromethane and 80 ml water. This mixture was 

transferred to a separatory funnel as shown in Figure 3.3. After adding a few drops of 

methanol, two distinct layers were visible in the funnel. While the top aqueous layer 
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contained thiolated carbohydrates, the bottom layer included unreacted reaction residues. 

The bottom layer was discarded. The upper aqueous phase was divided into about 10 ml 

fractions and frozen at -80°C, then dried using a Freeze-Dryer.  

 

Figure 3.3. White light image of purification setup of thiolated carbohydrates. 

3.2.2.3. Characterization of Thiolated Carbohydrates 

The thiolated carbohydrates were characterized with FT-IR spectroscopy (Thermo 

NICOLET IS50, Massachusetts, USA) in attenuated total reflectance (ATR) mode. 
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3.2.2.4. AuNP-Carbohydrate Conjugation Process 

For a direct attachment of thiolated carbohydrates on AuNP surfaces, the modified 

carbohydrates were dissolved in water by bringing the concentration to 10 mg/ml. The 13 

nm AuNP suspension (10 nM, 1ml) was mixed with increasing concentrations of thiolated 

carbohydrate solutions (10 mg/ml) in 1.5 ml eppendorf tubes (n=3). The conjugation mix 

was shaken overnight at room temperature on a 3D Laboratory mini-shaker (Biosan Multi 

Bio 3D, Programmable mini-shaker). The optimization studies indicated that 150 µl of 10 

mg/ml of thiolated Glucose and Mannose solutions, and 75 µl of 10 mg/ml thiolated 

Lactose and Maltose solutions was enough to functionalize 1 ml of 10 nM 13 nm AuNPs.  

3.2.3. Surface Modification of AuNPs with Peptides 

In order to create subtle differences on NP surface, 14 peptides different in length, 

sequence and charge were designed (Table 3.1). The lyophilized peptides (4 or 7 aa in 

length) were obtained from manufacturer (Alpha DNA, Montreal, Canada) and dissolved 

in deionized water based on manufacturer’s instructions. The 7 aa length peptides were 

designed as addition of RGD sequence in the 4 aa length peptides. The peptides were 

designed as peptide couples, which meant that two peptides possessed same amino acid 

sequence but the sequence was either from -COOH to -NH2 or -NH2 to -COOH end. 

Cysteine was the first amino acid in all peptide sequences. The peptides were coded from 1 

to 14 according to the free end of the peptide sequence where Cysteine was located on. 

Therefore, in Pep1 to Pep7, Cysteine was located at -NH2 end while in Pep8 to Pep14, it 

was located at -COOH end. The 14 peptides were grouped by considering their charge and 

sequence. The first group was 4 aa length neutrally charged RGD peptides, which were 

Pep1 and Pep8. The second group was neutrally charged glycine rich peptides, which were 

Pep2, Pep5, Pep9 and Pep12. Pep2 and Pep9 were 4 aa length glycine rich peptide couples 

while Pep5 and Pep12 were 7 aa length glycine rich peptide couples including RGD 

sequence. The third group was negatively charged glutamic acid rich peptides, which were 
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Pep3, Pep6, Pep10 and Pep13. Pep3 and Pep10 were 4 aa length glutamic acid rich peptide 

couples while Pep6 and Pep13 were 7 aa length glutamic acid rich peptide couples 

including RGD sequence. The last group was positively charged histidine rich peptides, 

which were Pep4, Pep7, Pep11 and Pep14. Pep4 and Pep7 were 4 aalength histidine rich 

peptide couples while Pep7 and Pep14 were 7 aa length histidine rich peptide couples 

including RGD sequence. 

Table 3.1. Properties of peptides used in the study. 

Code Length(aa)
Sequence 

(from NH2 to COOH)
Isoelectr ic point Charge

 Pep1 4 DGRC 6.09 0

 Pep2 4 GGGC 5.33 0

 Pep3 4 EEEC 3.08 -3

 Pep4 4 HHHC 7.40 +3

 Pep5 7 DGRGGGC 6.09 0

 Pep6 7 DGREEEC 3.83 -3

 Pep7 7 DGRHHHC 7.40 +3

 Pep8 4 CRGD 6.09 0

 Pep9 4 CGGG 5.33 0

 Pep10 4 CEEE 3.08 -3

 Pep11 4 CHHH 7.40 +3

 Pep12 7 CGGGRGD 6.09 0

 Pep13 7 CEEERGD 3.83 -3

 Pep14 7 CHHHRGD 7.40 +3  

D: Aspartic acid, G: Glycine, R: Aspargine, E: Glutamic acid, H: Histidine. 

The 13 nm AuNP suspension (10 nM, 1ml) was mixed with increasing concentration of 

peptide solutions (1 mg/ml, 5-30 µl). Based on the optimization studies, it was determined 

that 20 µl of peptide solution was adequate to cover the surfaces of all AuNPs in 

suspension. On the other hand, it was found out that AuNPs immediately precipitated after 

addition of peptides having free -NH2 terminus (Pep8-14) although AuNPs were remained 

as suspended in the suspension after addition of peptides having -COOH surfaces (Pep1-7). 
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Since it is known that protein residues at particular pH conditions can bind to oppositely 

charged AuNPs surfaces through electrostatic interactions, the effects of pH on AuNP 

functionalization was investigated [60]. As a first step, the pH values of AuNP suspension, 

where AuNPs were stable, was determined. The natural pH of AuNP suspension was 

measured as 5.9. The pH of the suspension was adjusted from 1.0 to 5.5 by adding 0.05 M 

HCl and from 6.0 to 12.0 by adding 0.05 NaOH. It was found that AuNPs in suspension at 

pH 3.0-11.8 were stable. 18 AuNP suspensions different in pH were prepared (from 3.0 to 

11.8 at 0.5 increment). For each peptide, 20 µl was added into 1 ml of each 18 AuNP 

suspensions (n=3), then the reaction tubes were shaken for overnight. The white light 

images of AuNP-Peptide suspensions were taken. AuNP-Peptide conjugates were stable in 

different pH intervals and these intervals changed according to the charge, length and free 

terminus of peptides. In order to find the optimum pH condition for each peptide 

conjugation, AuNPs were modified with peptides at randomly chosen pHs at that interval 

(n=3). They were shaken for overnight. Based on characterization results, the best pH 

condition for each AuNP-Peptide conjugates were determined. 

3.2.4. Characterization of Naked AuNPs and AuNP Conjugates  

3.2.4.1. Transmission Electron Microscope (TEM) 

The synthesized 13 nm AuNPs were characterized by TEM to observe size, shape and 

uniformity of AuNPs in suspension. A few microliters of AuNP suspension was spotted 

onto TEM grids. Images were taken at different magnifications by using a JEOL JEM 

100C TEM with a 70 µm lens operating at 100 kV and with 2.0 Å  point to point resolution.  

3.2.4.2. UV/Vis spectrometer 

AuNPs and surface functionalized AuNPs were characterized by UV/Vis spectrometer 

(Lambda 25, Perkin Elmer, Foster City, CA, USA). The characteristic SPR absorption of 
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1:10 diluted AuNP suspension in deionized water was obtained over the range 200 to 800 

nm using 1 cm path length quartz cuvette. 

3.2.4.3. Dynamic Light Scattering (DLS) 

AuNPs and surface functionalized AuNPs were characterized by DLS (ZetaSizer Nano ZS, 

Malvern Instruments, Malvern, UK). The hydrodynamic sizes and zeta potentials of 1:10 

diluted AuNP suspensions were measured in polystyrene cuvettes and disposable capillary 

cuvettes, respectively. The measurements were applied with a 1730 scattering angle using 4 

mW He-Ne laser at room temperature.  

3.2.4.4. Agarose Gel Electrophoresis 

The density of biomolecules on AuNPs in suspension was monitored by 1 percent Agarose 

gel electrophoresis. The AuNP suspensions were centrifuged at 13000 rpm for 20 min. The 

supernatants were discarded, and the pellets were dissolved in 1 ml deionized water. The 

samples were centrifuged again at same speed for same time. The 0.98 ml of supernatants 

were removed, and the pellets were resuspended in the remaining 20 µl supernatants by 

soft vortexing. An 80 mg agarose powder was melted in 80 ml 1x TAE buffer solution (40 

mM Tris-Acetate and 1 mM EDTA) by microwaving. Since AuNP suspension has red 

color, no Ethidium bromide (EtBr) was added into the gel. The hot agarose was poured 

into comb placed gel cassette and allowed for solidification. After removing comb from the 

gel, the suspended samples were loaded into the wells. The gel cassette was placed into 

electrophoresis chamber and 1x TAE buffer solution as running buffer was dropped into 

the chamber up to cover up the gel. The chamber was fitted with Pt electrodes of DC 

supply (PowerPac Basic Power Supply, BioRad). The gel was run at 100V for 1.5 h. The 

white image of agarose gel was taken.  
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3.2.4.5. Fourier Transform Infrared Resonance (FTIR) 

In order to identify chemical composition of AuNP surfaces, naked AuNP and modified 

AuNP suspensions were characterized via FTIR (Thermo NICOLET IS50, Massachusetts, 

USA) in attenuated total reflectance (ATR) mode. The naked AuNPs and surface 

functionalized AuNPs suspensions were centrifuged at 13000 rpm for 20 min. The 

supernatants were removed, and the pellets were suspended in 1 ml deionized water. This 

washing process was repeated twice. After last washing, the pellets were resuspended in 

300 µl deionized water. The samples were frozen at -80 0C and then dried by using Freeze-

dryer (Laboratory Freeze-Dryer, C-Gen Biotech, Maharashtra). The dried samples were 

scanned in the transmission mode by FTIR from 400 to 4000 cm-1.  

3.2.4.6. Surface Enhanced Raman Scattering (SERS) 

Thanks to SPR properties of AuNPs, both naked AuNPs and surface modified AuNPs were 

characterized by SERS (Renishaw inVia Reflex Raman spectrometer equipped with a high 

speed encoded Streamline™ stage, UK), which could obtain the information about 

biomolecules chemically bound on AuNP surfaces. Both the naked AuNPs and surface 

modified AuNPs suspensions were centrifuged at 13000 rpm for 20 min. The pellets were 

dissolved in 1 mL deionized water. The dispersed NP suspensions were centrifuged at 

same speed and for same time. This washing process was repeated one more time. The 

acquired pellets were dissolved in 100 μl double distilled water and 2 μl of the suspended 

samples were dropped on Calcium Fluoride (CaF2) slides, then waited to dry. For each 

sample, at least ten areas of 10x10 μm2 with a laser spot size of 1.5 μm were mapped under 

50x objective (Leica DM2500 upright microscope) with a 830 nm photodiode laser source 

with 1200 line/mm grating by applying 4s laser exposure and 150 mV laser power. The 

mapped areas were preprocessed as subtract baseline, cosmic ray removal, smoothing. 

Then, the spectra obtained from the mapped area were averaged and normalized.. 
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3.2.5. Cell Culture 

A549 cell line (adenocarcinomic human alveolar basal epithelial cells) was cultured in 

DMEM/F-12 (with 4500 mg/L) supplemented with 10 percent FBS, 100 unit/ml Penicilin, 

100 µg/ml Streptomycin and 2 mM L-Glutamine, BEAS-2b cell line (human bronchial 

epithelial cell line) was cultured in DMEM (with 4500 mg/L) supplemented with 5 percent 

FBS, 100 unit/ml Penicilin, 100 µg/ml Streptomycin and 2 mM L-Glutamine and MDA-

MB-231 cell line (breast cancer cell line) was cultured in DMEM (with 4500 mg/L) 

supplemented with 10 percent FBS, 100 unit/ml Penicilin, 100 µg/ml Streptomycin and 2 

mM L-Glutamine in an incubator at 37°C with five percent CO2 humidified atmosphere.  

When A549 and MDA-MB-231 cells reached to 90-95 percent confluency and BEAS-2b 

cells reached to 75-80 percent confluency, they were passaged. Firstly, culture medium on 

flasks was discarded and the cells on flasks were washed with 1x PBS. After removing 

PBS, 0.5 ml trypsin-EDTA solution for T25 flasks, 2 ml for T75 flasks and 5 ml for T150 

flasks was added and incubated at 37°C under 5 percent atmosphere to detach cells. The 

detaching was checked by inverted microscope (Nikon Eclipse, TS100). When all cells 

were detached, trypsin was inactivated by addition of culture medium into flask (double 

volume of trypsin). The detached cells were collected into 15 ml sterile falcon tubes. The 

cells were counted by hemocytometer (Hemacytometer Bright Line). The 500,000 cells 

were seeded into T75 flasks and incubated at 37°C and 5 percent CO2 humidified 

incubator.  

3.2.5.1. Nanoparticle Exposure to Cells 

The cells were treated with either naked AuNPs or surface modified AuNPs with 

increasing concentrations as 0.1, 0.5, 1.0 and 2.5 nM for 24h. Before treatment, AuNP 

conjugates suspensions were washed with deionized water once by centrifuging at 13,000 

rpm for 20 min. Then, 970 µl of supernatant was discarded and 950 µl of deionized water 

https://www.kerafast.com/product/3039/human-bronchial-epithelial-cell-line-beas-2b
https://www.kerafast.com/product/3039/human-bronchial-epithelial-cell-line-beas-2b
https://www.thomassci.com/search/go?p=R&ts=custom&uid=412305003&w=Bright%20Line%20Hemacytometer&method=and&sid=2&isort=score&url=http://www.thomassci.com/Equipment/Counters/_/1490-CHAMBER-WO-COVER-GLASSES&rsc=XPvYIwp-BU499S7U&domainSpecificUrl=https://www.thomassci.com/Equipment/Counters/_/1490-CHAMBER-WO-COVER-GLASSES
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was added and so all NPs were suspended in totally 1 ml suspension. Additionally, 1 ml of 

13 nm AuNPs (10 nM) and AuNP conjugates included approximately 5.37 ×1012 particles. 

The cells were incubated with 100 µl of AuNPs suspension (5.37 × 1011 NPs) for WST-1 

assay, with 1 ml of that (5.37 ×1012 NPs) for Apoptosis Necrosis Assay, cell cycle 

determination and NP uptake studies, and 2 ml of that (10.74 ×1012 NPs) for clonogenic 

assay.   

3.2.5.2. Cellular Uptake 

Cellular uptake of NPs was examined using flow cytometry. A549 cells (50,000), BEAS-

2b cells (42,000) and MDA-MB-231 cells (50,000) were seeded in each well of 24 well 

plates and incubated at 37°C in humidified atmosphere under 5 percent CO2 for 24h. The 

cells were exposed to increasing concentrations of NPs and incubated for 24 h in 

humidified incubator. After incubation, the cell culture medium in wells were collected 

into 1.5 ml eppendorf tubes. The attached cells were incubated with 200 µl of trypsin-

EDTA solution for 5 min at 37°C in humidified incubator. In order to finish trypsin 

activity, 400 µl of collected medium was added in the wells. The detached cells were 

harvested into same eppendorf tubes and agitated at 2500 rpm for 5 min. After 

centrifugation, the cells were suspended in 1x PBS and immediately analyzed by flow 

cytometry. The quadrant gate on SSC vs FSC plot was used to determine the cellular 

uptake of NPs. Based on calculation of quadrant percentages by software, the results were 

drawn as a clustered column graph and were analyzed with two paired Student’s t-test 

statistically to examine the cellular uptake of cells treated with increasing concentrations of 

NPs in comparison to negative control cells. The samples with a p≤0.05 were marked with 

one-star sign (*), with a p≤0.01 were marked with two-star signs (**) and with p≤0.001 

were marked with three-star signs (***).     
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3.2.5.3. WST-1 Cell Proliferation Assay 

A549 cells (10,000), BEAS-2b cells (8,000) and MDA-MB-231 cells (10,000) were seeded 

into the wells of 96 well plate and incubated for 24 h in an incubator at 37°C with 5 

percent CO2 humidified atmosphere (n=6). After 24 h incubation, the culture medium on 

cells were aspirated and washed with 1x PBS. When considered the controls, just 100 µl of 

culture medium was added into wells for negative control and 100 µl of culture medium 

containing 10 percent DMSO was added into wells as positive control. In addition, 100 µl 

of culture medium dispersed either naked AuNPs or surface modified AuNPs were added 

into the wells. After 24h incubation, the culture media were aspirated and the cells were 

washed with 1x PBS. The 100 µl of 5 percent WST-1 reagent containing culture medium 

was added into cells and incubated for 1h for A549 cells, 1.5 h for BEAS-2b cells and 2h 

for MDA-MB-231 cells in the incubator. Moreover, WST-1 reagent containing culture 

media were added into empty wells as blank. At the end of the incubation, 80 µl of 

medium into each wells were transferred to a new 96 well plate in order to prohibit positive 

wrong results caused by NP interference during measurement [215]. Then, the absorbance 

values of transferred WST-1 reagent containing media were recorded at 450 nm by using a 

microplate reader (ELx808, BioTek, Winooski, VT, USA). The results were drawn as 

percent viability graph and were analyzed with two paired Student’s t-test statistically to 

investigate the cell viability of cells treated with increasing concentrations of NPs in 

comparison to negative control cells. The samples with a p≤0.05 were marked with one 

star sign (*), with a p≤0.01 were marked with two star signs (**) and with p≤0.001 were 

marked with three star signs (***).   

3.2.5.4. Apoptosis/Necrosis Assay 

In order to determine the rate of apoptotic and necrotic cells of the cell population upon NP 

exposure, Annexin V-FITC apotosis and necrosis detection kit from Calbiochem (Merck 

Millipore) was applied according to the manufacturer’s instruction. A549 cells (50,000), 
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BEAS-2b cells (42,000) and MDA-MB-231 cells (50,000) were seeded into 24 well cell 

culture plates (n=3) and incubated for 24 h in the incubator at 37°C with 5 percent 

humdified atmosphere. After 24 h, the cells were treated with either 10 percent DMSO as 

positive control or 0.1, 0.5, 1.0 and 2.5 nM medium dispersed NPs and incubated for 24 h. 

Upon NP exposure, the cell culture medium containing detached cells in the wells were 

collected into 1.5 ml eppendorf tubes. The attached cells were incubated with 200 µl of 

trypsin for 5 min at incubator. A 400 µl of collected cell culture medium was added into 

trypsined cells due to inactivate trypsin. The detached cells were collected in the same 

tubes including cell culture medium. The samples were agitated at 2500 rpm for 5 min at 

4°C to obtain cells. After centrifuge, supernatant of samples were aspirated and they were 

washed with 1x PBS. They were centrifuged at 2500 rpm for 5 min, again. Based on 

manufacturer’s instruction, 1x binding buffer was prepared from 10 x binding buffer with 

deionized water. 0.5 µl Annexin V-FITC reagent and 1 µl PI reagent per sample was added 

into 1 x binding buffer to prepare the dye mix. After washing with 1x PBS, one negative 

control was not stained with any dyes to analyze unstained cells, one negative control was 

stained with only Annexin V-FITC in order to set up green detector voltage, one negative 

control was stained with only PI due to adjust red detector voltage, and finally the other 

negative control samples, positive control samples and NP treated samples were stained 

with both dyes in 200 µl 1x binding mix for the purpose of apoptosis and necrosis 

detection. All stained cells were incubated with dyes at dark for 15 min. The samples were 

kept on at 40C until analysis. For each sample, 20 000 cells were counted and analyzed by 

using on Guava easy-Cyte™ 5 (Merck Millipore) benchtop flow cytometer. According to 

calculation of the quadrants ratio of cell population by software, the results were drawn as 

a 2-D stacked column graph.  

3.2.5.5. Clonogenic Assay 

Due to observe survival ability of cells after NP exposure, their colony formation ability 

was visualized by clonogenic assay. For this assay, 100 cells for A549, BEAS-2b and 
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MDA-MB-231 cell lines were seeded into each wells of 6 well plates (n=3) and waited for 

cell’s attachment for 24 h at 37°C and 5 percent CO2 humidified incubator. After 24 h, the 

cells were treated with 2 ml either 10 percent DMSO as positive control or medium 

dispersed 0.1, 0.5, 1.0 and 2.5 nM NPs. A549 and MDA-MB-231 cells were incubated for 

seven days whereas BEAS-2b cells were for 10 days at humidified incubator until each 

seeded single cells formed colonies including at least 50 cells. During 7-10 days incubation 

at incubator, the media on cells were not changed and the plates were not moved anywhere 

to make able to create a steady condition. In the final days of the incubation, the colonies 

of negative controls were observed under microscope and the cells in each colonies were 

counted. If the number of cells in colonies were close to 50, the incubation was stopped.  

The media into the wells were removed and the colonies were stained with crystal violet by 

incubating with dye for 15 min. Then, the dye was taken away and the plates were washed 

with water until all dye was removed from the plate. The washed plates were left to dry. 

The violet colored colonies were counted. The results were drawn a clustered column 

graph and were analyzed with two paired Student’s t-test statistically to investigate the 

survival ability of cells exposed to increasing concentrations of NPs in comparison to 

negative control cells by forming colonies. The samples with a p≤0.05 were marked with 

one star sign (*), with a p≤0.01 were marked with two star signs (**) and with p≤0.001 

were marked with three star signs (***).  

3.2.5.6. Cell Cycle Evaluation 

The cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells were analyzed for 

24 h treatment with either naked AuNPs or surface functionalized AuNPs by flow 

cytometry. A549 cells (50,000), BEAS-2b cells (42,000) and MDA-MB-231 cells (50,000) 

were seeded in each well of 24 well plates (n=3) and incubated for 24h in an incubator 

37°C with 5 percent CO2 humidified atmosphere. After cell attachment, the cells were 

treated with 0.1 µM colchicine as a positive control and 0.1, 0.5, 1.0 and 2.5 nM of 

medium dispersed NPs for 24 h. At the end of 24h incubation, the cell culture media in 
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wells were collected into 1.5 ml eppendorf tubes. The attached cells were incubated with 

200 µl of trypsin-EDTA solution for 5 min at 370C in humidified incubator. 400 µl of 

collected medium was added into detached cells to terminate trypsin activity. The collected 

cells were centrifuged at 2500 rpm for 5 min at 40C. The supernatant was aspirated, and the 

cells were suspended in 1x PBS. After centrifugation at same speed and time, the cells 

were fixed with 500 µl of 70 percent ice-cold ethanol (v/v, ethanol in water) by gently 

mixing and kept at -20°C at least overnight. The fixed cells were agitated at 2500 rpm for 5 

min at 4°C. The supernatant was aspirated and the cells were suspended in 500 µl of 0.1 

percent ice-cold Triton X-100 (v/v, Triton X-100 in 1x PBS) and incubated for 20 min at 

room temperature to make cells permeabilized. After incubation with Triton X-100, the 

cells were centrifuged and the cells were suspended in 200 µl of 100 µg/ml of RNAse 

solution (v/v, RNAse solution in 1x PBS) and incubated for 30 min at 37°C to prevent 

attachment of propidium iodide (PI) to RNAs, which gave positive wrong results. Finally, 

PI staining was carried out as the cells were stained with 1 µg/ml for 15 min at dark, except 

one negative control, which called as unstained. Then, their cell cycle progressions were 

analyzed on Red Width vs Red Area plot on flow cytometry software. The cell cycle 

phases as G0/G1, S and G2/M, were adjusted by considering those of negative and positive 

controls. According to the calculation of cell cycle phase percents by software, the results 

were drawn as a 2-D stacked column graph.  
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4. RESULTS AND DISCUSSION 

 

4.1. AuNPs SYNTHESIS AND CHARACTERIZATION 

4.1.1. Characterization 

Spherical AuNPs of 13 nm diameter size were synthesized by Turkevich method as 

monodisperse and suspended in water [102]. The synthesized AuNPs were characterized 

by Transmission Electron Microscopy (TEM), UV/Vis spectroscopy and Dinamic Light 

Scattering (DLS) as shown in Figure 4.1. The TEM images showed that the AuNPs were in 

13 nm average diameter. UV/Vis and DLS spectra were typical for the AuNPs colloidal 

suspension synthesized with the method.   

 

Figure 4.1. Characterization of colloidal suspension containing 13 nm AuNPs. (a) TEM 

image, (b) UV/Vis spectrum, and (c) DLS spectrum. 

4.1.2. Determination of Concentration 

The size and concentration are the key points of AuNPs in their applications. Since the 

AuNPs can be synthesized in a wide range of sizes by several synthesis protocols, their 

concentration determination becomes troublesome. Thus, the concentration of synthesized 

spherical AuNPs in suspension is determined by Beer-Lambert’s Law. In this approach,  
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the concentration of AuNPs in suspension can be estimated by measuring the SPR value of 

AuNPs by UV/Vis spectroscopy [203]. Therefore, the diluted AuNP suspensions in water 

were prepared as 1:2, 1:4, 1:8 and 1:16 in triplicates. Then, their absorbance values at SPR 

peak, 519 nm, were recorded three times. The obtained nine measurements for each 

dilution factors were averaged. Beer-Lambert’s law is referred as depicted in Equation 4.1: 

 

 lCA        (4.1) 

   

where A is absorbance of AuNPs suspension, C is the concentration of AuNPs in 

suspension, ε is extinction coefficient of AuNPs and Ɩ is the path length of cuvette, which 

was 1 cm. The slope of absorbance vs dilution factor graph of AuNPs was calculated as 

3.49 and this slope was equal to ε of AuNPs in suspension from formula ε=A/DF. By 

referring ε values from literature, ε of around 13 nm sized AuNPs has 108 M-1 cm-1 unit 

[213]. Moreover, Aspr/A450 ratios discussed by Haiss et al. to determine the concentration 

of 12 and 14 nm AuNP suspension were 1.56 and 1.61 respectively. The ratio of 

synthesized 13 nm AuNPs was calculated as 1.57, which is consisted with the literature 

values above. Therefore, ε was assessed as 3.49×108 M-1 cm-1. 

After the determination of ε, the concentration of AuNP suspension was calculated with 

Beer-Lambert’s Law. The absorbance values at SPR peak and ε of 13 nm AuNPs were 

placed in the formula and the concentration of synthesized 13 nm AuNPs suspension was 

found as 10 nM.  

As a next step, the AuNP numbers in 1 ml suspension was determined by using a formula, 

suggested by Haiss et al., as shown in Figure 4.2 [213]. Based on this formula, absorbance 

value at 450 nm was crucial to designate the AuNP numbers in suspension. As a result, 

5.37×1012 13 nm sized AuNPs were suspended in 1 ml suspension.  
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Figure 4.2. Determination of AuNP numbers in 1 ml suspension. A450 was 1.1026 of 1:10 

diluted AuNP suspension and d was equal to 6.5 nm. 

As a result, the concentration and ε of synthesized 13 nm AuNPs was calculated as 10 nM 

and 3.49×108 M-1 cm-1. The number of 13 nm sized AuNPs in 1 ml suspension was 

estimated as 5.37×1012. In addition, the concentration of AuNP-Biomolecule suspensions 

was assumed as much as that of 13 nm AuNPs suspension. The reason behind of this is that 

the determination of AuNP concentration by UV/Vis spectroscopy depends on the color of 

the suspension and the color of AuNP-Biomolecule suspensions were darker than naked 

AuNPs suspension. Moreover, during surface modification process, only biomolecules 

were added into AuNP suspension to cover the surfaces of AuNPs and this did not result to 

decrease the AuNP number in reaction tube. Therefore, it was assumed that the 

concentration of AuNP conjugates and NP numbers in suspension was equal to that of 

naked AuNP suspension.  

4.2. SURFACE MODIFICATION OF AuNPs WITH BIOMOLECULES 

4.2.1. Surface Modification of AuNPs with Carbohydrates 

Carbohydrates have been used for surface modification of AuNPs since they are a major 

targeting molecules due to their unique molecular characteristics and actions in living 

systems [216]. Many types of carbohydrates have been conjugated with AuNPs to study 

carbohydrate-carbohydrate and carbohydrate-protein interactions ex vivo [217] and in vivo 

[218] or in vitro diagnostics [219]. Carbohydrates cannot link AuNP surfaces directly, thus 
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the linkage between carbohydrates and AuNPs can be established through a thiol group -

SH [220]. In this study, it was aimed to conjugate AuNPs with carbohydrates via Au-S 

bond formation. Glucose, Mannose, Lactose and Maltose were chosen in the study. The 

reason why they were selected was that Glucose and Mannose were epimers at the second 

carbon, and the free units of Lactose and Maltose were Galactose and Glucose, which were 

epimers at C4 as shown in Figure 4.3. The mentioned differences would be helpful to 

investigate the cellular response of living cells to subtle surface chemistry changes on the 

NP surfaces.  

 

Figure 4.3. Scheme of orientation differences between Glucose and Mannose and free 

monosaccharide differences between Lactose and Maltose after conjugation.  
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4.2.1.1. Thiolation of Carbohydrates and Their Characterization 

For the purpose of linking carbohydrates with AuNPs, the carbohydrates initially were 

thiolated by Lawesson reagent to create C-S bond formation at first carbon, and then the 

surface of AuNPs were coated with them, as schemed in Figure 4.4 [214]. The reason for 

using this reagent was its ability to thiolate only -OH group of the first carbon of 

carbohydrates as shown in the figure. 

 

Figure 4.4. Scheme of AuNP-Carbohydrate conjugation process. (a) Glucose, (b) 

Mannose, (c) Lactose and (d) Maltose. 

The thiolated carbohydrates powders were characterized by FTIR. The comparative FTIR 

spectra of unprotected and thiolated carbohydrates were seen in Figure 4.5. The weak 
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peaks around 2550-2650 cm-1 and 1650 cm-1 on the spectra of thiolated carbohydrates 

represented -SH bond vibration and C-S vibration, respectively, however a broad peak 

around 3200 cm-1 representing -OH bond was observed only on the spectra of unprotected 

carbohydrates [221]. By considering these weak peaks representing thiol functionalization, 

it was concluded that carbohydrates were thiolated by using Lawesson reagent.  

 

Figure 4.5. Comparative FTIR spectra of (a) Thiolated Glucose, (b) Thiolated Mannose, 

(c) Thiolated Lactose and (d) Thiolated Maltose. 
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4.2.1.2. Optimization of AuNP-Lactose and AuNP-Maltose Conjugates and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size (10 nM, 1ml) were mixed with 25, 50, 75 and 

250 µl of 10 mg/ml thiolated Maltose and Lactose solutions (n=3). The reaction tubes were 

shaken for overnight. The photo of naked AuNPs and AuNP-Saccharide conjugates was 

given in Figure 4.6. No AuNP aggregation was observed after the conjugation indicating 

the stability of the suspension. 

 

 

 

Figure 4.6. While light images of suspensions of (a) naked AuNP and AuNP-Maltose 

conjugates, and (b) naked AuNP and AuNP-Lactose conjugates. “n” indicates replicate 

number. 

The naked AuNPs and AuNP-Maltose and AuNP-Lactose conjugates were characterized 

using UV/Vis spectroscopy and their spectra were presented in Figure 4.7. The SPR band 
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of naked 13 nm AuNPs was at 519 nm whereas AuNP-Maltose conjugates had it at 525 

nm, and AuNP-Lactose conjugates at 524 nm. A 5-6 nm redshift on UV/Vis spectra 

indicates that conjugation of thiolated Lactose and Maltose to AuNP surfaces. 

 

Figure 4.7. Comparative UV/Vis spectra of naked AuNPs and AuNPs modified with 

increasing concentrations of thiolated Maltose and Lactose.  

 

The naked AuNPs, AuNP-Lactose and AuNP-Maltose conjugates were characterized by 

DLS. The hydrodynamic sizes and zeta potentials of triplicates were measured three times. 

The collected nine measurement was averaged, and the average values of size and zeta 

potentials of naked AuNPs, AuNP-Lactose and AuNP-Maltose conjugates were given in 

Table 4.3. Based on the results, the naked AuNPs had an average 12.2 nm size, however 

after the conjugation the sizes of conjugates were larger. Moreover, the zeta potential of 

AuNPs were more negative after conjugation with thiolated Lactose and Maltose.  
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Table 4.1. Average hydrodynamic sizes and zeta potentials of naked AuNPs and AuNPs 

modified with increasing concentrations of thiolated Maltose and Lactose. 

 

 

The zeta potentials of AuNP-Lactose and AuNP-Maltose was measured as negative 

although Lactose and Maltose was neutrally charged. The reason behind that can be 

explained as after the replacement between the citrate ions and carbohydrates on AuNP 

surface, the free citrate ions were strongly interacted with -OH groups on carbohydrates 

and made the AuNP surface negative, as schemed in Figure 8. In addition, this 

intermolecular interaction can be claimed as strong since the citrate ions and the -OH 

groups on the carbohydrates remained as interacted after they were washed twice.  

 

Figure 4.8. Intermolecular interaction between the free citrate ions and -OH groups of 

carbohydrates on AuNP surfaces. 
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In order to check the carbohydrate density on AuNPs and observe the conjugation between 

carbohydrates and AuNPs, the naked AuNPs and AuNP-Maltose and AuNP-Lactose 

conjugates were also characterized by 1 percent Agarose gel electrophoresis as seen in 

Figure 4.9. The naked AuNPs could not run because the precipitation of AuNPs caused by 

TAE buffer. The all conjugates run through the gel and the bands were seen dense. When 

compared the bands in each conjugation group, the best conjugation of AuNPs with 

thiolated Lactose and Maltose was successful in the addition of 75 µl of 10 mg/ml solution.  

 

Figure 4.9. White light image of agarose gel loaded naked AuNPs and AuNPs modified 

with increasing concentrations of thiolated Maltose and Lactose. 
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4.2.1.3. Optimization of AuNP-Glucose and AuNP-Mannose Conjugates and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size (10 nM, 1ml) were coated with 25, 50 and 75 

µl of 10 mg/ml Glucose and Mannose, as same as AuNP-Lactose and AuNP-Maltose 

conjugates. The photo of naked AuNPs and AuNP conjugates was given in Figure 4.10. No 

AuNP aggregation was observed in the reaction tubes after conjugation indicating the 

stability of the suspension. 

 

Figure 4.10. While light images of suspensions of (a) naked AuNP and AuNP-Glucose 

conjugates, and (b) naked AuNP and AuNP-Mannose conjugates. “n” indicates replicate 

number. 

 

The naked AuNPs and AuNP-Glucose and AuNP-Mannose conjugates were characterized 

by UV/Vis, as seen in Figure 4.11. The SPR of naked AuNPs was at 519 nm while that of 

the conjugates was 4-6 nm redshifted. The shift increased with respected to the 

concentration increase of Glucose or Mannose in the conjugation. Thus, the most red-shift 
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was observed on the spectra of AuNP-Glucose and AuNP-Mannose spectra, which were 

functionalized with 75 µl of 10 mg/ml mono saccharide solution.  

 

Figure 4.11. Comparative UV/Vis spectra of naked AuNPs and AuNPs modified with 

increasing concentrations of thiolated Glucose and Mannose.  

 

The hydrodynamic sizes and zeta potentials of naked AuNPs and functionalized AuNPs 

were measured by DLS three times and the average size and zeta potentials were listed in 

Table 4.2. The size of naked AuNPs were approximately 11.7 nm while the conjugates 

were larger. Furthermore, the zeta potential on AuNP surfaces got more negative after 

conjugation with mono saccharides. 

Table 4.2. Average hydrodynamic sizes and zeta potentials of naked AuNPs and AuNPs 

modified with increasing concentrations of thiolated Glucose and Mannose. 
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The naked AuNPs and AuNP-Maltose and AuNP-Lactose conjugates were characterized 

by 1 percent Agarose gel in order to check the density of mono saccharides on AuNP 

surfaces, as seen in Figure 4.12. The result of Agarose gel showed that the conjugation 

between AuNPs and mono saccharides in those concentrations was not successful. 

Therefore, it was decided that AuNPs could be conjugated with higher concentration of 

thiolated Glucose and Mannose solutions.  

 

 

Figure 4.12. White light image of agarose gel loaded naked AuNPs and AuNPs modified 

with increasing concentrations of thiolated Glucose and Mannose. 

 

AuNPs were functionalized with higher concentrations of thiolated Glucose and Mannose 

solutions. The spherical AuNPs of 13 nm diameter size (10 nM, 1ml) were conjugated with 

100, 150 and 200 µl of 10 mg/ml thiolated Glucose and Mannose solutions (n=3). They 

were shaken for overnight. The suspensions of naked AuNPs and AuNP-Glucose and 

AuNP-Mannose conjugates were seen in Figure 4.13. No AuNP aggregation was observed 

after the functionalization indicating the stability of the suspension. 
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Figure 4.13. White light images of suspensions of (a) naked AuNP and AuNP-Glucose 

conjugates, and (b) naked AuNP and AuNP-Mannose conjugates. “n” indicates replicate 

number. 

The naked AuNPs, AuNP-Glucose and AuNP-Mannose conjugates were characterized by 

UV/Vis spectroscopy. The comparative UV/Vis spectra of naked AuNPs, AuNP-Glucose 

and AuNP-Mannose was given in Figure 4.14. The SPR of naked AuNPs was observed at 

519 nm while the whole conjugates had SPR at 524 nm. The 5 nm redshift can be 

considered as a proof that AuNPs were functionalized with thiolated Glucose and 

Mannose.  

 

Figure 4.14. Comparative UV/Vis spectra of naked AuNPs and AuNPs modified with 

increasing concentrations of thiolated Glucose and Mannose.  
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The naked AuNPs and AuNP-Glucose and AuNP-Mannose conjugates were characterized 

by DLS. The hydrodynamic sizes and zeta potentials of the triplicates were measured three 

times. The acquired nine measurement was averaged. The average size and zeta potential 

of naked AuNPs and AuNP-Glucose and AuNP-Mannose conjugates was given with the 

standard deviations in Table 4.3. The hydrodynamic size of naked AuNPs was 

approximately 11.9 nm. After conjugation with thiolated Glucose and Mannose, the sizes 

were grown. When discussed the zeta potentials, the naked AuNPs had -6.1 mV surface 

charge while the conjugates had more negative surface charge. However, the zeta 

potentials of AuNP-Glucose and AuNP-Mannose, conjugated with 100 µl of 10 mg/ml 

mono saccharides, did not have valuable surface charge alteration. This could imply that 

the surface coverage of mono saccharides was not dense in this concentration. As a result, 

the size growth and more negative surface determined that AuNPs were conjugated with 

thiolated Glucose and Mannose. 

Table 4.3. Average hydrodynamic sizes and zeta potentials of naked AuNPs and AuNPs 

modified with increasing concentrations of thiolated Glucose and Mannose. 

 

To observe the mono saccharide density on AuNP surfaces, the naked AuNPs, AuNP-

Glucose and AuNP-Mannose conjugates were characterized by 1 percent Agarose gel 

electrophoresis. The gel image was given in Figure 4.15. The smear-like running in the 1st 

and 4th wells of the gel indicated that the AuNPs could not be functionalized by 100 µl of 

10 mg/ml mono saccharides. On the other hand, AuNP-Glucose and AuNP-Mannose, 

coated with 150 µl of 10 mg/ml, seen in the 2nd and 5th wells, were the best conjugations 

in terms of denser bands. Consequently, it was clearly understood that 1 ml AuNPs should 
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be functionalized with 150 µl of 10 mg/ml thiolated Glucose and Mannose to obtain dense 

coating.  

 

Figure 4.15. White light image of agarose gel loaded naked AuNPs and AuNPs modified 

with increasing concentrations of thiolated Glucose and Mannose. 

4.2.1.4. Conjugation of AuNPs with Carbohydrates and Their Characterization 

Based on optimization data, 1 ml of 10 nM 13 nm AuNPs were conjugated with 75 µl of 

10 mg/ml thiolated Lactose and Maltose, 150 µl of 10 mg/ml thiolated Glucose and 

Mannose solutions. The naked AuNPs and AuNP-Carbohydrate conjugates were 

characterized by UV/Vis, DLS, 1 percent Agarose gel electrophoresis, FTIR and SERS. 

The image of suspensions of naked AuNPs and AuNP-Carbohydrate conjugates was given 

in Figure 4.16. There was no AuNP aggregation in the reaction tubes after conjugation and 

the colors were red and clear. In addition, the color of AuNP conjugates were slightly 

darker than that of naked AuNPs.  
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Figure 4.16. White light image of suspensions of naked AuNPs and AuNP-Carbohydrate 

conjugates. “n” indicates the replicate number. 

The naked AuNPs and AuNP-Carbohydrate conjugates were characterized with UV/Vis 

spectroscopy to analyze their optical characteristics. The comparative UV/Vis spectra of 

naked AuNPs and AuNP-Carbohydrate conjugates were given in Figure 4.17. The SPR of 

naked 13 nm AuNPs were seen at 518 nm while the conjugates had it at 524 or 525 nm. 

The SPR of monosaccharide coated AuNPs was at 525 nm whereas that of disaccharides 

were at 524 nm. These red-shifts on their SPR values represented that the surface of 

AuNPs were coated with carbohydrates. 
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Figure 4.17. Comparative UV/Vis spectra of naked AuNPs and AuNP-Carbohydrate 

conjugates.  

The naked AuNPs and AuNP-Carbohydrate conjugates were characterized by DLS. The 

hydrodynamic sizes and zeta potentials of naked AuNPs and AuNP-Carbohydrate 

conjugate triplicates were measured three times and the total nine measurements were 

averaged. The average hydrodynamic sizes and zeta potentials of naked AuNPs and AuNP-

Carbohydrate conjugates were given in Table 4.4. The naked AuNPs had 10.7 nm average 

size and -10.5 mV average zeta potential. After conjugation with mono and disaccharides, 

the sizes were larger and the zeta potentials were more negative.  

Table 4.4. SPR, average hydrodynamic sizes and zeta potentials of naked AuNPs and 

AuNP-Carbohydrate conjugates. 
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The naked AuNPs and AuNP-Carbohydrate conjugates were also characterized by 1 

percent Agarose gel electrophoresis to examine carbohydrate density on AuNPs in 

suspension, as seen in Figure 4.18. The naked AuNPs precipitated whenever loaded into 

the gel due to salt content of TAE buffer, however the conjugates run through gel since 

their surfaces were covered with adequate amount of carbohydrates and so they could not 

be affected by salt. The bands of the conjugates were denser, except AuNP-Maltose in the 

2nd well. Only AuNP-Maltose conjugates moved through the gel as smear-like because of 

bad sampling. Through this result, it was claimed that the surfaces of all AuNPs in 1 ml 

suspension were covered with carbohydrates in added amounts and also it was argued that 

most AuNPs in the suspension had similar carbohydrate number on their surfaces when 

interpreted their band densities. 

 

Figure 4.18. White light image of Agarose gel, in which the naked AuNPs and AuNP-

Carbohydrate conjugates were loaded. 
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The naked AuNPs and AuNP-Carbohydrate conjugates were characterized by FTIR to 

obtain information about surface chemistry. The comparative FTIR spectra of naked 

AuNPs and AuNP-Carbohydrate conjugates were shown in Figure 4.19. On the FTIR 

spectrum of naked AuNPs, no valuable information could be obtained, as expected, 

because they had only citrate reduced surfaces. On the other hand, on the spectra of AuNP 

conjugates, some chemical properties were investigated, such as C-H stretching at 2850-

2900 cm-1, O-C stretching at 1472cm-1, C-H plane bending cm-1, C-C stretching at 1090-

1250 cm-1 and C-O plane bending at 719 and 548 cm-1. These all peaks were related to the 

chemical composition of carbohydrates [221]. As a result, it was shown that carbohydrates 

were located onto the AuNP surfaces since the chemical changes on the surface were 

monitored by FTIR. 

 

Figure 4.19. Comparative FTIR spectra of naked AuNPs and AuNP-Carbohydrate 

conjugates. 

The naked AuNPs and AuNP-Carbohydrate conjugates were finally characterized with 

SERS in order to determine chemical identity and structural information of AuNP surfaces 

after the conjugation. The comparative SERS spectra of naked AuNPs and AuNP-

Carbohydrate conjugates were presented in Figure 4.20. The SERS spectra analysis 
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indicated that there was not a noteworthy chemical species present on the AuNP surfaces.  

However, the characteristic peaks originating from carbohydrate on the AuNP-

Carbohydrate conjugates were observed such as C-O stretching at 492 cm-1, C-C stretching 

at 555, 605, 1031, 1054, 1140 and 1178cm-1, C-S stretching at 635, 654, 665 and 750 cm-1, 

C-H stretching at 82, 823, 946, 1260, 1287 and 1325 cm-1, C-CH2 stretching at 515 cm-1, 

and C-H2 stretching at 1407 and 1429 cm-1 [222]. Furthermore, the similar spectral pattern 

and common peak intensities were observed on the spectra of AuNP-Glucose and AuNP-

Mannose, and AuNP-Lactose and AuNP-Maltose. On the spectra of AuNPs conjugated 

with monosaccharides, C-S stretching at 635 cm-1, C-C stretching at 1054 cm-1, C-H 

stretching at 1325 cm-1 and C-H2 stretching at 1407 cm-1 were dominant peaks. 

Nevertheless, C-H stretching at 802 and 823 cm-1
, C-C stretching at 1031, 1140 and 1178 

cm-1 were dominant on the spectra of AuNPs conjugated with disaccharides. In conclusion, 

the SERS spectra of the conjugates supported the binding of ligand bound to the AgNP 

surfaces.   

 

Figure 4.20. Comparative SERS spectra of naked AuNPs and AuNP-Carbohydrate 

conjugates. 
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4.2.2. Surface Modification of AuNPs with Peptides 

Functionalized AuNPs with especially peptides, proteins and enzymes are emerging and 

promising NPs in therapeutic and diagnostic applications and have demonstrated crucial 

progress in cancer therapy and diagnosis [223]. These biomolecules are fundamental 

components of living organisms and their abundance and various functionalities enable 

several ways to manipulate their properties in order to be used in medicine [224]. Peptide 

functionalized AuNPs are one of the most favorable therapeutic application due to small 

size, ease of synthesis, tumor-penetrating ability, bioavailability, and good 

biocompatibility of peptides [120].  

In this study, it was aimed to functionalize AuNP surfaces with fourteen different peptides, 

which are different from each other in the conditions of length, sequence and charge, in 

order to investigate the cellular response of living cells to subtle surface chemistry changes 

on the NP surface. The codes, lengths, sequences, isoelectric points and charges of these 

fourteen peptides were listed in Table 4.5. These peptides had four or seven amino acid 

lengths. The seven amino acid length peptides were designed as addition of RGD sequence 

in the end of four amino acid length peptides. The first amino acid in the peptide sequences 

was cysteine (C) because it had thiol groups and assisted the chemisoption on AuNP 

surfaces [225]. In the half of these fourteen peptides, C was located at -COOH end of the 

peptides coded as Pep1-Pep7 and in the other peptides, C was located -NH2 end of the 

peptides coded as Pep8-Pep14. In other words, two of peptides had same sequence but the 

order from -COOH to -NH2 end was vice verse. Furthermore, these peptides were designed 

as glycine (neutral), glutamic acid (negatively charged) or histidine (positively charged) 

rich peptides. By this way, it was aimed to examine at which end side of the peptides 

AuNPs would be conjugated and to analyze the differences caused by length, sequence, 

charge, free end side and also binding position of peptides on AuNPs. In addition, only 

RGD sequence with C amino acid and glycine, glutamic acid and histidine rich peptides 

with RGD sequence were also designed to investigate the role of RGD sequence to cellular 

response.  
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Table 4.5. Length, sequence, isoelectric point, charge and codes of fourteen peptides used 

to functionalize AuNP surfaces. 

Code Length(aa)
Sequence 

(from NH2 to COOH)
Isoelectr ic point Charge

 Pep1 4 DGRC 6.09 0

 Pep2 4 GGGC 5.33 0

 Pep3 4 EEEC 3.08 -3

 Pep4 4 HHHC 7.40 +3

 Pep5 7 DGRGGGC 6.09 0

 Pep6 7 DGREEEC 3.83 -3

 Pep7 7 DGRHHHC 7.40 +3

 Pep8 4 CRGD 6.09 0

 Pep9 4 CGGG 5.33 0

 Pep10 4 CEEE 3.08 -3

 Pep11 4 CHHH 7.40 +3

 Pep12 7 CGGGRGD 6.09 0

 Pep13 7 CEEERGD 3.83 -3

 Pep14 7 CHHHRGD 7.40 +3
 

D: Aspartic acid, G: Glycine, R: Aspargine, E: Glutamic acid, H: Histidine. 

Based on published studies, 10-15 nm AuNPs were conjugated with 10-30 µl of 1 mg/ml 

peptides [30]. The conjugation studies were started with CRGD peptide couple, Pep1 

(NH2-DGRC-COOH) and Pep8 (NH2-CRGD-COOH). AuNP suspension was filtered by 

0.22 µm filter to remove the large impurities and then 20-25 µl of 1 mg/ml Pep1 and Pep8 

was added into 1 ml of 10 nM AuNP suspension, sequentially. As a result, the color of 

AuNP suspension immediately turned blue as soon as Pep1 was added. This meant that 

AuNPs in the suspensions aggregated because of Pep1 addition, as seen Figure 4.21a. On 

the other hand, there existed no color change on AuNP suspension after addition of Pep8, 

as seen in Figure 4.22b.  
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Figure 4.21. Color differences of AuNP suspension after addition of (a) Pep1 and (b) Pep8. 

In the several studies about the conjugation of NPs with peptides or proteins, it was 

demonstrated that the isoelectric point of peptides and the pH of suspension played 

significant role during conjugation and claimed that when the pH of AuNP suspension is 

close to the pI of the protein, the electrostatic repulsion between NP and protein is reduced. 

After the adsorption, peptide or protein can be irreversibly immobilized on the NP 

surfaces. The pH of synthesized 13 nm AuNP suspension was measured as 5.9. The 

isoelectric point of Pep1 and Pep8 was 5.82. Therefore, it was expected that AuNPs should 

be conjugated with Pep1 at 5.9. Consequently, all AuNPs in suspension agglomerated as 

soon as 20 µl of 1 mg/ml Pep1 was added, but they could be conjugated with Pep8 in same 

concentration. This indicated that the different end sides of Pep1 and Pep8 interacted with 

AuNP surfaces and the position of cysteine in peptide affected the conjugation.  

In order to find the optimum pH for AuNP-Peptide conjugation, I adjusted the pH of AuNP 

suspension before addition of peptides. Firstly, I determined the stability of bare 13 nm 

sized AuNPs at different pHs. The pH of AuNP suspension was measured as 5.9, so 0.1 

NaOH or 0.1 HNO3 was dropwise added into AuNP suspension and the pH was measured 

by pH meter. Between pH 3.0 and 11.8, the AuNP suspension was clear, AuNPs in 

suspension was stable and no AuNPs aggregated, as seen in Figure 4.22.   
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Figure 4.22. AuNP suspensions at several pHs. 

After the determination at which pHs AuNPs were stable, 20 µl of 1 mg/ml Peptide 

solution was added into each pH adjusted AuNPs suspensions. Then, the image of 

suspensions were taken after overnight incubation and the pH range where AuNPs were 

conjugated with peptides was designated. 

A 20 µl of 1 mg/ml Pep1 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were in the range of 3.0 to 11.8. After the overnight shaking, the suspension colors 

changed as seen in Figure 4.23. A precipitation at pHs lower than 10.0 was observed 

indicating that AuNPs were possibly functionalized with the Pep1 at pHs higher than 10.0.  
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Figure 4.23. AuNP suspension color change after addition of Pep1 solution.  

A 20 µl of 1 mg/ml Pep2 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were ranged from 3.0 to 11.8. After overnight shake, the suspension colors changed as 

seen in Figure 4.24. The suspension was stable at pHs higher than 10.5 indicating possible 

conjugation of AuNPs with Pep2. 

 

Figure 4.24. AuNP suspension color change after addition of Pep2 solution. 
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A 20 µl of 1 mg/ml Pep3 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were in the range of 3.0 to 11.8. After overnight shake, the suspension colors changed 

as seen in Figure 4.25. The suspension was stable at pHs higher than 5.5 indicating 

possible conjugation of AuNPs with Pep3.  

 

Figure 4.25. AuNP suspension color change after addition of Pep3 solution. 

A 20 µl of 1 mg/ml Pep4 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.26. A precipitation at pHs lower than 10.5 was observed indicating that AuNPs 

were possibly modified with the Pep4 at pHs higher than 10.5.  
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Figure 4.26. AuNP suspension color change after addition of Pep4 solution. 

A 20 µl of 1 mg/ml Pep5 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.27. A precipitation at pHs lower than 10.0 was observed indicating that AuNPs 

were possibly conjugated with the Pep5 at pHs higher than 10.0. 

 

Figure 4.27. AuNP suspension color change after addition of Pep5 solution. 
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A 20 µl of 1 mg/ml Pep6 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were in the range of 3.0 to 11.8. After overnight shaking, a precipitation was observed 

at pHs lower than 5.5 as seen in Figure 4.28. The suspension was stable at pHs higher than 

5.5 indicating possible conjugation of AuNPs with Pep6. 

 

Figure 4.28. AuNP suspension color change after addition of Pep6 solution. 

A 20 µl of 1 mg/ml Pep7 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs ranged from 3.0 to 11.8. After overnight shaking, the suspension colors changed as 

seen in Figure 4.29. A precipitation at pHs lower than 10.5 was observed indicating that 

AuNPs were possibly conjugated with the Pep7 at pHs higher than 10.5.  
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Figure 4.29. AuNP suspension color change after addition of Pep7 solution. 

A 20 µl of 1 mg/ml Pep8 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.30. The suspension was stable at pHs higher than 5.5 indicating possible 

conjugation of AuNPs with Pep8.  

 

Figure 4.30. AuNP suspension color change after addition of Pep8 solution. 
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A 20 µl of 1 mg/ml Pep9 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.31. A precipitation at pHs lower than 4.5 was observed indicating that AuNPs 

were possibly tailored with the Pep9 at pHs higher than 4.5. 

 

Figure 4.31. AuNP suspension color change after addition of Pep9 solution. 

A 20 µl of 1 mg/ml Pep10 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.32. The suspension color was seen as clear after pH 4.0, therefore it was 

understood that the suspension was stable at pHs higher than 4.0 indicating possible 

conjugation of AuNPs with Pep10.  
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Figure 4.32. AuNP suspension color change after addition of Pep10 solution. 

A 20 µl of 1 mg/ml Pep11 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.33. A precipitation at pHs lower than 10.0 was observed indicating that AuNPs 

were possibly conjugated with the Pep11 at pHs higher than 10.0. 

 

Figure 4.33. AuNP suspension color change after addition of Pep11 solution. 
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A 20 µl of 1 mg/ml Pep12 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.34. The suspension was stable at pHs higher than 5.5 indicating possible 

conjugation of AuNPs with Pep12.  

 

Figure 4.34. AuNP suspension color change after addition of Pep12 solution. 

A 20 µl of 1 mg/ml Pep13 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.35. A precipitation at pHs lower than 5.5 was observed indicating that AuNPs 

were possibly tailored with the Pep13 at pHs higher than 5.5. 
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Figure 4.35. AuNP suspension color change after addition of Pep13 solution. 

A 20 µl of 1 mg/ml Pep14 was added into 1 ml of 10 nM 13 nm AuNP suspensions, whose 

pHs were from 3.0 to 11.8. After overnight shake, the suspension colors changed as seen in 

Figure 4.36. The suspension was stable at pHs higher than 8.1 indicating possible 

conjugation of AuNPs with Pep14.  

 

Figure 4.36. AuNP suspension color change after addition of Pep14 solution. 
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In the light of these results, the pH ranges where AuNPs could be conjugated with each 

peptides were determined. Then, it was pointed out to find the best conjugation pH 

condition for each AuNP-Peptide conjugates. To solve this, randomly pH values in those 

pH ranges were chosen for each peptide, and then AuNPs were modified with peptides in 

these pH conditions and characterized by several techniques. Based on characterization 

results, the best conjugation pHs for each peptide were specified and these values were 

listed in Table 4.6. As a consequence, the suspension pHs of AuNPs were adjusted to these 

pH values, then their surfaces were modified with each peptides. 

Table 4.6. Best conjugation pH condition of each peptides. 

 

4.2.2.1. Optimization of AuNP Conjugation with Pep1 and Pep8 and Their 

Characterization 

When considered the results of AuNP suspension color change after addition of Pep1 

(NH2-DRGC-COOH) and Pep8 (NH2-CRGD-COOH), whose isoelectric points were 6.1, 

AuNPs could be coated with Pep1 at basic conditions, especially after pH 10.0, and with 
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Pep8 without changing the pH of the suspension. Thus, 1 ml of 10 nM 13 nm AuNPs were 

conjugated with 20 and 25 µl of 1 mg/ml Pep1 either at pH 11.0 or at pH 11.5 whereas 

they were functionalized with Pep8 at only pH 5.9. The conjugates were shaken for 

overnight. The photos of the suspensions of naked AuNPs, AuNP-Pep1 and AuNP-Pep8 

conjugates were shown in Figure 4.37. As seen in the photo, there was no AuNP 

aggregation after conjugation with either Pep1 or Pep8, and so the color of the suspensions 

were clear and red.  

 

Figure 4.37. White light images of suspensions of naked AuNPs and AuNPs modified with 

Pep1 (a) at pH 11.0 (b) at pH 11.5 and (c) naked AuNPs and AuNPs modified with Pep8 at 

5.9. “n” indicates replicate number. 

The naked AuNPs, AuNP-Pep1 and AuNP-Pep8 conjugates were characterized by UV/Vis 

spectroscopy and the comparative UV/Vis spectra of AuNP-Pep1 and AuNP-Pep8 

conjugates were given in Figure 4.38. The SPR of naked AuNPs was at 519 nm. When 

considered the SPR of AuNP-Pep1 conjugates, AuNP-Pep1 conjugated at pH 11.0 had 2 

nm red-shift in SPR while AuNP-Pep1 conjugated at pH 11.5 had 3 nm red-hift. On the 

other hand, AuNP-Pep8 conjugates had SPR at 522 nm. The shifts of SPR represented the 

successful functionalization. 
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Figure 4.38. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep1 and AuNP-Pep8 

conjugates. 

The naked AuNPs, AuNP-Pep1 and AuNP-Pep8 conjugates were also characterized by 

DLS. The hydrodynamic sizes and zeta potentials of the triplicates were measured three 

times and total collected nine measurements were averaged. The average hydrodynamic 

size and zeta potentials of naked AuNPs and AuNP conjugates were given with standard 

deviations in Table 4.7. The average hydrodynamic size of naked AuNPs was 11.0 nM and 

their average zeta potential was -11.9 mV. After conjugation, it was observed that the sizes 

were grown and the surface charges were more negative when compared to naked AuNPs. 

The sizes of AuNP-Pep1 conjugates were 1-2 nm larger and AuNP-Pep8 conjugates were 2 

nm larger than naked AuNPs. The zeta potentials of AuNP-Pep1 were more negative than 

AuNP-Pep8. 
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Table 4.7. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep1 

and AuNP-Pep8 conjugates. 

 

The naked AuNPs, AuNP-Pep1 and AuNP-Pep8 conjugates were also characterized by 1 

percent Agarose gel electrophoresis. The images of the agarose gels after run was seen in 

Figure 4.39. In the 1st and 2nd wells of the first gel, AuNP-Pep1, conjugated at pH 11, 

were loaded, in the 3rd and 4th wells, AuNP-Pep1, conjugated at 11.5, were loaded. 

According to the result, it was clearly seen that Pep1 could cover AuNP surfaces at both 

pH conditions, but interestingly the bands of AuNP-Pep1 at pH 11.0 were denser and 

AuNP-Pep1 at pH 11.5 run through the gel faster. This can imply that more AuNPs in the 

suspension could be functionalized with Pep1 equally and better in the condition of pH 

11.0. Moreover, the concentrations of Pep1, 20 and 25 µl of 1 mg/ml, were sufficient to 

cover the surfaces of whole AuNPs in the suspension. In order to compare AuNP-Pep1 and 

AuNP-Pep8 conjugates, they were loaded and run in the same gel, as seen in the second 

gel. In the 5th and 6th wells, AuNP-Pep1 at pH 11.5 were loaded and in the 6th and 7th 

wells, AuNP-Pep8 were loaded. The bands of AuNP-Pep1 at pH 11.5 were seen broad 

whereas the bands of AuNP-Pep8 were denser and run through the gel faster. Moreover, 

the bands of the same conjugates were parallel to each other, so they coat the AuNP 

surfaces with less difference. As a result, it can be decided that 20 µl of 1 mg/ml peptides 

were enough to cover the surfaces of whole AuNPs in the suspension, AuNPs should be 

conjugated with Pep1 at pH 11, and AuNP-Pep8 run through the gel faster than AuNP-

Pep1.   
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Figure 4.39. White light image of agarose gel loaded naked AuNPs, AuNP-Pep1 and 

AuNP-Pep8 conjugates. 

4.2.2.2. Optimization of AuNP Conjugation with Pep2 and Pep9 and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size were functionalized with either Pep2 (NH2-

GGGC-COOH) and Pep9 (NH2-CGGG-COOH) with increasing concentration as 20 or 25 

µl (n=3). Based on the results of AuNP suspension color change after addition of Pep2 and 

Pep9, AuNPs could be coated with Pep2 at basic conditions, especially after pH 10.5, and 

with Pep9 after pH of the suspension was 4.5. The isoelectric point of Pep2 and Pep9 was 

5.3, which was close to the isoelectric point of Pep1 and Pep8. So, it was decided to 

conjugate AuNPs with Pep2 in the condition of pH 11.0 and with Pep9 in original pH 
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without any adjustment. Therefore, the pH of AuNP suspension was adjusted at 11.0 with 

0.1 NaOH due to functionalize AuNPs surfaces with only Pep2. As a result, 1 ml 13 nm 

AuNPs were conjugated with 20 and 25 µl of 1 mg/ml Pep2 at pH 11.0 and with 20 and 25 

µl of 1 mg/ml Pep9 at pH 5.9, as triplicates. The conjugates were shaken for overnight. 

The image of the suspensions of naked AuNPs, AuNP-Pep2 and AuNP-Pep9 conjugates 

were shown in Figure 4.40. As seen in the image, there was no AuNP aggregation after 

conjugation with either Pep2 or Pep9, and the color of the AuNP suspensions were clear 

and red, which indicated the stability of the suspension. 

 

Figure 4.40. White light images of suspensions of (a) naked AuNPs and AuNPs modified 

with Pep2 at pH 11.0 and (b) naked AuNPs and AuNPs modified with Pep9 at 5.9. “n” 

indicates replicate number. 

The naked AuNPs, AuNP-Pep2 and AuNP-Pep9 conjugates were characterized by UV/Vis 

spectroscopy. The comparative UV/Vis spectra was given in Figure 4.41. After 

functionalization of naked AuNPs with Pep2, the SPR peak was 1 nm redshifted from 519 

to 520 nm while after conjugation with Pep9, it was 3 nm redshifted from 519 to 522 nm. 

These shifts were proved that peptides were bound on the surface of AuNPs. Although the 
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sequence of Pep2 and Pep9 was same, the binding site and position of the peptides 

influenced the shift.  

 

 

Figure 4.41. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep2 and AuNP-Pep9 

conjugates.  

The naked AuNPs and AuNP-Pep2 and AuNP-Pep9 conjugates were characterized by 

DLS. The hydrodynamic sizes and zeta potentials of 1:10 diluted triplicates were measured 

three times. The total nine measurements were averaged and the values of average sizes 

and zeta potentials were shown in Table 4.8. The average hydrodynamic size of naked 

AuNPs was 12.7 nm while the sizes of conjugates were grown as 1 nm for AuNP-Pep2 and 

3 nm for AuNP-Pep9 conjugates. The growth in conjugates’ sizes proved the successful 

functionalization. When discussed the zeta potentials, after conjugation, the surface charge 

of AuNP-Pep2 were more negative than naked AuNPs while no valuable alteration was 

measured on the surface of AuNP-Pep9. When considering the amino acids in peptides, 

glycine was neutral amino acid and cysteine was negatively charged amino acid because of 

sulphur group. This can explain that AuNP surfaces were interacted with NH2 end of Pep2, 

so cysteine created more negatively on AuNP surfaces. On the other hand, AuNPs were 

covered with Pep9 via Au-S bonds, created by cysteine, so glycine amino acids were at 

outside of the conjugate and could not change the zeta potential of AuNPs.  
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Table 4.8. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep2 

and AuNP-Pep9 conjugates. 

 

The naked AuNPs, AuNP-Pep2 and AuNP-Pep9 conjugates were also characterized by 1 

percent Agarose gel electrophoresis and the image of the Agarose gels after run was seen 

in Figure 4.42. In the 1st and 2nd wells of the first gel, AuNP-Pep2, conjugated at pH 11.0, 

were loaded and in the 3rd and 4th wells, AuNP-Pep9, conjugated at pH 5.9, were loaded. 

Being founded on the dense bands of conjugates on Agarose gel, it can be said that 1 ml 13 

nm 10 nM AuNPs were conjugated with 20 µl of 1 mg/ml Pep2 and Pep9, and AuNP-Pep9 

conjugates run faster than AuNP-Pep1. 

 

Figure 4.42. White light image of agarose gel loaded naked AuNPs, AuNP-Pep2 and 

AuNP-Pep9 conjugates. 



 
 

 

91 

4.2.2.3. Optimization of AuNP Conjugation with Pep3 and Pep10 and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size were functionalized with either Pep3 (NH2-

EEEC-COOH) and Pep10 (NH2-CEEE-COOH) with increasing concentration in three 

repeats. Based on the results of AuNP suspension color change after addition of Pep3 and 

Pep10, 13 nm AuNPs could be coated with Pep3 after the pH of AuNP suspension was 5.5, 

and with Pep10 after 4. The isoelectric point of Pep3 and Pep10 was 3.1, which was 

different than that of Pep1, Pep2, Pep8 and Pep10’s. Thus, I decided to conjugate AuNPs 

with Pep3 in the condition of several pHs and with Pep10 in original pH without any 

adjustment. As a first step, the pH of AuNP suspension was adjusted at 6.7, 8.6, 10.8 with 

0.05 and 0.1 NaOH. Then, 1 ml 13 nm 10 nM AuNPs were conjugated with 20 and 25 µl 

of 1 mg/ml Pep3 at pH 6.7, 8.6, 10.8 and with 20 and 25 µl of 1 mg/ml Pep10 at pH 5.9, as 

triplicates. The conjugates were shaken for overnight. The photos of the suspensions of 

naked AuNPs, AuNP-Pep3 and AuNP-Pep10 conjugates were shown in Figure 4.43. As 

seen in the image, the colors of the suspensions were clear and there existed no AuNP 

aggregation after addition of peptides, which showed the stability of the suspension. 

 

Figure 4.43. White light images of suspensions of naked AuNPs and AuNPs modified with 

Pep3 (a) at pH 6.7 (b) at pH 8.6 (c) at pH 10.5 and (d) naked AuNPs and AuNPs modified 

with Pep10 at pH 5.9. “n” indicates replicate number. 
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The naked AuNPs and AuNP-Pep3 and AuNP-Pep10 conjugates were characterized by 

UV/Vis spectroscopy. The comparative UV/Vis spectra of naked AuNPs and conjugates 

were given in Figure 4.44. The SPR of naked 13 nm AuNPs was observed at 519 nm. The 

AuNP-Pep3, functionalized at pH 6.7 and 10.8, had no valuable shift on spectra while 

those of conjugated at pH 8.6 had it at 520 nm. This indicated that Pep3 coating on the 

AuNP surfaces was not successful in the case of the pH of AuNP suspension at 6.7 and 

10.8. The conjugation of AuNP with Pep3 could be succeed at pH 8.6. In addition, the SPR 

of AuNP-Pep10 conjugates were 3 nm redshifted. 

 

Figure 4.44. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep3 and AuNP-Pep10 

conjugates.  

The hydrodynamic sizes and zeta potentials of naked AuNPs and AuNP-Pep3 and AuNP-

Pep10 conjugates were measured by DLS. Each triplicates of AuNP conjugates were 

measured three times. The average of nine measurements were calculated with standard 

deviations and they were listed in Table 4.9. The average hydrodynamic size of naked 

AuNPs was measured as 13.8 nm. The most size increase was observed in AuNP-Pep3, 

conjugated at pH 8.6 and when considered the standard deviations, no impressive size 

growth could be seen in the other AuNP-Pep3 conjugates. In addition, the sizes of AuNP-

Pep10 conjugates were larger, more than 15 nm. When discussing the zeta potentials, the 

naked AuNPs had -16.5 mV as average. After all conjugations, the conjugates had more 

negative surface.  
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Table 4.9. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep3 

and AuNP-Pep10 conjugates. 

 

To understand the surface density of peptides on AuNPs, they were characterized by 1 

percent Agarose Gel Electrophoresis assay. The images of the agarose gels after run was 

seen in Figure 4.45. The bands of AuNP-Pep3, conjugated at pH 6.7 and 8.6, seen in the 

1st, 2nd, 3rd and 4th wells, were denser. However, AuNP-Pep3, conjugated at pH 10.8, run 

through the gel as seen in the 5th and 6th wells. The reason why they did not have a dense 

bands was that AuNPs in the suspension could not be equally conjugated with Pep3 at pH 

10.8. Moreover, AuNP-Pep10 conjugates, in the 7th and 8th wells, were dense. 

Consequently, it was decided that AuNPs should be functionalized with Pep3 at pH 8.6 by 

considering the whole characterization results. 
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Figure 4.45. White light images of agarose gels loaded naked AuNPs, AuNP-Pep3 and 

AuNP-Pep10 conjugates. 

4.2.2.4. Optimization of AuNP Conjugation with Pep4 and Pep11 and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size were coated with 20 µl of 1 mg/ml either 

Pep4 (NH2-HHHC-COOH) or Pep11 (NH2-CHHH-COOH) in three repeats. The 

isoelectric point of Pep4 and Pep11 was 7.4. When investigated the AuNP conjugation 

issue based on pHs, AuNPs could be conjugated with Pep4 after pH 10.5 whereas they can 

be covered with Pep11 after pH 10.0. Therefore, it was decided that AuNPs would be 

conjugated with both peptides at either pH 11.0 or pH 11.5. 1 ml of 10 nM 13 nm AuNPs 

were functionalized with 20 µl of 1 mg/ml Pep4 and Pep10 as triplicates, as seen Figure 

4.46. The suspensions’ colors were seen as clear and there was no AuNP aggregates in the 
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suspension after addition of peptides. This indicated that the suspensions after 

functionalization were stable.  

 

Figure 4.46. White light image of suspensions of naked AuNPs and AuNPs modified with 

either Pep4 and Pep11 (a) pH at 11.0 and (b) pH at 11.5. “n” indicates replicate number. 

The naked AuNPs, AuNP-Pep4 and AuNP-Pep11 conjugates were characterized by 

UV/Vis spectroscopy, as given in Figure 4.47. The naked AuNPs had SPR at 519 nm while 

the whole conjugates had it at 521 nm. The 2 nm redshift indicated the conjugation 

between AuNPs and peptides. 

 

Figure 4.47. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep4 and AuNP-Pep11 

conjugates. 



 
 

 

96 

The hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep4 and AuNP-

Pep11 conjugates were measured three times by DLS and the average values were given in 

Table 4.10. The average hydrodynamic size of naked AuNPs was measured as 12.6 nm. 

Only AuNP-Pep11 conjugated at pH 11.0 had larger size when compared to naked AuNPs. 

The others had no valuable size growth. In terms of zeta potentials, AuNP-Pep4 conjugated 

at pH 11.5 and AuNP-Pep11 conjugated at pH 11.0 were more negative than naked 

AuNPs.  

Table 4.10. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep4 

and AuNP-Pep11 conjugates. 

 

In order to observe the density of peptides on AuNPs, AuNP-Pep4 and AuNP-Pep11 

conjugates were characterized by 1 percent Agarose gel, seen in Figure 4.48. Based on 

results, AuNP-Pep4 conjugation was not successful in each pH conditions while AuNP-

Pep11 conjugation was successful at both pHs. When discussed all characterization data of 

AuNP-Pep4 and AuNP-Pep11 conjugates, it was concluded that AuNPs could be 

conjugated with Pep4 and Pep11 at pH 11.0.  
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Figure 4.48. White light image of agarose gel loaded naked AuNPs, AuNP-Pep4 and 

AuNP-Pep11 conjugates. 

4.2.2.5. Optimization of AuNP Conjugation with Pep5 and Pep12 and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size were conjugated with 20 µl of 1 mg/ml of 

seven amino acid length Pep5 (NH2-DGRGGGC-COOH) and Pep12 (NH2-CGGGRGD-

COOH). The isoelectric point of peptides was 6.1. The AuNP aggregation did not occur 

after addition of Pep5 at basic conditions, especially after pH 11, and after addition of 

Pep12 when pH was 5.5 and higher. Therefore, in order to find the densest conjugation of 

Pep5 and Pep12 on the AuNP surfaces, the pH of AuNP suspensions were adjusted at 10.5, 

11.0 and 11.5 with 0.05 NaOH. AuNPs were functionalized with 20 µl of 1 mg/ml Pep5 

when the pH of AuNP suspensions were at 10.5, 11.0 and 11.5 with three replicates, and 

conjugated with 20 µl of 1 mg/ml Pep12 when the pH of AuNP suspensions were 5.9, 

10.5, 11.0 and 11.5 with three replicates. As seen in Figure 4.49, no AuNP aggregation was 

observed after the functionalization indicating the stability of the suspension. 
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Figure 4.49. White light images of suspensions of (a) naked AuNPs and AuNPs modified 

with Pep5 at pH 10.5, 11.0 and 11.5 and (b) naked AuNPs and AuNPs modified with 

Pep12 at pH 5.9, 10.5, 11.0 and 11.5. “n” indicates replicate number.  

The naked 13 nm AuNPs, AuNP-Pep5 and AuNP-Pep12 conjugates were characterized by 

UV/Vis spectroscopy, as seen in Figure 4.50. The SPR of 13 nm AuNPs was at 519 nm 
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whilst the AuNP-Pep5 conjugates had it at 522 nm. This 3 nm redshift was a proof that 

AuNPs could be conjugated with Pep5. Furthermore, the SPR of AuNP-Pep12 conjugates 

were at 523 or 524 nm. When the pH of AuNP suspension was 5.9, which was the original 

pH of the suspension, the conjugates had SPR at 524 nm. On the other hand, when the pH 

was adjusted at 10.5, 11.0 or 11.5, AuNP-Pep12 had it at 523 nm. Based on the result, it 

can be said that thanks to 4-5 nm redshift of SPR on UV/Vis spectra, AuNPs could be 

conjugated with Pep12 in each pHs, but the conjugation was better at original pH of AuNP 

suspension. 

 

Figure 4.50. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep5 and AuNP-Pep12 

conjugates. 

The naked AuNPs, AuNP-Pep5 and AuNP-Pep12 conjugates were characterized by DLS. 

The hydrodynamic size and zeta potentials of naked AuNPs and the conjugates were 

measured three times. The average values with standard deviations of naked AuNPs and 

conjugates were given in Table 4.11. The average hydrodynamic size and zeta potential of 

naked AuNPs were 13.8 nm. After conjugation with Pep5 at different pHs, the sizes were 

various. Just the sizes of AuNP-Pep5 conjugated at pH 10.5 were higher than the others. 

Moreover, the zeta potential of naked AuNPs was -32.3 mV. AuNP-Pep5, conjugated at 

pH 10.5 and 11.0, had more positive zeta potential while AuNP-Pep5, conjugated at pH 

11.5, had more negative than naked AuNPs. In addition, after conjugation with Pep12 at 

different pHs, the sizes and zeta potentials altered. The hydrodynamic sizes of all 

conjugates were larger than naked AuNPs, but the AuNP-Pep12 conjugated at pH 5.9 had 
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16.4 nm average size, which was the largest conjugate. The zeta potentials of all 

conjugates except that of conjugated at pH 11.5 were more positive than naked AuNPs. 

These all results claimed that AuNPs could be conjugated with Pep5 at pH 10.5 and with 

Pep12 at pH 5.9.  

Table 4.11. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep5 

and AuNP-Pep12 conjugates. 

 

The naked AuNPs, AuNP-Pep5 and AuNP-Pep12 conjugates were characterized by 1 

percent Agarose gel electrophoresis, as seen in Figure 4.51. The naked AuNPs precipitated, 

could not run on the gel because of TAE buffer. On the other hand, AuNP-Peptide 

conjugated could run the gel since the peptide coating on the AuNPs surfaces were 

successful. AuNP-Pep5 conjugates, loaded in 2nd, 4th and 6th wells of the gel, were back 

than AuNP-Pep12 conjugates, loaded in the 1st, 3rd, 5th and 7th wells of the gel. The most 

dense band of AuNP-Pep5 was seen in the 2nd well, in which AuNP-Pep5 conjugated at 

pH 10.5 were loaded. When considered the band dense of AuNP-Pep12, it was determined 

that the bands in the 1st and 3rd wells were denser. According to the Agarose gel results, it 

can be said that AuNPs could be functionalized with Pep5 in the conditions of pH 10.5 and 

with Pep12 at 5.9 better. 
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Figure 4.51. White light image of agarose gel loaded naked AuNPs, AuNP-Pep5 and 

AuNP-Pep12 conjugates. 

4.2.2.6. Optimization of AuNP Conjugation with Pep6 and Pep13 and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size were conjugated with 20 µl of 1 mg/ml of 

seven amino acid length either Pep6 (NH2-DRGEEEC-COOH) or Pep13 (NH2-

CGGGRGD-COOH). The isoelectric point of the peptides was 3.8. Based on results about 

the conjugation affinity of Pep6 on the surface of AuNPs at different pHs, no AuNP 

aggregation was occurred after addition of 20 µl of 1 mg/ml Pep6 in the case of the pH of 

AuNP suspension was higher than 5.5 and after addition of 20 µl of 1 mg/ml Pep13 in the 
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case of the pH of AuNP suspension was higher than 4.5. In order to find the best 

conjugation between 13 nm AuNPs and Pep6 or Pep13, it was decided that AuNPs could 

be functionalized with 20 µl of 1 mg/ml Pep6 and Pep13 when the pH of AuNP 

suspensions was at 5.9, 9.5 and 11.5. 1 ml of 10 nM 13 nm AuNPs were functionalized 

with 20 µl of 1 mg/ml Pep6 and Pep13 when the pH of AuNP suspensions were at 5.9, 9.5 

and 11.5 with three replicates. As seen in Figure 4.52, no AuNP aggregation was observed 

after the conjugation indicating the stability of the suspension. 

 

Figure 4.52. White light image of suspensions of naked AuNPs and AuNPs modified with 

either Pep6 or Pep13 at pH 5.9, 9.5 and 11.5. “n” indicates replicate number. 

The naked 13 nm AuNPs, AuNP-Pep6 and AuNP-Pep13 conjugates were characterized by 

UV/Vis spectroscopy, as seen in Figure 4.53. The SPR of 13 nm AuNPs was at 519 nm 

whilst the AuNP-Pep6 and AuNP-Pep13 conjugates had it at 519, 521 or 522 nm. When 

the pH of AuNP suspension was 5.9, which was the original pH of the suspension, the 

conjugates had SPR at 522 nm. On the other hand, when the pH was adjusted at 9.5 or 

11.5, the conjugates had it at 521 and 519 nm, respectively. Based on the result, it can be 
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concluded that AuNPs could be conjugated with Pep6 and Pep13 at only 5.9 and 9.5 pHs, 

but the conjugation was thought better at original pH of AuNP suspension.  

 

Figure 4.53. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep6 and AuNP-Pep13 

conjugates. 

The naked AuNPs, AuNP-Pep5 and AuNP-Pep12 conjugates were characterized by DLS. 

The hydrodynamic size and zeta potentials of naked AuNPs and the conjugates were 

measured three times by DLS. The average values with standard deviations of naked 

AuNPs and conjugates were given in Table 4.12. The average hydrodynamic size of naked 

AuNPs were 13.8 nm. After conjugation with Pep6 and Pep13 at different pHs, the sizes 

and zeta potentials altered. The sizes of only AuNP-Pep6 conjugated at pH 5.9 were larger 

than naked AuNPs, and the AuNP-Pep6 conjugated at pH 9.5 had 12.2 nm average size, 

which was the smallest conjugate. Moreover, the sizes of AuNP-Pep13, conjugated at pH, 

5.9 were larger than naked AuNPs, but the AuNP-Pep13, conjugated at pH 11.5, had 0.7 

nm average size. In addition, the zeta potential of AuNPs was measured as -32 mV whilst 

the zeta potentials of all conjugates except that of conjugated at pH 11.5 were more 

positive than naked AuNPs. These all results claimed that AuNPs could be conjugated with 

Pep6 at pH 5.9 and with Pep13 at pH 5.9 and 9.5.  
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Table 4.12. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep6 

and AuNP-Pep13 conjugates. 

 

The naked AuNPs, AuNP-Pep6 and AuNP-Pep13 conjugates were characterized by 1 

percent Agarose gel electrophoresis, as seen in Figure 4.54. The naked AuNPs precipitated, 

could not run on the gel because of TAE buffer. However, AuNP-Peptides conjugated 

could run through the gel since the peptide could cover the AuNPs surfaces. AuNP-Pep6 

conjugates were loaded in 1st, 2nd and 3rd wells of the gel and AuNP-Pep13 conjugates 

were loaded in the 4th, 5th and 6th wells of the gel. The most dense band of AuNP-Pep6 

was seen in the 1st well, in which AuNP-Pep6 conjugated at pH 5.9 were loaded. When 

considered the band dense of AuNP-Pep12, it was determined that the bands in the 4th well 

was denser and homogeneous. According to the Agarose gel results, it can be said that 

AuNPs could be functionalized better with Pep6 and Pep13 in the conditions of pH 5.9. 
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Figure 4.54. White light image of agarose gel loaded naked AuNPs, AuNP-Pep6 and 

AuNP-Pep13 conjugates.  

4.2.2.7. Optimization of AuNP Conjugation with Pep7 and Pep14 and Their 

Characterization 

The spherical AuNPs of 13 nm diameter size were functionalized with Pep7 (NH2-

DGRHHHC-COOH) and Pep14 (NH2-CGGGRGD-COOH). The isoelectric point of 

peptides was 7.4. According to the results about the conjugation affinity of Pep7 on the 

surface of AuNPs at different pHs, no AuNP aggregation was occurred after addition of 20 

µl of 1 mg/ml Pep6 in the case of the pH of AuNP suspension was higher than 10.5 and 

after addition of 20 µl of 1 mg/ml Pep14 in the case of the pH of AuNP suspension was 

higher than 8.1. Due to determine the best conjugation between 13 nm AuNPs and Pep7 or 

Pep14, it was decided that AuNPs could be functionalized with 20 µl of 1 mg/ml Pep7 

when the pH of AuNP suspensions was at 10.5, 11.0 and 11.5, and with 20 µl of 1 mg/ml 
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Pep14 when the pH of AuNP suspensions was at 8.4, 9.5 and 10.5 in three replicates. As 

seen in Figure 4.55, no AuNP aggregation was observed after the surface modification 

indicating the stability of the suspension. 

 

Figure 4.55. White light images of suspensions of (a) naked AuNPs and AuNPs modified 

with Pep7 at pH 10.5, 11.0 and 11.5 and (b) naked AuNPs and AuNP modified with Pep14 

at pH 8.4, 9.5 and 10.5. “n” indicates replicate number. 

The naked AuNPs, AuNP-Pep7 and AuNP-Pep14 conjugates were characterized by 

UV/Vis spectroscopy and the comparative spectra was given in Figure 4.56. The naked 13 

nm AuNPs had SPR at 519 nm whereas AuNP-Pep7 conjugates had it at 521 and AuNP-

Pep14 conjugates had at 523 nm. The 2-4 nm redshifts indicated the conjugation between 

AuNPs and peptides. Moreover, the shift was changed based on binding end of peptides.  
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Figure 4.56. Comparative UV/Vis spectra of naked AuNPs, AuNP-Pep7 and AuNP-Pep14 

conjugates. 

The naked AuNPs, AuNP-Pep7 and AuNP-Pep14 conjugates were characterized by DLS. 

Their sizes were measured three times, and then averaged. The average sizes and zeta 

potentials of naked AuNPs, AuNP-Pep7 and AuNP-Pep14 conjugates could be listed in 

Table 4.13. The average hydrodynamic size of naked AuNPs was 11.6 nm while the sizes 

of conjugates were larger than naked AuNPs. The largest AuNP-Pep7 conjugates were 

seen in the condition of pH 10.5 whereas the largest AuNP-Pep14 conjugates were 

observed at pH 13.2. This determined that AuNPs could be conjugated with Pep7 at pH 

10.5 and with Pep14 at pH 8.4. Due to agglomeration of AuNP-Pep7 and AuNP-Pep14 

conjugates modified at higher pHs, their zeta potentials cannot be measured. Just, AuNP-

Pep7 conjugates modified at pH 10.5 had more positive and AuNP-Pep14 conjugates 

modified at pH 8.4 had more negative zeta potentials when compared to naked AuNPs.  

 

 

 

 

Table 4.13. Average hydrodynamic sizes and zeta potentials of naked AuNPs, AuNP-Pep7 

and AuNP-Pep14 conjugates. 
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In order to observe the density of Pep7 and Pep14 on the AuNP surfaces, the naked AuNPs 

and conjugates were characterized by 1 percent Agarose gel electrophoresis, as seen Figure 

4.57. The naked AuNPs could not run through the gel because of TAE buffer. Surprisingly, 

AuNP-Pep7 conjugates, which were observed as conjugated by UV/Vis and DLS, 

precipitated in the gel like naked AuNPs. The reason behind this could be that AuNPs 

could not be conjugated with Pep7 densely. On the other hand, AuNP-Pep14 conjugates 

could run through the gel and the one, conjugated at pH 8.4, had denser band. Based on the 

Agarose gel result, it can be said that the conjugation between AuNPs and Pep7 was not 

successful unlike others and AuNPs could be coated with Pep14 at pH 8.4 as best. 
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Figure 4.57. White light image of agarose gel loaded naked AuNPs, AuNP-Pep7 and 

AuNP-Pep14 conjugates. 

4.2.2.8. Conjugation of AuNPs with Peptides and Their Characterization 

The spherical AuNPs of 13 nm diameter size were functionalized with fourteen peptides in 

their best conjugation conditions, listed above in Table 4.5, in order to see their 

characterization at total. AuNPs were functionalized with Pep6, Pep8, Pep9, Pep10, Pep12 

and Pep13 at pH 5.9, which was the original pH of AuNP suspension, with Pep3 and 

Pep14 at pH 8.6, with Pep5 and Pep7 at pH 10.5, and lastly with Pep1, Pep2, Pep4 and 

Pep11 at pH 11.0.  

1 ml of 10 nM 13 nm AuNPs were conjugated with 20 µl of 1 mg/ml each peptide at best 

conjugation pH conditions in triplicates. The image of naked AuNPs and AuNP-Peptide 

conjugates’ suspensions was given in Figure 4.58. As seen in the figure, no AuNP 
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aggregation was observed after the functionalization indicating the stability of the 

suspension. 

 

Figure 4.58. White light image of naked AuNPs and AuNP-Peptide conjugate suspensions. 

“n” indicates replicate number. 

The naked AuNPs and AuNP-Peptide conjugates were characterized by UV/Vis 

spectroscopy. The comparative UV/Vis spectra of naked AuNPs and AuNP-Peptides was 

given in Figure 4.59. The SPR of naked AuNPs was at 519 nm while it was redshifted for 

all AuNP-Peptide conjugates. 1.0 nM redshifted was observed on the spectra of AuNP-

Pep1, AuNP-Pep2, AuNP-Pep3 and AuNP-Pep5, while the SPR of AuNP-Pep4, AuNP-

P10 and AuNP-Pep11 was redshifted 2 nm. In addition, 3 nm red-shift was seen on the 

spectra of AuNP-Pep6, AuNP-Pep7, AuNP-Pep8, AuNP-Pep9 and AuNP-Pep13. The 

longest shift, 4 nm, was occurred after conjugation with Pep12 and Pep14. As a 

conclusion, AuNP-Peptide conjugates showed unique properties, depending on their 

length, size, charge and binding end group to AuNP surfaces.  



 
 

 

111 

 

Figure 4.59. Comparative UV/Vis spectra of naked AuNPs and AuNP-Peptide conjugates. 

The naked and peptide functionalized AuNPs were characterized by DLS. The 

hydrodynamic sizes and zeta potentials of naked AuNPs and AuNP-Peptide conjugates 

were measured three times. Their average sizes and zeta potentials with standard 

deviations were given in Table 4.14. The average hydrodynamic size of naked AuNPs was 

11.9 nm. After conjugation with peptides, the average hydrodynamic sizes were grown and 

all conjugates were larger than naked AuNPs. This proved that AuNP surfaces could be 

coated with peptides since the size increase was a result of conjugation between AuNP and 

peptides.  

 

 

 

 

 

 

 



 
 

 

112 

Table 4.14. SPR on UV/Vis spectra, average hydrodynamic sizes and zeta potentials of 

naked AuNPs and AuNP-Peptide conjugates. 

 

When discussed the zeta potentials of AuNP-Peptide conjugates, the zeta potentials of 

AuNPs conjugated with Pep1 to Pep7, in which the free terminus was -NH2, were more 

negative than naked AuNPs whereas AuNPs conjugated with Pep8-Pep14, in which the 

free terminus was -COOH, had more positive surface than the naked AuNPs, as schemed 

in Figure 60. The reason behind that was the interaction between the free citrate ions and 

free terminus groups of peptides, mentioned in the Figure 4.8 The -NH2 groups on the 

AuNPs interacted with the free citrate ions and made the surface more negative, however 

the -COOH groups on the surfaces repulsed the citrate ions and the surfaces were more 

positive when compared to the naked AuNPs. Moreover, the charge of peptides on AuNPs 

having -NH2 free terminus also affected the zeta potentials. The neutrally and positively 

charged peptides were more interacted with the free citrate ions than the negatively 

charged peptides, therefore the zeta potentials of neutally and positively charged peptides 

caused more negative surface than negatively charged peptides. Additionally, -COOH free 

terminus of positively charged peptides on AuNPs resulted more negative surface when 
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compared to the naked AuNPs while the others had more positive surface. Based on zeta 

potential measurement results, it also demonstrated that the surfaces of AuNPs were 

functionalized with peptides so that their surface charges were various depending on the 

total charge and the free terminus of peptides. 

 

Figure 4.60. Schematic representation of interaction between the free citrate ions and 

reactive groups of (a,d) neutrally charged peptides, (b,e) negatively charged peptides and       

(c,f) positively charged peptides on AuNP surfaces. 

The naked and peptide functionalized AuNPs were characterized by 1 percent Agarose gel 

electrophoresis in order to see the density of peptides on the AuNP surfaces in the 
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suspension. The image of the Agarose gel after run was shown in Figure 4.61. The naked 

AuNPs could not run on the gel because of aggregation caused by high salt content in TAE 

buffer. The all bands on the gels were dense and this displayed the success of the 

conjugation between AuNPs and peptides. AuNP-Pep4 and AuNP-Pep7 conjugates, which 

were rich in histidine, precipitated in the gel. On the other hand, AuNP-Pep11 and AuNP-

Pep14, which were conjugated with Pep11 and Pep14 having reverse sequence of Pep4 and 

Pep7, could run through the gel. This result showed that AuNP surface functionalization 

with peptides were more related to binding end of peptide than isoelectric point of 

peptides, since Pep4 and Pep11 had same isoelectric point. In addition, AuNP-Pep5 and 

AuNP-Pep11 conjugates moved slowly in the gel and stayed at back. These conjugates 

were not in common in the case of sequence, size, zeta potential, charge and isoelectric 

point, however they showed similar behavior in the Agarose gel. Furthermore, based on the 

Agarose gel result, it was clearly understood that 20 µl of 1 mg/ml peptides were coated 

the surfaces of nearly all AuNPs in 1 ml of 10 nM suspension and the location of cysteine 

in the peptide affected the conjugation. 
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Figure 4.61. White light image of agarose gel, in which naked AuNPs and AuNP-Peptide 

conjugates were loaded. 

The naked AuNPs and AuNP-Peptide conjugates were characterized by FTIR to identify 

chemical compounds in samples. The comparative FTIR spectra of naked AuNPs and 

AuNP-Peptide conjugates were given in Figure 4.62. According to the result, no 

information could be obtained in the FTIR spectrum of naked AuNPs. On the other hand, 

on the spectra of peptide functionalized AuNPs, there were some chemical information 

meaning amino acids and peptide bonds such as C-H strecthing between 2850-2900 cm-1, 
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C=O strecthing of amide between 1640-1690 cm-1, N-H bending of amide between 1590-

1640 cm-1, =C-CH3 strecthing at 1435 cm-1, C-N strecthing between 1080-1250 cm-1 and 

Amide I, representing C=O stretch and some N-H stretching characteristics [216]. These 

all information came from peptides proved that AuNPs could be coated with peptides, 

because amino acids can link each other by amide bond and on the spectra the information 

about amide bonds were collected.   

 

Figure 4.62. Comparative FTIR spectra of naked AuNPs and AuNP-Peptide conjugates. 

The naked AuNPs and AuNP-Peptide conjugates were characterized by SERS since it 

could obtain the information about peptides chemically bound on AuNP surfaces. The 

comparative SERS spectra of naked AuNPs and AuNP-Peptide conjugates were presented 

in Figure 4.63. Based on SERS results, there existed significant differences between the 

spectra of naked AuNPs and AuNP-Peptides. The characteristic bands representing S-S 

disulfide stretching in proteins at 500-524 cm-1, C-S gauche conformation in amino acids at 

638-650 cm-1, C-N stretching in proteins at 713-745 cm-1, deformative vibration of amine 
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groups at 817-840 cm-1, C-C stretching in β sheet of proteins at 853-954 and in aromatic 

ring formation at 977-1002 cm-1, C-N stretching of proteins at 1160-1185 cm-1, Amide III 

bonds at 1221-1322 cm-1 and C-H formation in aromatic residues at 1331 cm-1 [119]. 

These all peaks seen in the SERS spectra manifested the conjugation between AuNPs and 

peptides. Moreover, it was observed similar SERS spectra pattern between AuNPs 

conjugated with peptide couples, which had same amino acid sequence but in reverse 

order.  

 

Figure 4.63. Comparative SERS spectra of naked AuNPs and AuNP-Peptide conjugates. 
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When the peaks on SERS spectra were analyzed, it was seen that some characteristic 

information about peptides on AuNP surfaces was acquired, as listed in Table 4.15 [222]. 

Amide III, C-C stretching and S-S disulfide stretching peaks were visible on all AuNP-

Peptide spectra. On the other hand, C-S gauche conformation peak could not be taken on 

the spectra of AuNP-Pep4 and AuNP-Pep11, whose sequence was NH2-HHHC-COOH and 

NH2-CHHH-COOH. The peaks assigned as C-N stretching could not be analyzed on the 

spectra of functionalized with Pep10 and Pep13, which had NH2-CEEE-COOH and NH2-

CEEERGD-COOH, and the peaks representing amino groups could not be seen in the 

AuNP-Pep9 and AuNP-Pep12, whose sequence was NH2-CGGG-COOH and NH2-

CGGGRGD-COOH, respectively. In addition, C-H peak at 1331 cm-1 was obtained in the 

few AuNP-Peptide spectra, whose sequences were reverse. As a consequence, it can be 

said that the characteristic spectral pattern of AuNP-Peptides in SERS spectra were 

collected. 

Table 4.15. Peak assignments of SERS spectra of AuNP-Peptide conjugates. 
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4.3. INVESTIGATION OF CELLULAR RESPONSE 

The surface of AuNPs were systematically functionalized with carbohydrates and peptides 

and these modified AuNPs were incubated for 24 h with either healthy cell line, which was 

BEAS-2b cells (human lung bronchial epithelium cell line), and cancer cells lines, which 

were A549 cell (human lung cancer cells) and MDA-MB-231 cells (human breast 

carcinoma cells) in order to see the cellular response differences caused by metabolic 

activity variation of healthy/cancer cells. The cellular response was investigated by two 

ways: cytotoxicity and cell cycle arrest. Due to check the possible toxicity affect of surface 

modified AuNPs, WST-1 cell proliferation assay, Apoptosis/Necrosis assay and 

Clonogenic cell survival assay were applied. Furthermore, the changes on cell cycle of 

either healthy cells or cancer cells was investigated by ethanol fixated and PI stained cells 

by using flow cytometry. Based on optimization studies, the concentrations of NPs’ 

exposure were determined as 0.1, 0.5, 1.0 and 2.5 nM. Surface modified AuNPs were 

incubated with healthy/cancer cells for 24 h and the cellular responses were investigated by 

observing cytotoxicity and cell cycle arrest explained molecular tests.  

The study to investigate the cellular response to systematically modified AuNP surfaces 

was initiated with AuNP-Carbohydrate conjugates, then AuNP-Peptide conjugates were 

taken attention. Since the number of peptides to be used to cover AuNP surfaces were too 

many, the experiments were divided into four parts. In the first part, the cellular response 

to naked AuNPs, AuNP-Pep1 and AuNP-Pep8 (RGD sequenced peptides), in the second 

part, the cellular response to naked AuNPs, AuNP-Pep2, AuNP-Pep5, AuNP-Pep9, AuNP-

Pep12 (Glycine rich peptides), in the third part, the cellular response to naked AuNPs, 

AuNP-Pep3, AuNP-Pep6, AuNP-Pep10, AuNP-Pep13 (Glutamic acid rich peptides) and in 

the last part, the cellular response to naked AuNPs, AuNP-Pep4, AuNP-Pep7, AuNP-

Pep11, AuNP-Pep14 (Histidine rich peptides) was investigated by checking cytotoxicity 

and cell cycle progression. In the experiments, peptides were divided based on their rich 

amino acid type and its charge and the reverse order peptide and addition of RGD 

sequence to the peptide. There existed four peptides in each experiment set. By this way, 
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the effects of the peptide order and with or without RGD sequence at the peptide on cells 

were investigated.  

Before investigation of cellular response to surface modified AuNPs, uptake of AuNPs into 

cells was pointed out by using flow cytometry. NPs uptaken by cells or attached to cell 

membrane increase the granulation of cell. The increment on cell granulation can be 

detected by the increase on side-scattered light (SSC) of flow cytometry technique [226]. 

Therefore, NP cellular uptake was determined by using flow cytometry. The results of 

uptake studies assisted to understand the cellular response to the AuNP surfaces.  

Three tests were applied to analyze the cytotoxicity of the cells treated with surface 

modified AuNPs. WST-1 cell proliferation assay was used to measure the color change 

caused by the interaction between tetrazolium salts in the solution and mitochondria of 

living cells by using fluorescence microscopy [227]. This assay’s result was affected by 

several mistakes such as cell number on the wells of the plates, adding more or less reagent 

into the wells, transferring more or less amount of reacted reagent into a new plate to be 

used analyze by microscopy. These all mistakes can change results and increase the 

standard deviation among the repeats. WST-1 cell proliferation test was utilized because of 

its easy protocol despite of these possible problems. On the other hand, in order to 

understand the cytotoxicity of surface modified AuNPs to the cells, another assays were 

necessary. The second applied assay to check the possible cytotoxicity of NPs was 

Apoptosis/Necrosis assay [228]. In this assay, the cells were stained with Annexin V and 

Propodium Iodide (PI) dyes, and then the stained cells were detected by flow cytometry. 

Annexin V is a protein that binds phosphatidylserine proteins, which switch their position 

from inside through the outer of cell membrane during apoptosis. By this way, apoptotic 

cells can be detected by Annexin V staining. PI also stains DNA strands. In the analysis of 

stained cells by flow cytometry, the cells stained by just Annexin V were evaluated as 

early apoptosis, the cells stained by both dyes were interpreted as late apoptosis and the 

cells stained by just PI were considered as necrosis. As a last toxicity assay, clonogenic 

cell survival assay, which is a sensitive technique, was performed to examine the colony 
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formation ability of a single cell in the treatment conditions. To investigate cell survival 

upon NP exposure is an essential phenotypic measurement to get information whether 

exposed NPs induced or prevented toxicity [229]. It was expected that the colony 

formation ability or formed cells colonies should decrease in parallel to increasing the 

concentration of NPs. Thanks to clonogenic cell survival assay, long term cytotoxicity of 

NPs can be evaluated.  

The other cellular response upon NP exposure was the changes on cell cycle progression, 

which was detected by flow cytometry [230]. The investigation of cell cycle was 

considered significant since the applied NP dosage cannot create toxicity, but can affect the 

cell cycle. Therefore, the influence of biomacromolecules functionalized AuNPs on cell 

cycle was examined by using flow cytometry. In order to follow the cell cycle of the 

population, the cells were firstly 70 percent ethanol fixation, then stained with PI, and 

finally analyzed by flow cytometry. There exist three basic phases of cell cycle, G0/G1, S 

and G2/M. A cell doubles its DNA during proliferation. The DNA synthesis starts at S 

phase. The cells has double DNA at G2 phase and starts to divide into two at M phases. 

Thus, the cell cycle of the cells can be followed by measuring DNA content in the cells. At 

G0/G1 phase, the cells had 1x DNA, at S phase the cells had approximately 1.5x DNA and 

at G2/M phase the cells had 2x DNA. These PI stained cells can be differentiated by flow 

cytometry depending on their DNA content. In cell cycle studies, 20 000 cells were 

detected by flow cytometry as a population and remarked as 100 percent. Based on PI dye 

in the cells or another words DNA content in the cells, the percentage of the cells at G0/G1 

or S or G2/M phases were calculated by software and the results were discussed.  

4.3.1. Cellular Response to AuNPs Modified With Carbohydrates   

The surfaces of AuNPs were functionalized with four specifically chosen carbohydrates, 

which were Glucose, Mannose, Lactose and Maltose, in order to create subtle differences 

on the AuNP surfaces. These small differences on AuNP surfaces after modification with 

Glucose, Mannose, Lactose and Maltose were visualized in Figure 4.64.  
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Figure 4.64. Subtle differences on AuNP surfaces after functionalization with thiolated 

Glucose, Mannose, Lactose and Maltose.  

4.3.1.1. Uptake Studies 

SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 1 and 2.5 

nM naked 13 nm AuNPs, AuNP-Glucose, AuNP-Mannose, AuNP-Lactose and AuNP-

Maltose conjugates were given in Figure 4.65. The negative control cells of A549, BEAS-

2b and MDA-MB-231 cells showed approximately 13, 5 and 4 percent granulation, 

respectively.  

A549 cells significantly internalized only the high concentrations of AuNP-Lactose and 

AuNP-Maltose conjugates among others.  

BEAS-2b cells internalized all AuNP-Carbohydrate conjugates when compared to 

untreated control cells. In addition, AuNP-Lactose and AuNP-Maltose penetrated into 

BEAS-2b cells more than others.  

MDA-MB-231 cell uptaken only naked AuNPs. On the other hand, no significant 

granulation was detected MDA-MB-231 cells treated with AuNP-Carbohydrate 

conjugates. 
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Figure 4.65. SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM naked 13 nm AuNPs and Glucose, Mannose, Lactose and Maltose 

Functionalized AuNPs. Statistically significant changes compared to negative control cells 

were calculated by two-paired Student’s t test, and marked with stars, * for p≤0.05, ** for 

p≤0.01 and *** for p≤0.001. 
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4.3.1.2. WST-1 Cell Proliferation Assay 

WST-1 Cell Proliferation result of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Glucose, Mannose, Lactose and 

Maltose Functionalized AuNPs was given in Figure 4.66. 10 percent DMSO was used as 

positive control and decreased the cell viability up to 5-10 percent for each cell types.  

The cell viability of A549 cells affected by 2.5 nM of naked AuNPs, 0.1 and 0.5 nM of 

AuNP-Glucose and 1.0 and 2.5 nM of AuNP-Maltose while their epimers on AuNPs did 

not create any significant cytotoxic effect on A549 cells.  

Neither naked AuNPs nor carbohydrate functionalized AuNPs created cytotoxicity to 

BEAS-2b cells. Moreover, the high concentrations of all NPs increased cell viability of 

BEAS-2b cells.  

The cell viability of MDA-MB-231 cells was influenced by 0.5-2.5 nM of naked AuNPs 

and 0.1-0.5 nM of AuNP-Glucose conjugates. The toxicity induced by either naked AuNPs 

or AuNP-Glucose conjugates were concentration dependent, however toxicity of naked 

AuNPs increased whereas that of AuNP-Glucose decreased with the concentration 

increase. 
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Figure 4.66. WST-1 Cell Proliferation result of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Glucose, Mannose, 

Lactose and Maltose Functionalized AuNPs. The positive control was 10 percent DMSO. 

Statistically significant changes compared to negative control cells were calculated by two-

paired Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for 

p≤0.001. 
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4.3.1.3. Apoptosis/Necrosis Assay 

Apoptosis/necrosis assay result of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Glucose, Mannose, Lactose and 

Maltose Functionalized AuNPs were given in Figure 4.67. The positive control was 10 

percent DMSO and it induced apoptosis for A549 and BEAS-2b cells while necrosis for 

MDA-MB-231 cells.  

The 0.1-1.0 nM of naked AuNPs, all concentrations of AuNP-Glucose and AuNP-

Mannose, 0.1-1.0 nM of AuNP-Lactose resulted 5-10 percent A549 cells to got to necrosis 

while no significant toxicity was seen in A549 cells exposed to AuNP-Maltose.  

AuNP-Glucose, AuNP-Lactose and AuNP-Maltose conjugates resulted apoptosis in 

BEAS-2b cells whereas no significant cytotoxicity was analyzed in BEAS-2b cells treated 

with AuNP-Mannose. In addition, approximately, the live cell percentage of BEAS-2b 

cells in population reduced to 80 percent after incubation with AuNP-Lactose.  

MDA-MB-231 cells were affected the most among all cell types since 30-40 percent 

MDA-MB-231 cells went to necrosis after exposure to AuNP-Glucose and AuNP-

Mannose. Moreover, only 2.5 nM of AuNP-Maltose and AuNP-Lactose elicited 

cytotoxicity and approximately 1-2 percent more MDA-MB-231 cells were induced to go 

to necrosis.  
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Figure 4.67. Apoptosis/necrosis assay result of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Glucose, Mannose, 

Lactose and Maltose Functionalized AuNPs. The positive control was 10 percent DMSO. 

4.3.1.4. Clonogenic Assay 

Clonogenic cell survival assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with increasing concentrations of either naked 13 nm AuNPs or Glucose, Mannose, 

Lactose and Maltose Functionalized AuNPs was seen in Figure 4.68. 10 percent DMSO 

was used as positive control and no colony formation was seen in all cell types in its 

presence.  

A549 cells exposed to naked AuNPs and carbohydrate modified AuNPs can be referred as 

clonogenic since the seeded single A549 cells proliferated and produced a colony including 

a large number of cells to enable their integrity [231]. Based on results, A549 cells had 
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ability to survive in the conditions of 0.1-1.0 nM of either naked AuNPs or carbohydrate 

modified AuNPs exposure when compared to control untreated cells. Moreover, among 

carbohydrates modified AuNPs, there did not exist any significant differences about colony 

formation.  

BEAS-2b cells treated with just 0.1 nM of all NPs were called as clonogenic as their 

colony formation ability was similar to negative control cells. Moreover, the cells exposed 

to other concentrations of AuNP-Lactose and AuNP-Maltose were visualized as unable to 

divide or able to go through one or two mitoses. On the other hand, BEAS-2b cells treated 

with higher doses of naked AuNPs, AuNP-Glucose and AuNP-Mannose could survive by 

forming colonies.  

MDA-MB-231 cells treated with 0.1 nM of NPs were observed as clonogenic except the 

cells exposed to AuNP-Maltose. In addition, just 0.5-1.0 nM of NPs exposed cells could 

proliferate less when compared to negative control cells and the cells treated with 2.5 nM 

of NPs could not survive by forming colonies. It should be kept in mind that MDA-MB-

231 cells exposed to AuNP-Maltose had the least ability to survive.  



 
 

 

129 

 

Figure 4.68. Clonogenic assay result of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Glucose, Mannose, Lactose and 

Maltose Functionalized AuNPs. The positive control was 10 percent DMSO. Statistically 

significant changes compared to negative control cells were calculated by two-paired 

Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.1.5. Cell Cycle Evaluation 

Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated with increasing 

concentrations of either naked 13 nm AuNPs or Glucose, Mannose, Lactose and Maltose 

functionalized AuNPs was seen in Figure 4.69. 0.1 µM colchicine was used as positive 

control because it blocks cells at G2/M phase and it arrested 85-90 percent of all cell types  

at G2/M phase.  

The cell cycle of A549 cells were blocked at G0/G1 phase after incubation with 0.1 nM of 

AuNP-Mannose and 2.5 nM of AuNP-Lactose whereas no significant change on cell cycle 

progression were investigated after treatment with naked AuNPs, AuNP-Glucose and 

AuNP-Maltose.  

All carbohydrate functionalized AuNPs arrested approximately 90 percent of BEAS-2b 

cells at G0/G1 phase, except 0.1 nM concentration of AuNP-Maltose.   

The 2.5 nM of AuNPs, 0.5-2.5 nM of AuNP-Glucose and 2.5 nM of AuNP-Mannose 

created G0/G1 phase arrest in MDA-MB-231 cells. In addition, the arrest caused by 

AuNP-Glucose was very dramatic since approximately 95 percent of MDA-MB-231 cells 

were blocked at G0/G1 phase.  
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Figure 4.69. Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Glucose, Mannose, Lactose and 

Maltose Functionalized AuNPs. The positive control was 0.1 µM colchicine. 

4.3.1.6. Summary of Cellular Response to Carbohydrate Modified AuNPs 

The cellular response to carbohydrate modified AuNPs was cell type, surface chemistry 

and NP concentration dependent. In other words, the cytotoxicity and the alteration on cell 

cycle progression created by same surface chemistry on NPs was various on three different 

cell types. Therefore, the cellular responses were discussed one by one:  

A549 cells internalized AuNP-Lactose and AuNP-Maltose more among naked AuNPs and 

surface modified AuNPs. The cell viability of A549 cells were influenced quite few by 

Glucose, Mannose and Lactose modified AuNPs as 5-10 percent more A549 cells went to 

necrosis, however Maltose modified AuNPs created no significant cytotoxicity. Moreover, 

the result of clonogenic survival assay manifested that A549 cells could proliferate and 
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produce colonies upon NP exposure. Furthermore, the cell cycle of approximately 8 

percent A549 cells were blocked at G0/G1 phase by 0.1 nM of AuNP-Mannose and 2.5 

nM of AuNP-Lactose. Based on all results, it can be claimed that AuNPs conjugated with 

Glucose, Mannose, Lactose and Maltose could not create a severe cytotoxicity and cell 

cycle arrest on A549 cells. In addition, the orientation of -OH at second and fourth carbon 

on carbohydrates, which were Mannose (C2 epimer of Glucose, and Lactose (galactose, C4 

epimer of Glucose) induced cytotoxicity and influenced significantly cell cycle progression 

of A549 cells. 

BEAS-2b cells highly internalized all carbohydrate modified AuNPs, in particular Lactose 

and Maltose modified AuNPs. The Glucose, Lactose and Maltose coated AuNPs induced 

3, 7 and 16 percent more BEAS-2b cells to go to apoptosis. Moreover, clonogenic survival 

assay results also showed that the cellular integrity of BEAS-2b cells were more affected 

by Lactose and Maltose conjugated AuNPs when compared to other carbohydrate coated 

AuNPs and these cells could not proliferate enough. However, these cytotoxicity clarified 

by two assays cannot be correlated with WST-1 assay result, which implied that no 

significant toxicity caused by naked AuNPs and AuNP-Carbohydrate conjugates was 

examined. Additionally, all carbohydrate conjugated AuNPs arrested approximately 90 

percent BEAS-2b cells at G0/G1 phase excluding 0.1 nM of AuNP-Maltose. As a 

conclusion, the cell viability of BEAS-2b cells decreased after treatment with AuNP-

Lactose and AuNP-Maltose and the cell cycle progression of BEAS-2b cells were 

dramatically blocked at G0/G1 phase because of high uptake of the conjugates by BEAS-

2b cells. What is more, AuNPs conjugated with disaccharides, which were Maltose (double 

Glucose) and Lactose (Glucose and galactose) resulted more significant response in 

BEAS-2b cells when compared to others and it can be told that the free saccharides on 

Maltose and Lactose, which were C4 epimers, played an important role to create these 

mentioned cellular responses.  

MDA-MB-231 cells internalized only naked AuNPs when compared to negative control 

cells. To discuss the cytotoxicity of MDA-MB-231 cells treated with either naked AuNPs 
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or carbohydrate modified AuNPs, three applied cytotoxicity assays less correlated with 

each other as WST-1 assay result showed that the naked AuNPs and AuNP-Glucose 

induced concentration dependent cytotoxicity, Apoptosis/necrosis assay result indicated 

that Glucose and Mannose coated AuNPs led 30-40 percent more MDA-MB-231 cells to 

go to necrosis, and clonogenic survival assay result demonstrated that the survival ability 

by forming colonies of MDA-MB-231 cells treated with AuNP-Carbohydrate conjugates 

were less and those of treated with AuNP-Maltose had no ability survive. In the light of all 

cytotoxicity assay results, it can summarized that Glucose and Mannose covered AuNPs 

were pioneer in the cytotoxicity of MDA-MB-231 cells. Moreover, the cell cycle 

progression of MDA-MB-231 cells exposed to AuNP-Glucose were dramatically arrested 

at G0/G1 phase, approximately the cell cycle of 95 percent MDA-MB-231 cells were 

influenced by AuNP-Glucose. Consequently, the cellular response of MDA-MB-231 cells 

to Glucose functionalized AuNPs was noteworthy among other carbohydrate modified 

AuNPs.  

4.3.2. Cellular Response to AuNPs Modified with RGD Sequenced Peptides   

Since the number of peptides used to modify AuNP surfaces were too much to test in the 

same experiment, they were divided into four group according to rich amino acid type in 

their sequences. The first group was selected as RGD sequenced peptides, which were 

Pep1 (NH2-DGRC-COOH) and Pep8 (NH2-CRGD-COOH). These peptides had same 

sequence, but in reverse order. After conjugation of AuNPs with these peptides, the free 

ends would be different, as seen Figure 4.70.  
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Figure 4.70. Subtle differences on AuNP surface after functionalization with Pep1 and 

Pep8. 

4.3.2.1. Uptake Studies 

SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 1.0 and 2.5 

nM naked 13 nm AuNPs, AuNP-Pep1 (AuNP-CRGD-NH2) and AuNP-Pep8 (AuNP-

CRGD-COOH) conjugates was given in Figure 4.71. A549, BEAS-2b and MDA-MB-231 

cells showed 6, 8 and 11 percent granulation in negative condition, respectively. The 

cellular uptake rates of NPs were cell dependent and type and concentration of NPs 

dependent.  

A549 cells significantly internalized all concentrations of naked AuNPs and AuNP-Pep1 

while just high concentrations of AuNP-Pep8. The order of NP uptake can be enumerated 

as AuNP-Pep1 > naked AuNPs > AuNP-Pep8. Consequently, among these three NPs, 

AuNPs having -NH2 terminus penetrated the most into A549 cells.   

BEAS-2b cells internalized just AuNP-Pep1 and AuNP-Pep8 conjugates. The most cellular 

uptake was investigated in 2.5 nM of AuNP-Pep8. It can be concluded that the cellular 

uptake of RGD sequenced peptides modified AuNPs were high in BEAS-2b cells.  
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MDA-MB-231 cells internalized just AuNP-Pep1 and AuNP-Pep8 conjugates like BEAS-

2b cells, however the cellular uptake of AuNP-Pep1 was the most. To conclude, AuNPs 

having -NH2 terminus were uptaken more by MDA-MB-231 cells.  

 

Figure 4.71. SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and Pep1 and Pep8 Functionalized AuNPs. 

Statistically significant changes compared to negative control cells were calculated by two-

paired Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for 

p≤0.001. 
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4.3.2.2. WST-1 Cell Proliferation Assay 

WST-1 Cell Proliferation results of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep1 and AuNP-Pep8 conjugates 

was given in Figure 4.72. 10 percent DMSO was used as positive control and it decreased 

the cell viability of all cell types up to 5-10 percent.  

The naked AuNPs created no toxicity effect to A549 cells while AuNP-Pep1 conjugates at 

high concentrations significantly increased cell viability and AuNP-Pep8 at low 

concentrations led to decrease cell viability approximately up to 90 percent.  

The cell viability of BEAS-2b cells was influenced by all NPs. In addition, neither naked 

AuNPs nor AuNPs modified with RGD sequenced peptides were significantly influenced 

the cell viability of BEAS-2b cells.  

The cell viability of MDA-MB-231 cells were affected by naked AuNPs and AuNP-Pep8. 

It can be speculated that high concentrations of naked AuNPs and AuNP-Pep8 conjugates 

increased cell viability of MDA-MB-231 cells whereas AuNP-Pep1 did not affect it.  



 
 

 

137 

 

Figure 4.72. WST-1 cell proliferation assay results of A549, BEAS-2b and MDA-MB-231 

cells treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep1 and Pep8 

Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically significant 

changes compared to negative control cells were calculated by two-paired Student’s t test, 

and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.2.3. Apoptosis/Necrosis Assay 

Apoptosis/necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep1 and AuNP-Pep8 conjugates 

was given in Figure 4.73. 10 percent DMSO was utilized as positive control and induced 

A549 cells to early apoptosis, BEAS-2b cells to late apoptosis and MDA-MB-231 cells to 

necrosis.  

The cell viability of A549 cells were affected by naked AuNPs and AuNP-Pep1. The 

naked AuNPs created cytotoxicity in A549 cells in parallel to decrease of their exposed 

concentration to cells as the cell viability reduced up to 50 percent after incubation with 1.0 

nM. On the other side, AuNP-Pep1 conjugates caused cytotoxicity in A549 cells with 

respect to increment of their exposed concentration as the live cells decreased to 30 percent 

after treatment with 2.5 nM dose. Additionally, AuNP-Pep8 conjugates created no 

cytotoxicity in A549 cells.  

By considering BEAS-2b cells, either naked AuNPs or AuNPs coated with RGD 

sequenced peptides led to a significant cytotoxicity.  

Just 2.5 nM of AuNP-Pep1 conjugates exposure induced cytotoxicity in MDA-MB-231 

cells while no important cytotoxic affect was seen in the case of treatment with naked 

AuNPs and AuNP-Pep8 conjugates.  
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Figure 4.73. Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep1 and Pep8 

Functionalized AuNPs. Positive control was 10 percent DMSO. 

4.3.2.4. Clonogenic Assay 

Clonogenic assay results of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep1 and AuNP-Pep8 conjugates was 

given in Figure 4.74. 10 percent DMSO was utilized as positive control and the presence of 

DMSO in the medium resulted in no colony formation by all cell types.  

After treatment with naked AuNPs, the formed colony number of A549 cells decreased, 

however they were called as clonogenic since they underwent more than 2-3 mitoses. 

When discussed A549 cells exposed to AuNPs modified RGD sequenced peptides, the 

cells could not survive in the presence of Pep1 whereas those of treated with Pep8 created 

more colonies than negative control.  
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BEAS-2b cells exposed to naked AuNPs could form significant colonies at only 0.1 nM 

concentration. Additionally, BEAS-2b cells treated with Pep1 up to 1.0 nM dose can be 

named as clonogenic since the single BEAS-2b cells generated colonies to survive in the 

mentioned condition. Nevertheless, BEAS-2b cells were investigated as unable to divide 

after treatment with Pep8.   

MDA-MB-231 cells exposed to 0.1 nM naked AuNPs generated colonies while its other 

concentration decreased the cell proliferation. Moreover, Pep1 treated MDA-MB-231 cells 

formed more colonies to survive when compared to Pep8 treated cells and so Pep1 treated 

cells were called as clonogenic.  
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Figure 4.74. Clonogenic assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep1 and Pep8 Functionalized 

AuNPs. Positive control was 10 percent DMSO. Statistically significant changes compared 

to negative control cells were calculated by two-paired Student’s t test, and marked with 

stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 



 
 

 

142 

4.3.2.5. Cell Cycle Progression 

Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and AuNP-Pep1 and AuNP-Pep8 was seen in 

Figure 4.75. 0.1 µM colchicine was used as positive control because it blocks cells at 

G2/M phase and it arrested 85-90 percent of all cell types at G2/M phase. 

The cell cycle of A549 cells were significantly affected by naked AuNPs and AuNP-Pep1. 

The upper doses of naked AuNPs led more 10 percent A549 cells to arrest at G0/G1 phase. 

However, the most arrest on A549 cell cycle was investigated after treatment with 0.5 nM 

concentrations of AuNP-Pep1 conjugate as approximately 20 percent A549 cells treated 

with its 2.5 nM dose were blocked at G0/G1 phase. No remarkable change was 

demonstrated in AuNP-Pep8 exposed A549 cells.  

The cell cycle of BEAS-2b cells were influenced by only AuNPs conjugated with RGD 

sequenced peptides. The concentrations higher than 0.5 nM of AuNP conjugates created a 

severe cell cycle arrest at G0/G1 phase in BEAS-2b cells.  

AuNP-Pep1 resulted in an important cell cycle arrest at G0/G1 phase in MDA-MB-231 

cells treated with the concentrations higher than 0.5 nM. On the other hand, no change was 

examined on the cell cycle progression of MDA-MB-231 cells exposed to either naked 

AuNPs or AuNP-Pep8 conjugates. 
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Figure 4.75. Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep1 and Pep8 Functionalized 

AuNPs. Positive control was 0.1 µM colchicine.  

4.3.2.6. Summary of Cellular Response to AuNPs Modified with RGD Sequenced 

Peptides 

The cellular response to AuNPs modified with RGD sequenced peptides was dependent to 

the cell type, surface chemistry of NPs and NP exposure concentration. Therefore, the 

cytotoxicity and the changes on cell cycle process of three cell lines exposed to either 

naked AuNPs or AuNPs conjugated with RGD sequenced peptides were summarized one 

by one: 

A549 cells significantly internalized either naked AuNPs and AuNP conjugated with RGD 

sequenced peptides. When quantitatively compared, AuNP-Pep1 penetrated the most, then 

naked AuNPs and lastly AuNP-Pep8. Furthermore, naked AuNPs and AuNP-Pep1 created 
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a severe NP concentration dependent cytotoxicity in A549 cells. The low concentrations of 

naked AuNPs created high cytotoxicity while high concentrations induced high 

cytotoxicity in A549 cells. The live cell percentage decreased up to 50 percent after 

treatment with 0.1 nM of naked AuNPs and reduced to 30 percent after treatment with 2.5 

nM of AuNP-Pep1. Nevertheless, AuNP-Pep8 induced no significant cytotoxicity in A549 

cells. These results were correlated not only clonogenic assay but also cell cycle 

evaluation. The cell cycle of A549 cells exposed to 2.5 nM of AuNPs and 1.0-2.5 nM of 

AuNP-Pep1 was arrested at G0/G1 phase. The treatment with 2.5 nM of naked AuNPs 

induced 10 percent more A549 cells to arrest at G0/G1 phase while 1.0-2.5 nM of AuNP-

Pep1 exposure resulted to block 20 percent more A549 cells at G0/G1 phase. On the other 

hand, no significant alteration was investigated in cell cycle of A549 cells treated with 

AuNP-Pep8. Consequently, among these three AuNPs, AuNP-Pep1 penetrated the most 

into A549 cells and these results highlighted that this highly internalized naked AuNPs and 

AuNP-CRGD having -NH2 terminus conjugate created a significant concentration 

dependent cytotoxicity and cell cycle arrest in A549 cells.  

BEAS-2b cells only significantly internalized AuNPs modified with RGD sequenced 

peptides. Additionally, the most uptaken NPs by BEAS-2b cells were AuNP-Pep8. When 

considered the cytotoxicity of BEAS-2b cells, no significant cytotoxicity after treatment 

with naked AuNPs and AuNP conjugates was detected. On the other hand, the clonogenic 

assay results demonstrated that either naked AuNPs or AuNP-CRGD conjugates affected 

reproductive integrity of BEAS-2b cells since the single BEAS-2b cells could proliferate 

and produce colonies under NP treatment. What’s more, the cell cycle arrest at G0/G1 

phase was evaluated in BEAS-2b cells exposed to 0.5-2.5 nM of AuNP-Pep1 and AuNP-

Pep8. This mentioned cell cycle arrest result in BEAS-2b cells was also correlated with 

clonogenic assay. As a result, AuNP-Pep1, having COOH terminus, were internalized 

more, however this phenomena did not change the cellular response of BEAS-2b cells.      

MDA-MB-231 cells highly internalized AuNP-Pep1 and AuNP-Pep8, but in particularly 

AuNP-Pep1 like other cancer cell line A549. The cell viability and cell cycle progression 
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of MDA-MB-231 cells were affected by only AuNP-Pep1 conjugate. After treatment with 

2.5 nM of AuNP-Pep1, the cell viability of MDA-MB-231 cells decreased to 

approximately 80 percent. The reason behind this toxicity can be because of high uptake pf 

2.5 nM of AuNP-Pep1 by MDA-MB-231 cells. Moreover, the cell cycle of MDA-MB-231 

cells were arrested at G0/G1 phase upon exposure to the concentration higher than 0.5 nM 

of AuNP-Pep1. On the other hand, no significant change on cell viability and cell cycle 

progression was evaluated in MDA-MB-231 cells treated with either naked AuNPs or 

AuNP-Pep8. As a conclusion, MDA-MB-231 cells tend to internalize AuNP-Pep1 (AuNP-

CRGD-NH2) more and so AuNPs having -NH2 terminus created cytotoxicity and blocked 

MDA-MB-231 cells at G0/G1 phase.  

4.3.3. Cellular Response to AuNPs Modified Glycine Rich Peptides  

Due to create subtle differences on AuNP surfaces, AuNPs were conjugated with four 

glycine rich peptides, as second peptide group to be tested. These glycine rich peptides 

were designed as Pep2 (NH2-GGGC-COOH), Pep5 (NH2-DGRGGGC-COOH), Pep9 

(NH2-CGGG-COOH) and Pep12 (NH2-CGGGRGD-COOH). Half of these neutrally 

charged peptides had same four amino acid length sequence, but in reverse order. The 

other seven amino acid length peptides had the same glycine amino acid rich sequence 

with addition of RGD sequence, again in reverse order. These small differences on AuNP 

surfaces after modification with these four glycine rich peptides were shown in Figure 

4.76.   
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Figure 4.76. Subtle differences on AuNP surface after functionalization with Pep2, Pep5, 

Pep9 and Pep12. 

4.3.3.1. Uptake Studies 

SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 1.0 and 2.5 

nM naked 13 nm AuNPs, AuNP-Pep2, AuNP-Pep5, AuNP-Pep9 and AuNP-Pep12 

conjugates was given in Figure 4.77. A549, BEAS-2b and MDA-MB-231 cells showed 6, 

8 and 11 percent granulation in negative condition, respectively.  

A549 cells internalized naked AuNPs in high amount when compared to AuNPs 

conjugated with glycine rich peptides. The cellular uptake of all AuNP conjugates were 

remarkable at high concentrations in A549 cells.  

BEAS-2b cells highly internalized AuNP-Pep5, AuNP-Pep9 and AuNP-Pep12 conjugates 

at high concentrations, but no significant granulation in BEAS-2b cells caused by naked 

AuNPs and AuNP-Pep2 conjugates was detected when compared to negative cells.  

MDA-MB-231 cells internalized AuNP-Pep5, AuNP-Pep9 and AuNP-Pep12 conjugates at 

all doses, however, no significant granulation was seen after treatment with naked AuNPs 

and AuNP-Pep2 conjugates.  
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Figure 4.77. SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and Pep2, Pep5, Pep9 and Pep12 Functionalized 

AuNPs. Statistically significant changes compared to negative control cells were calculated 

by two-paired Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** 

for p≤0.001. 
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4.3.3.2. WST-1 Cell Proliferation Assay 

WST-1 cell proliferation assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep2, AuNP-Pep5, AuNP-

Pep9 and AuNP-Pep12 conjugates was shown in Figure 4.78. The positive control was 10 

percent DMSO and it decreased the cell viability of all cell lines up to 5-10 percent.   

The cell viability of A549 cells increased after treatment with high doses of AuNP-Pep2 

and all doses of AuNP-Pep5 ad AuNP-Pep12 conjugates. Nevertheless, no significant 

alteration on the cell viability of A549 cells treated with naked AuNPs and AuNP-Pep9 

was investigated.  

The cell viability of BEAS-2b cells risen up after treatment with the high concentrations of 

AuNP-Pep2 and AuNP-Pep9 and the low concentrations of AuNP-Pep5. In addition, 0.1-

0.5 nM of AuNP-Pep5 created cytotoxicity to BEAS-2b cells and the cell viability 

decreased to 80 percent.   

It is noteworthy that MDA-MB-231 cells were more viable after incubation with 0.5-2.5 

nM of naked AuNPs, 2.5 nM of AuNP-Pep5 and AuNP-Pep9 and 1.0-2.5 nM of AuNP-

Pep12. Only 0.1 nM of AuNP-Pep9 conjugates created a few cytotoxicity in MDA-MB-

231 cells. 
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Figure 4.78. WST-1 cell proliferation assay results of A549, BEAS-2b and MDA-MB-231 

cells treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep2, Pep5, Pep9 

and Pep12 Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically 

significant changes compared to negative control cells were calculated by two-paired 

Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.3.3. Apoptosis/Necrosis Assay 

Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep2, AuNP-Pep5, AuNP-Pep9 

and AuNP-Pep12 conjugates was seen in Figure 4.79. 10 percent DMSO was used as 

positive control and it induced A549 cells to early apoptosis, BEAS-2b cells to late 

apoptosis and MDA-MB-231 cells to necrosis.  

The cell viability of A549 cells were influenced by the naked AuNPs, AuNP-Pep2 and 

AuNP-Pep5. The cytotoxicity caused by naked AuNPs were dramatic and the lower 

concentrations created higher cytotoxicity. Additionally, AuNP-Pep2 and AuNP-Pep5 

conjugates led approximately more 5-8 percent A549 cells to go to necrosis.  

AuNP-Pep5 created a dramatic cytotoxicity in BEAS-2b cells. Along with increasing 

concentration of AuNP-Pep5, the cell viability reduced up to 5 percent. In addition, 0.1-1.0 

nM of AuNP-Pep12 showed a less toxicity by induction of necrosis and decreased the 

viability up to approximately 90 percent in BEAS-2b cells. 

The cell viability of MDA-MB-231 cells was affected by AuNP-Pep2, AuNP-Pep5 and 

AuNP-Pep9. Only 2.5 nM dose of AuNP-Pep2 and AuNP-Pep5 induced apoptosis in 

MDA-MB-231 cells and the cell viability decreased to approximately 75 and 55 percent, 

respectively. Additionally, the lowest concentration, 0.1 nM, of AuNP-Pep9 induced 

apoptosis in MDA-MB-231 cells.  
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Figure 4.79. Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep2, Pep5, Pep9 and 

Pep12 Functionalized AuNPs. Positive control was 10 percent DMSO. 

4.3.3.4. Clonogenic Assay 

Clonogenic cell survival assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep2, AuNP-Pep5, AuNP-

Pep9 and AuNP-Pep12 conjugates was shown in Figure 4.80. The positive control was 10 

percent DMSO and no colony was formed in all cell types after its treatment.  

A549 could survive in the incubation with each AuNPs, but generated less colonies than 

negative control. The survival ability by forming colony decreased from naked AuNPs to 

AuNP-Pep12 conjugate. Only A549 cells treated with 0.1 nM of AuNPs can be called as 

clonogenic.  
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BEAS-2b cells treated with AuNP-Pep5, AuNP-Pep9 and AuNP-Pep12 were called as 

clonogenic so that the cells proliferated upon their exposure. In addition, BEAS-2b cells 

treated with AuNP-Pep5 formed more colonies than negative control condition. On the 

other hand, the survival ability of BEAS-2b cells exposed to naked AuNPs and AuNP-

Pep2 was less.  

MDA-MB-231 cells treated with 0.1 nM of naked AuNPs, AuNP-Pep2 and AuNP-Pep9 

were clonogenic since they generated similar number of colonies in comparison to 

untreated control. On the other hand, MDA-MB-231 cells exposed to higher concentrations 

of either naked AuNPs or all AuNPs modified with glycine rich peptides could not form 

enough colonies to survive, especially the cells treated with AuNP-Pep9 and AuNP-Pep12.   



 
 

 

153 

 

Figure 4.80. Clonogenic assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep2, Pep5, Pep9 and Pep12 

Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically significant 

changes compared to negative control cells were calculated by two-paired Student’s t test, 

and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.3.5. Cell Cycle Progression 

Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and AuNP-Pep2, AuNP-Pep5, AuNP-Pep9 and 

AuNP-Pep12 was seen in Figure 4.81. 0.1 µM colchicine was used as positive control 

because it blocks cells at G2/M phase, and it arrested 85-90 percent of all cell types at 

G2/M phase. 

The cell cycle of A549 cells was affected by either naked AuNPs or AuNPs modified with 

glycine rich peptides and the cell cycle arrest caused by them was NP concentration 

dependent. 1.0-2.5 nM of naked AuNPs arrested A549 cells at G0/G1 phase. 0.5 nM and 

higher concentrations of AuNP-Pep2 and AuNP-Pep5 conjugates created a significant 

G0/G1 and S phase arrest. Furthermore, 0.1 nM of AuNP-Pep9 induced a severe S phase 

arrest and 2.5 nM of AuNP-Pep12 blocked A549 cells at G0/G1 phase.  

The cell cycle progression of BEAS-2b cells was influenced by only AuNP-Pep2 and 

AuNP-Pep5. The both conjugates created a concentration dependent cell cycle arrest as 

AuNP-Pep2 induced G0/G1 phase while AuNP-Pep5 blocked BEAS-2b cells at S phase.  

The cell cycle of MDA-MB-231 cells was arrested by all glycine rich peptides conjugated 

AuNPs. The arrest caused by NPs was based on the concentration. 0.5 nM and higher dose 

of AuNP-Pep2 and AuNP-Pep5, only 2.5 nM of AuNP-Pep9 and 1.0 and 2.5 nM of AuNP-

Pep12 blocked MDA-MB-231 cells at G0/G1 phase.  
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Figure 4.81. Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep2, Pep5, Pep9 and Pep12 

Functionalized AuNPs. Positive control was 0.1 µM colchicine.  

4.3.3.6. Summary of Cellular Response to AuNPs Modified with Glycine Rich Peptides 

The cellular response to AuNPs modified with glycine rich peptides was various and 

dependent to either cell type or surface chemistry and exposure concentration of NPs. 

Therefore, the cytotoxicity and the changes on cell cycle process of three cell lines treated 

with either naked AuNPs or AuNPs conjugated with glycine rich peptides were 

summarized one by one: 

A549 cells highly internalized naked AuNPs when compared to AuNP-Peptide conjugates. 

The cell viability of A549 cells were dramatically affected by only naked AuNPs as the 

lower doses of naked AuNPs induced higher toxicity in A549 cells. Moreover, 5-8 percent 

more A549 cells went to necrosis after treatment with AuNP-Pep2 and AuNP-Pep5. 
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However, these results were not complementary with clonogenic assay because less 

colonies were formed after treatment with AuNP conjugates in comparison to untreated 

control. This meant that AuNP-Glycine conjugates influenced the reproductive integrity of 

A549 cells under NP treatment. Furthermore, the NP concentration dependent cell cycle 

arrest was investigated in A549 cells treated with naked AuNPs and AuNP-Peptide 

conjugates. Naked AuNPs and AuNP-Pep12 arrested the cell cycle of A549 cells at G0/G1 

phase while AuNP-Pep2 and AuNP-Pep5 induced G0/G1 and S phase arrest and AuNP-

Pep9 created a severe S phase arrest in A549 cells. As a result, naked AuNPs penetrated 

into A549 cell more and this highly internalization created a critical cytotoxicity. AuNP-

Pep2 and AuNP-Pep5 conjugates, having -NH2 terminus, not also induced cytotoxicity in 

A549 cells but also arrested cells at G0/G1 and S phases. In addition, although AuNPs 

modified with AuNP-Pep9 and AuNP-Pep12, having -COOH terminus, did not result an 

important toxic affect in A549 cells, they induced the cell cycle progression of A549 cells 

significantly. It must be kept in mind that the end terminus type (-NH2 or -COOH) and the 

presence of RGD sequence in glycine rich peptide demonstrated a various cell cycle arrest 

in A549 cells.  

BEAS-2b cells significantly internalized AuNP-Pep5, AuNP-Pep9 and AuNP-Pep12 

conjugates among all AuNPs. The cell viability of BEAS-2b cells were affected by AuNP-

Pep5 and AuNP-Pep12 conjugates. AuNP-Pep5 induced a critical cytotoxicity in BEAS-2b 

cells even the percentage of live cells decreased to 5 percent upon exposure to 2.5 nM. 

AuNP-Pep12 in the range of 0.1-1.0 nM also created a less toxicity in BEAS-2b cells and 

this result was correlated by WST-1 assay result. Interestingly, in the presence of AuNP-

Pep5 and partially AuNP-Pep9 the single BEAS-2b cells proliferated more and generated 

more colonies whereas other AuNP conjugates enabled the single BEAS-2b cells formed 

less colonies in comparison to untreated cells. Based on this clonogenic assay data, it was 

claimed that all AuNP-Glycine conjugates affected the reproductive integrity of BEAS-2b 

cells, but differently. AuNP-Pep5 and AuNP-Pep9 caused to lose the proliferation control 

while the others resulted in less proliferation. In addition, the cell cycle of BEAS-2b cells 

was arrested at G0/G1 phase by AuNP-Pep2 and at S phase by AuNP-Pep5. As a 
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conclusion, the cell viability of BEAS-2b cells were affected by AuNP-Pep5, having -NH2 

terminus and including RGD sequence, the most, and the cell cycle progression of BEAS-

2b cells was critically blocked at G0/G1 phase by AuNP-Pep2, having -NH2 terminus. In 

the light of these results, the cellular response of BEAS-2b cells to -NH2 surface of AuNPs 

modified with glycine rich peptides was remarkable.   

MDA-MB-231 cells highly internalized AuNP-Pep5, AuNP-Pep9 and AuNP-Pep12 

conjugates and the uptake was concentration dependent. The cell viability of MDA-MB-

231 cells was influenced by AuNP-Pep2, AuNP-Pep5 and AuNP-Pep9 as 0.5 nM of 

AuNP-Pep2 and AuNP-Pep5 decreased the cell viability up to 75 and 55 percent, 

respectively, and 0.1 nM of AuNP-Pep9 induced apoptosis, which was correlated by WST-

1 cell viability results. On the other hand, the survival ability by forming colonies of the 

single MDA-MB-231 cells was found insufficient due to the less proliferation number of 

the cells and this data showed that the reproductive integrity of MDA-MB-231 cells were 

more influenced by AuNP-Glycine conjugates. Moreover, the all AuNPs conjugated with 

glycine rich peptides arrested MDA-MB-231 cells at G0/G1 phase and it was concentration 

dependent. Consequently, the high doses of AuNP-Pep2 and AuNP-Pep5, having -NH2 

terminus, and lowest dose of AuNP-Pep9, having -COOH terminus, induced apoptosis in 

MDA-MB-231 cells and all glycine rich peptide functionalized AuNPs resulted G0/G1 

phase cell cycle arrest in MDA-MB-231 cells.   

4.3.4. Cellular Response to AuNPs Modified with Glutamic Acid Rich Peptides   

Because of generating subtle differences on AuNP surfaces, AuNPs were conjugated with 

four glutamic acid rich peptides, as third peptide group to be tested. These glutamic acid 

rich peptides were designed as Pep3 (NH2-EEEC-COOH), Pep6 (NH2-DGREEEC-

COOH), Pep10 (NH2-CEEE-COOH) and Pep13 (NH2-CEEERGD-COOH). Half of these 

negatively charged peptides had same four amino acid length sequence, but in reverse 

order. The other seven amino acid length peptides had the same glutamic acid rich 

sequence with addition of RGD sequence, again in reverse order. These small differences 
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on AuNP surfaces after modification with these four glutamic acid rich peptides were 

shown in Figure 4.82.  

 

Figure 4.82. Subtle differences on AuNP surface after functionalization with Pep3, Pep6, 

Pep10 and Pep13. 

4.3.4.1. Uptake Studies 

SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 1.0 and 2.5 

nM naked 13 nm AuNPs, AuNP-Pep3, AuNP-Pep6, AuNP-Pep10 and AuNP-Pep13 

conjugates was given in Figure 4.83. A549, BEAS-2b and MDA-MB-231 cells showed 6, 

8 and 11 percent granulation in negative condition, respectively.  

A549 cells internalized naked AuNPs in high amount when compared to AuNPs 

conjugated with glutamic acid rich peptides. To discuss the cellular uptake of glutamic acid 

rich peptides modified AuNPs, the granulation of 2.5 nM of AuNP-Pep10 and AuNP-

Pep13 was analyzed significantly more in A549 cells in comparison to negative cells.  
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BEAS-2b cells internalized significantly 0.5-2.5 nM doses of all AuNPs modified with 

glutamic acid peptides. Additionally, the cellular uptake of AuNP-Pep10 and AuNP-Pep13 

in BEAS-2b cells was the most among others.  

MDA-MB-231 cells internalized AuNP-Pep3, AuNP-Pep10 and AuNP-Pep13 at all 

exposed doses, however, no significant granulation was seen after treatment with naked 

AuNPs and AuNP-Pep6 conjugates. Moreover, the penetration of AuNP-Pep10 and AuNP-

Pep13 in MDA-MB-231 cells was more than AuNP-Pep3. 
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Figure 4.83. SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and Pep3, Pep6, Pep10 and Pep13 Functionalized 

AuNPs. Statistically significant changes compared to negative control cells were calculated 

by two-paired Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** 

for p≤0.001. 
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4.3.4.2. WST-1 Cell Proliferation Assay 

WST-1 cell proliferation assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep3, AuNP-Pep6, AuNP-

Pep10 and AuNP-Pep13 conjugates was shown in Figure 4.84. The positive control was 10 

percent DMSO and it decreased the cell viability of all cell lines up to 5-10 percent.  

The cell viability of A549 cells treated with all doses of AuNP-Pep3 and high doses of 

AuNP-Pep6 and AuNP-Pep10 conjugates was increased whereas only 0.1 nM of AuNP-

Pep13 conjugates decreased the cell viability up to approximately 90 percent and created 

cytotoxicity to A549 cells.  

The cell viability of BEAS-2b cells treated with 0.1-2.5 nM of AuNP-Pep3 and AuNP-

Pep6 conjugates and 1.0-2.5 nM of AuNP-Pep13 was significantly higher than untreated 

control cells. Nevertheless, 0.1 nM of AuNP-Pep10 conjugates created a significant 

cytotoxicity in BEAS-2b cells and the live cell percentage of BEAS-2b cells reduced to 90 

percent.  

AuNP-Pep3 and AuNP-Pep6 conjugates aat 2.5 nM and all exposed doses of AuNP-Pep10 

increased the cell viability of MDA-MB-231 cells. Just 0.5 nM of AuNP-Pep3 and 0.1 nM 

of AuNP-Pep13 created a few cytotoxicity to MDA-MB-231 cells.  
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Figure 4.84. WST-1 cell proliferation assay results of A549, BEAS-2b and MDA-MB-231 

cells treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep3, Pep6, Pep10 

and Pep13 Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically 

significant changes compared to negative control cells were calculated by two-paired 

Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.4.3. Apoptosis/Necrosis Assay 

Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep3, AuNP-Pep6, AuNP-Pep10 

and AuNP-Pep13 conjugates was seen in Figure 4.85. 10 percent DMSO was used as 

positive control and it induced A549 cells to early apoptosis, BEAS-2b cells to late 

apoptosis and MDA-MB-231 cells to necrosis.  

The naked AuNPs created a severe apoptosis in A549 cells as the lower concentrations 

created higher cytotoxicity and AuNP-Pep13 led approximately 5 percent more A549 cells 

to go to necrosis.  

Neither naked 13 nm AuNPs nor AuNPs modified with glutamic acid rich peptides 

resulted a significant cytotoxicity in BEAS-2b cells.  

The cell viability of MDA-MB-231 cells was influenced by only AuNP-Pep3. This 

conjugate induced a dramatic apoptosis in MDA-MB-231 cells such that the cell viability 

decreased up to 10 percent in the condition of 2.5 nM treatment.  
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Figure 4.85. Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep3, Pep6, Pep10 and 

Pep13 Functionalized AuNPs. Positive control was 10 percent DMSO.  

4.3.4.4. Clonogenic Assay 

Clonogenic cell survival assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep3, AuNP-Pep6, AuNP-

Pep10 and AuNP-Pep13 conjugates was shown in Figure 4.86. The positive control was 10 

percent DMSO and one colony of A549 cells was formed and no colony was formed in 

other cell types after treatment with 10 percent DMSO.  

A549 cells could survive after treatment with each NPs, except AuNP-Pep3 conjugates, 

however the single A549 cells exposed to 2.5 nM of NPs generated less colonies than 

negative control. During AuNP-Pep3 conjugates treatment, single A549 cells did not form 

colonies to survive.  
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BEAS-2b cells treated with the lowest concentration of naked AuNPs and AuNPs 

conjugated with glutamic acid rich peptides were clonogenic since they survived by 

forming colonies. Nevertheless, the colony formation ability of BEAS-2b cells treated with 

these AuNPs decreased with respect to increasing doses of NPs, especially at 2.5 nM dose. 

The least colony formation ability was observed for AuNP-Pep3 conjugates.  

MDA-MB-231 cells had the least ability to form colonies in the treatment with AuNPs 

modified with glutamic acid rich peptides. The colony formation was observed only in the 

treatment with their low concentrations of NPs. MDA-MB-231 cells survived by forming 

colonies after treatment with AuNP-Pep3 and AuNP-Pep6 conjugates while no colony was 

formed at 0.5 nM and upper doses of AuNP-Pep10 and AuNP-Pep13 conjugates.   
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Figure 4.86. Clonogenic assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep3, Pep6, Pep10 and Pep13 

Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically significant 

changes compared to negative control cells were calculated by two-paired Student’s t test, 

and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.4.5. Cell Cycle Progression 

Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and AuNP-Pep3, AuNP-Pep6, AuNP-Pep10 and 

AuNP-Pep13 was seen in Figure 4.87. 0.1 µM colchicine was used as positive control 

because it blocks cells at G2/M phase and it arrested 85-90 percent of all cell types at 

G2/M phase. 

The cell cycle progression of A549 cells were affected by the higher concentrations of all 

AuNPs. The naked AuNPs and AuNP-Pep6 arrested A549 cells at G0/G1 phase after 

treatment with 1.0 and 2.5 nM dose whereas just 2.5 nM of other AuNP conjugates 

induced G0/G1 phase cell cycle arrest in A549 cells.  

The cell cycle of BEAS-2b cells were significantly influenced by only AuNP-Pep3 and 

AuNP-Pep13 conjugates. 1.0 and 2.5 nM concentrations of AuNP-Pep3 arrested BEAS-2b 

cells at G0/G1 phase although 2.5 nM of AuNP-Pep13 induced S phase cell cycle arrest in 

BEAS-2b cells.  

The cell cycle of MDA-MB-231 cells were arrested at G0/G1 phase after treatment with 

AuNP-Pep3 and AuNP-Pep6. The arrest caused by AuNP-Pep3 was concentration 

dependent as the concentrations higher than 0.5 nM created a significant cell cycle arrest 

whereas just 2.5 nM of AuNP-Pep6 induced G0/G1 phase blockage.  
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Figure 4.87. Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep3, Pep6, Pep10 and Pep13 

Functionalized AuNPs. Positive control was 0.1 µM colchicine.  

4.3.4.6. Summary of Cellular Response to AuNPs Modified with Glutamic Acid Rich 

Peptides 

The cellular response to AuNPs modified with glutamic rich peptides was based on cell 

type, surface chemistry and NP concentration. Therefore, the cytotoxicity and the changes 

on cell cycle process of three cell lines treated with either naked AuNPs or AuNP-

Glutamic acid conjugates were explained one by one: 

A549 cells significantly internalized naked AuNPs in comparison to AuNPs modified with 

glutamic acid peptides. Among AuNP conjugates, AuNP-Pep10 and AuNP-Pep13 having -

COOH surfaces at 2.5 nM concentration penetrated more into A549 cells. The cell viability 

of A549 cells was affected by naked AuNPs and AuNP-Pep13. The naked AuNPs induced 
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a severe apoptosis and the lower doses resulted higher toxicity while AuNP-Pep13 induced 

apoptosis and reduced the cell viability of A549 cells up to 90 percent. In addition, the 

single A549 cells could not proliferate by forming colonies under treatment of AuNP-

Pep3. It was claimed that AuNP-Pep3 affected the reproductive integrity of A549 cells. 

The cell cycle of A549 cells was arrested at G0/G1 phase after treatment with not only 

naked AuNPs but also AuNPs functionalized with glutamic acid peptides, however the 

blockage at cell cycle was NP concentration dependent. As a conclusion, citrate reduced 

naked AuNPs were internalized more in A549 cells and this high uptake created a 

significant cytotoxicity in A549 cells. Additionally, AuNP-Pep13 having -COOH surface 

with RGD sequence also affected the cell viability. AuNP-Pep3 having -NH2 surface 

inhibited proliferation of single A549 cells under exposure. Although only naked AuNPs, 

AuNP-Pep3 and AuNP-Pep13 influenced the cell viability and survival ability of A549 

cells, naked AuNPs and AuNPs conjugated with glutamic acid rich peptides affected the 

cell cycle progression of A549 cells in a NP concentration dependent manner.  

The conjugation of AuNPs with glutamic acid rich peptides enabled higher uptake by 

BEAS-2b cells when compared to untreated cells and the naked AuNPs treated cells. 

Among AuNP-Glutamic acid conjugates, AuNP-Pep10 and AuNP-Pep13, which had -

COOH surfaces, were internalized more by BEAS-2b cells. Furthermore, neither naked 13 

nm AuNPs nor AuNPs modified with glutamic acid rich peptides induced a severe 

cytotoxicity in BEAS-2b cells. Nevertheless, the colony formation ability of BEAS-2b 

cells decreased with respect to increasing doses of NPs, especially at 2.5 nM dose and 

AuNP-Pep3 conjugates. This result demonstrated that AuNP conjugates affected DNA 

integrity of BEAS-2b cells during proliferation, the most by AuNP-Pep3, even though they 

were analyzed as nontoxic. In addition, the cell cycle of BEAS-2b cells was arrested by 

AuNP-Pep3 and AuNP-Pep13 significantly as higher concentrations of AuNP-Pep3, 

having -NH2 surface, hindered BEAS-2b cells to pass through S phase and 2.5 nM of 

highly uptaken AuNP-Pep13, having RGD sequence and -COOH surfaces, blocked the 

cells at S phase. These results also confirmed the clonogenic assay results, thus non-toxic 

AuNP-Glutamic acid conjugates affected DNA integrity and so the cell cycle. As a 
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conclusion, AuNP-Glutamic acid conjugates having -COOH surfaces were internalized by 

BEAS-2b cells and although all AuNP conjugates were analyzed as non-toxic, AuNP-

Pep3, having -NH2 surface, and AuNP-Pep13, having RGD sequence and -COOH 

surfaces, affected the DNA integrity and so cell proliferation and cell cycle of BEAS-2b 

cells.  

MDA-MB-231 cells highly internalized AuNP-Pep3, AuNP-Pep10 and AuNP-Pep13 but 

no significant uptake was detected after incubation with either naked AuNPs or AuNP-

Pep6. In addition, AuNP-Pep10 and AuNP-Pep13 having -COOH surface penetrated the 

most into MDA-MB-231 cells. The cell viability of MDA-MB-231 cells was severely 

affected by only AuNP-Pep3 as the live cell percentage decreased up to 10 percent after 

treatment with 2.5 nM. MDA-MB-231 cells showed low survival ability by forming 

colonies upon AuNP-Glutamic acid conjugates exposure when compared to other cell 

types. The severe cytotoxicity caused by AuNP-Pep3 was also detected by clonogenic 

assay result since the single MDA-MB-231 cells treated with AuNP-Pep3 could not 

proliferate and form colonies under all exposed concentrations. Furthermore, the cell cycle 

of MDA-MB-231 cells was influenced after treatment with just AuNP-Pep3 and AuNP-

Pep6, additionally the dose higher than 0.5 nM of AuNP-Pep3 and just 2.5 nM of AuNP-

Pep6 arrested the cells at G0/G1 phase. As a result, even though AuNP-Pep10 and AuNP-

Pep13 having -COOH surfaces were highly uptaken into MDA-MB-231 cells, no 

significant cellular response caused by them was investigated. On the other hand, AuNP-

Pep3 (AuNP-CEEE-NH2) not only induced a severe toxicity but also caused a 

concentration dependent G0/G1 cell cycle arrest in MDA-MB-231 cells. At last but not the 

least, the NH2 terminus on AuNP-Glutamic acid conjugates created a significant cellular 

response in MDA-MB-231 cells.  

4.3.5. Cellular Response to AuNPs Modified with Histidine Rich Peptides 

In order to make subtle differences on AuNP surfaces, AuNPs were conjugated with four 

histidine rich peptides, as fourth and last peptide group to be tested. These histidine rich 
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peptides were designed as Pep4 (NH2-HHHC-COOH), Pep7 (NH2-DGRHHHC-COOH), 

Pep11 (NH2-CHHH-COOH) and Pep14 (NH2-CHHHRGD-COOH). Half of these 

positively charged peptides had same four amino acid length sequence, but in reverse 

order. The other seven amino acid length peptides had the same histidine rich sequence 

with addition of RGD sequence, again in reverse order. These small differences on AuNP 

surfaces after modification with these four histidine rich peptides were shown in Figure 

4.88.  

 

Figure 4.88. Subtle differences on AuNP surfaces after functionalization with Pep4, Pep7, 

Pep11 and Pep14. 

4.3.5.1. Uptake Studies 

SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 1.0 and 2.5 

nM naked 13 nm AuNPs, AuNP-Pep4, AuNP-Pep7, AuNP-Pep11 and AuNP-Pep14 

conjugates were given in Figure 4.89. A549, BEAS-2b and MDA-MB-231 cells showed 6, 

8 and 11 percent granulation in negative condition, respectively.  
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A549 cells highly internalized naked AuNPs and AuNP-Pep7. Moreover, the cellular 

uptake of all applied concentrations of AuNP-Pep10 and high concentrations of AuNP-

Pep13 was also significantly high in A549 cells when compared to negative cells.  

AuNP-Pep14 were highly penetrated into BEAS-2b cells. It is also noteworthy that AuNP-

Pep7 and AuNP-Pep11 were also uptaken by BEAS-2b cells but in less amount. 

MDA-MB-231 cells significantly internalized AuNP-Pep7 and AuNP-Pep11, however the 

uptake of naked AuNPs and other AuNP conjugates demonstrated similar uptake rate with 

negative control condition.  
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Figure 4.89. SSC graphs of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and Pep4, Pep7, Pep11 and Pep14 Functionalized 

AuNPs. Statistically significant changes compared to negative control cells were calculated 

by two-paired Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** 

for p≤0.001. 
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4.3.5.2. WST-1 Cell Proliferation Assay 

WST-1 cell proliferation assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep4, AuNP-Pep7, AuNP-

Pep11 and AuNP-Pep14 conjugates was shown in Figure 4.90. The positive control was 10 

percent DMSO and it decreased the cell viability of cells up to 5-10 percent.  

The cell viability of A549 cells was affected by AuNP-Pep4, AuNP-Pep7 and AuNP-

Pep11 conjugates as the 0.5-2.5 nM of AuNP-Pep4 and all exposed concentrations of 

AuNP-Pep11 increased the cell viability of A549 cells whereas AuNP-Pep7 induced 

cytotoxicity and decreased the viability to approximately 95 percent.   

The cell viability of BEAS-2b cells was influenced by all AuNP-Histidine conjugates, 

however in a different way. A significant increase on the cell viability was investigated 

after exposure to 0.5 and 1.0 nM of AuNP-Pep4, 1.0-2.5 nM of AuNP-Pep11 and 0.1-2.5 

nM of AuNP-Pep14 conjugates. Nevertheless, 0.1 nM of AuNP-Pep4 and AuNP-Pep11 

and 0.1 and 0.5 nM of AuNP-Pep7 created a severe cytotoxicity in BEAS-2b cells.  

The cell viability of MDA-MB-231 cells was affected after treatment with either naked 

AuNPs or AuNP-Histidine conjugates excluding AuNP-Pep14. 2.5 nM of AuNP-Pep4, 0.1 

nM of AuNP-Pep7 and all exposed doses of AuNP-Pep11 conjugates increased cell 

viability of MDA-MB-231 cells while 0.1-0.5 nM of AuNP-Pep4 conjugates indicated a 

significant cytotoxicity to MDA-MB-231 cells.   
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Figure 4.90. WST-1 proliferation assay results of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep4, Pep7, Pep11 and 

Pep14 Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically 

significant changes compared to negative control cells were calculated by two-paired 

Student’s t test, and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.5.3. Apoptosis/Necrosis Assay 

Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells treated with 

0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep4, AuNP-Pep7, AuNP-Pep11 

and AuNP-Pep14 conjugates was seen in Figure 4.91. 10 percent DMSO was used as 

positive control and it induced A549 cells to early apoptosis, BEAS-2b cells to late 

apoptosis and MDA-MB-231 cells to necrosis.  

The naked AuNPs and AuNP-Pep11 conjugates created cytotoxicity in A549 cells. The 

lower concentrations of naked AuNPs created higher cytotoxicity and just 0.1 nM of 

AuNP-Pep11 conjugates led approximately 10 percent more A549 cells to go to necrosis.  

AuNP-Pep11 conjugates induced a concentration dependent apoptosis in BEAS-2b cells 

and so the cell viability of BEAS-2b cells decreased to 25 percent after treatment with 2.5 

nM of AuNP-Pep11.  

AuNPs modified with histidine rich peptides influenced the cell viability of MDA-MB-231 

cells more when compared to other cell lines. All conjugates created cytotoxicity, however 

AuNP-Pep7, AuNP-Pep11 and AuNP-Pep14 conjugates induced a dramatic apoptosis in 

MDA-MB-231 cells such that the cell viability decreased up to 5-25 percent in the 

condition of 2.5 nM treatment.  
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Figure 4.91. Apoptosis/Necrosis assay results of A549, BEAS-2b and MDA-MB-231 cells 

treated with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep4, Pep7, Pep11 and 

Pep14 Functionalized AuNPs. Positive control was 10 percent DMSO.  

4.3.5.4. Clonogenic Assay 

Clonogenic cell survival assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs, AuNP-Pep4, AuNP-Pep7, AuNP-

Pep11 and AuNP-Pep14 conjugates was shown in Figure 4.92. The positive control was 10 

percent DMSO and one colony of MDA-MB-231cells was formed and no colony was 

formed in other cell types after treatment with 10 percent DMSO.  

The single A549 cells treated with 0.1 and 0.5 nM of AuNP-Pep7 and 0.1.0 nM of AuNP-

Pep11 conjugates generated more colonies when compared to negative cells, which meant 

that these surface modifications resulted loss of proliferation control of A549 cells and so 
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increased the cell viability. No colony was observed in A549 cells exposed to high doses of 

AuNP-Pep4 and the highest dose of AuNP-Pep11 conjugates.  

BEAS-2b cells survived by forming colonies at low doses of NPs, expect AuNP-Pep4 

conjugates, however the colony formation ability decreased with respect to increasing 

doses of NPs, especially at 2.5 nM dose. No colony formation ability of single BEAS-2b 

cells was observed for AuNP-Pep4 conjugates. 

MDA-MB-231 cells had the least ability to form colonies in the treatment with AuNPs 

modified with histidine acid rich peptides, since colony formation was observed only in the 

treatment with their low concentrations of naked AuNPs, AuNPep7, AuNP-Pep11 and 

AuNP-Pep14 conjugates. They cannot survive after treatment with AuNP-Pep4 conjugates 

by forming colonies.  
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Figure 4.92. Clonogenic assay results of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep4, Pep7, Pep11 and Pep14 

Functionalized AuNPs. Positive control was 10 percent DMSO. Statistically significant 

changes compared to negative control cells were calculated by two-paired Student’s t test, 

and marked with stars, * for p≤0.05, ** for p≤0.01 and *** for p≤0.001. 
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4.3.5.5. Cell Cycle Progression 

Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated with 0.1, 0.5, 

1.0 and 2.5 nM of naked 13 nm AuNPs and AuNP-Pep4, AuNP-Pep7, AuNP-Pep11 and 

AuNP-Pep14 was seen in Figure 4.93. 0.1 µM colchicine was used as positive control 

because it blocks cells at G2/M phase and it arrested 85-90 percent of all cell types at 

G2/M phase. 

The cell cycle of A549 cells were influenced by either naked AuNPs or AuNPs modified 

with histidine rich peptides. 1.0 and 2.5 nM of naked AuNPs, 2.5 nM of AuNP-Pep11 and 

1.0 and 2.5 nM of AuNP-Pep14 arrested A549 cells at G0/G1 phase whereas 0.5-2.5 nM of 

AuNP-Pep4 and AuNP-Pep7 induced a significant G0/G1 and S phase arrest in A549 cells. 

Moreover, the arrest caused by NPs were concentration dependent as the higher 

concentrations resulted higher cell cycle arrest in A549 cells. 

The cell cycle of BEAS-2b cells were blocked by only AuNPs functionalized with 

histidine rich peptides. 1.0 and 2.5 nM of AuNP-Pep4, 2.5 nM of AuNP-Pep11 and 1.0 and 

2.5 nM of AuNP-Pep14 arrested BEAS-2b cells at G0/G1 phase while AuNP-Pep7 

conjugates at 0.5-2.5 nM concentrations created G0/G1 and S phase arrest.  

The cell cycle of MDA-MB-231 cells were affected by histidine rich peptides conjugated 

AuNPs. 1.0 and 2.5 nM of AuNP-Pep4 and 2.5 nM of AuNP-Pep11 and AUNP-Pep14 

arrested MDA-MB-231 cells at G0/G1 phase while 0.5-2.5 nM of AuNP-Pep7 induced 

G0/G1 and S phase arrest in MDA-MB-231 cells. Despite of different AuNPs created a 

same cell cycle arrest, the different amount of MDA-MB-231 cells were affected.    
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Figure 4.93. Cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells treated 

with 0.1, 0.5, 1.0 and 2.5 nM of naked 13 nm AuNPs and Pep4, Pep7, Pep11 and Pep14 

Functionalized AuNPs. Positive control was 0.1 µM colchicine.  

4.3.5.6. Summary of Cellular Response to AuNPs Modified with Histidine Rich Peptides 

The cellular response to AuNPs conjugated with histidine peptides was based on surface 

chemistry, cell type and NP concentration. Therefore, the cytotoxicity and the arrests on 

cell cycle progression of three cell lines treated with either naked AuNPs or AuNP-

Histidine conjugates were criticized one by one: 

A549 cells significantly internalized naked AuNPs and AuNP-Histidine conjugates, 

excluding AuNP-Pep4 in comparison to untreated control cells. Additionally, AuNP-Pep7 

(AuNP-CHHHRGD-COOH) penetrated into the cells the most and RGD sequence on the 

peptide enabled higher cellular uptake. Based on WST-1 cell proliferation results, the cell 

viability of A549 cells reduced up to 95 percent after incubation with AuNP-Pep4, AuNP-
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Pep7 and AuNP-Pep11 conjugates and this cell proliferation reduction was NP 

concentration dependent. Moreover, Apoptosis/Necrosis assay demonstrated that the naked 

13 nm AuNPs and AuNP-Pep11 induced cytotoxicity in A549 cells. The naked AuNPs 

created a higher cytotoxicity at their low concentrations while the cell viability of A549 

cells treated with 0.1 nM of AuNP-Pep11 decreased to approximately 90 percent. 

Furthermore, the single A549 cells formed more colonies than untreated control cells after 

treatment with AuNP-Pep7 and AuNP-Pep11 while they formed no colony after treatment 

with AuNP-Pep4. These three AuNP surfaces led A549 cells to lose their proliferation 

control and then affected the cell integrity. When discussed the cell cycle progression of 

A549 cells, either naked AuNPs or AuNP-Histidine conjugates affected the cell cycle, 

however the arrest was dependent on surface modification and NP concentration. AuNP-

Pep11 and AuNP-Pep14, having -COOH surfaces, blocked A549 cells at G0/G1 phase 

whereas AuNP-Pep4 and AuNP-Pep7, having -NH2 surfaces, arrested the cells at G0/G1 

and S phase. As a conclusion, histidine rich peptides coated AuNPs were significantly 

internalized by A549 cells, except AuNP-Pep4 having -NH2 surface. On the other hand, 

AuNP-Pep7, which had RGD sequence at -NH2 terminus when compared to AuNP-Pep4, 

penetrated into A549 cells the most. This result indicated that RGD sequence increased the 

cellular uptake in A549 cells. As second conclusion, AuNP-Histidine conjugates did not 

induce a severe toxic affect to A549 cells, however especially AuNP-Pep4, AuNP-Pep7 

and AuNP-Pep11 influenced the reproductive integrity of A549 cells. At last but not least, 

the cell cycle of A549 cells were arrested upon AuNP-Histidine conjugates and it was 

surface chemistry and NP concentration dependent. 

BEAS-2b cells significantly internalized AuNP-Pep14 conjugate among all AuNPs. The 

cell viability of BEAS-2b cells decreased after treatment with 0.1 nM of AuNP-Pep4, 

AuNP-Pep7 and AuNP-Pep11 conjugates. These conjugates created a significant 

cytotoxicity in BEAS-2b cells at that dose. Based on Apoptosis/Necrosis assay results, 

only AuNP-Pep11 induced a concentration dependent apoptosis in BEAS-2b cells and the 

cell viability reduced up to 25 percent at their 2.5 nM dose. Moreover, AuNP-Pep4, AuNP-

Pep7 and AuNP-Pep11 affected the reproductive integrity of BEAS-2b cells because the 
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single BEAS-2b cells could not proliferate and form colonies under treatment with these 

conjugates. Additionally, the integrity of BEAS-2b cells was influenced by AuNP-Pep4 the 

most since no colony was formed upon their exposure. What is more, AuNP-Histidine 

conjugates arrested the cell cycle process of BEAS-2b cells, however the arrest was 

concentration of NP and surface chemistry dependent. Although AuNP-Pep4, AuNP-

Pep11 and AuNP-Pep14 induced cell cycle arrest at G0/G1 phase, AuNP-Pep7 blocked 

BEAS-2b cells at G0/G1 and S phases. Consequently, even though BEAS-2b cells 

internalized AuNP-Pep14 conjugates as most, the other AuNP-Histidine conjugates 

induced cytotoxicity and affected the reproductive integrity, especially AuNP-Pep11 

having -COOH surfaces. In addition to the conclusion, all AuNP-Histidine conjugates 

resulted severe cell cycle arrests, which were dependent on NP concentration and subtle 

differences on peptides.  

MDA-MB-231 cells tended to significantly internalize only AuNP-Pep7 and AuNP-Pep11 

conjugates among others. The cell viability of MDA-MB-231 cells decreased upon AuNP-

Pep4 exposure based on WST-1 cell proliferation data. On the other hand, 

Apoptosis/Necrosis assay result demonstrated that AuNP-Pep7, AuNP-Pep11 and AuNP-

Pep14 conjugates induced a dramatic cytotoxicity in MDA-MB-231 cells even the cell 

viability reduced up to 5-25 percent at their 2.5 nM dose. Moreover, all AuNP-Histidine 

conjugates influenced the reproductive integrity of MDA-MB-231 cells since the single 

MDA-MB-231 cells could not produce colonies to survive under treatment with these 

conjugates. Especially, AuNP-Pep4 prevented the proliferation of the cells and the single 

cells could form no colonies. This was correlated with WST-1 assay data. Additionally, the 

cell cycle of MDA-MB-231 cells were influenced by all AuNP-Histidine conjugates, 

however the effect was NP surface and concentration dependent. AuNP-Pep4, AuNP-

Pep11 and AuNP-Pep14 arrested MDA-MB-231 cells at G0/G1 phase whereas AuNP-

Pep7 blocked the cells at G0/G1 and S phases. Consequently, despite of the fact that 

MDA-MB-231 cells internalized just AuNP-Pep7 and AuNP-Pep11, AuNP-Pep4 caused 

caused severe cellular responses as AuNP-Pep4 (AuNP-CHHH-NH2) affected the 

proliferation and reproductive integrity while the others induced severe apoptosis in MDA-
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MB-231 cells and also, the cell cycle progression of MDA-MB-231 cells exposed to 

AuNP-Histidine conjugates was dependent on NP concentration and subtle differences on 

surface chemistry. 
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5. CONCLUSION AND FUTURE PERSPECTIVES 

 

Nanomedicine is the application of nanosized nanomaterials in medicine. The interfaces 

between the engineered NPs and living systems play a critical role to explain the cellular 

responses. Therefore, the nature of these interactions between the NP surfaces and living 

systems should be determined to design safer NPs to be used in a wide range of 

technological applications. At that point, the cellular response to NP surface chemistry 

should be investigated to clarify their potential use in medicine. Thus, in this thesis, it was 

aimed to systematically investigate the cellular response of living cells to the subtle surface 

chemistry changes on AuNPs conjugated with custom designed carbohydrates and 

peptides. The spherical AuNPs of 13 nm diameter size were used as model NPs because of 

their unique optical properties, ease of synthesis and easy surface chemistry. In order to 

create subtle differences on AuNP surfaces, AuNPs were conjugated with custom designed 

four carbohydrates, Glucose and Mannose as mono saccharides and epimers at C2, and 

Lactose and Maltose as di saccharides and are epimers at C4, and fourteen peptides, which 

were varied in length, charge, sequence with or without RGD and free terminus whether -

NH2 or -COOH end. The cellular responses to these small chemical differences on the 

AuNP surfaces were examined on three cell lines; A549 cells (human carcinoma), BEAS-

2b cells (human bronchial cell line) and MDA-MB-231 cells (human breast cancer cell 

line) by considering cellular uptake, cytotoxicity, reproductive integrity and cell cycle 

progression.   

In order to generate small chemical differences on AuNP surfaces, fourteen peptides were 

designed by taking into account of their charge, length, sequence with or without RGD, 

isoelectric points and free terminus end whether -NH2 or -COOH group. Considering the 

peptide sequences from -NH2 to -COOH end, the first amino acid in the sequences of seven 

peptides coded as Pep1 to Pep7, was cysteine whereas cysteine was the last amino acid in 

the other peptides coded as Pep8 to Pep14. The results showed that that cysteine had a 

critical role in bioconjugation of AuNPs with peptides. The peptides tended to bind on 
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AuNP surfaces via -SH groups on cysteine because of its dominant affinity in comparison 

to -NH2 and -COOH groups. This tendency completely changed the reaction conditions. 

Therefore, AuNPs could be functionalized with the peptide couples, which had same 

sequence but in reverse order, at different pH conditions. Even though the effect of 

isoelectric point of peptides on conjugation was explained as an important factor in the 

literature, the presence of cysteine as a first amino acid in a peptide alters that norm. With 

the knowledge of affinity order of -SH, -NH2 and -COOH groups for AuNP surfaces, -SH 

group governs the biding side of the peptides on AuNP surfaces.  The peptides that had a 

cysteine residue at the -NH2 end were immobilized on AuNP surfaces both -SH group of 

cysteine and -NH2 group at free end of the peptide. On the other hand, when the cysteine 

was located at the -COOH terminus, the peptide binds to the AuNP surfaces through -SH 

group of cysteine and -COOH group at free end. When both types of peptides coat the 

surface of AuNPs, the surface charge changes depending on the binding orientations of the 

peptides. When the AuNPs are conjugated with the peptides coded from Pep1 to Pep7, the 

functional group on the surface is -NH2, with the peptides coded as Pep8-Pep14, it is -

COOH. 

The citrate reduced AuNPs were significantly internalized by all cell lines. They caused 

severe apoptosis and significant cell cycle arrest in only A549 cells. On the other hand, just 

the reproductive integrity of BEAS-2b and MDA-MB-231 cells was influenced under 0.5-

2.5 nM AuNPs exposure. 

AuNP-Carbohydrate conjugates induced varying cellular responses in three cell lines. 

AuNP-Mannose (C2 epimer of Glucose) and AuNP-Lactose (Galactose as free unit on the 

surface and C4 epimer of Glucose) induced cytotoxicity and influenced the cell cycle 

progression of A549 cells. However, AuNP-Lactose and AuNP-Maltose conjugates, on 

which the free units were C4 epimers, caused a significant apoptosis and G0/G1 phase cell 

cycle arrest in BEAS-2b cells. Moreover, Glucose and Mannose functionalized AuNPs, 

which were C2 epimers, caused a deleterious effect on cellular viability of MDA-MB-231 

cells and also just AuNP-Glucose conjugates arrested MDA-MB-231 cells at G0/G1 phase. 
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Consequently, the cellular response of three cell lines varied according to -OH orientation 

differences at second or fourth carbon of these chosen carbohydrates. 

AuNPs functionalized with two RGD peptides resulted in various cellular responses in 

three cell lines. AuNP-CRGD having -NH2 terminus was highly uptaken by A549 cells and 

this created a significant concentration dependent cytotoxicity and G0/G1 phase cell cycle 

arrest in A549 cells. Although both AuNP-CRGD conjugates did not cause any 

cytotoxicity in BEAS-2b cells, they influenced the reproductive integrity and the cell cycle 

progression, but much by AuNP-CRGD conjugates possessing -COOH surfaces. 

Additionally, MDA-MB-231 cells tend to internalize both AuNP-CRGD conjugates, 

however, only AuNPs having -NH2 terminus at 2.5 nM concentration created substantial 

cytotoxicity and cell cycle arrest in MDA-MB-231 cells. It can be concluded that highly 

internalized AuNP-CRGD-NH2 influenced the cancer cells while the healthy cell line was 

significantly affected by AuNP-CRGD-COOH.  

The free terminus (-NH2 or -COOH) and the presence of RGD sequence in AuNP-Glycine 

conjugates demonstrated varying cellular response in three cell lines.  AuNP-CGGG-NH2 

and AuNP-CGGGRGD-NH2 led to cytotoxicity and crucial G0/G1 and S phases arrests in 

A549 cells; whereas, those of possessing -COOH surfaces affected significantly 

reproductive integrity and cell cycle progression in A549 cells. Moreover, the AuNP-

Glycine conjugates having -NH2 surfaces triggered the significant cytotoxicity and cell 

cycle arrest in BEAS-2b cells even the cell viability of BEAS-2b cells treated with AuNP-

CGGGRGD-NH2 dramatically decreased down to 5 percent at 2.5 nM dose.  Furthermore, 

1.0-2.5 nM of AuNP-Glycine conjugates having -NH2 terminus and 0.1-0.5 nM of AuNP-

CGGG-COOH terminus induced a severe apoptosis in MDA-MB-231 cells and all glycine 

rich peptide functionalized AuNPs resulted G0/G1 phase cell cycle arrest in MDA-MB-

231 cells. In conclusion, AuNPs-Glycine conjugates having -NH2 surfaces caused 

significant cytotoxicity and cell cycle alteration in A549 and BEAS-2b cells while all 

AuNP-Glycine conjugates resulted in different cellular responses in MDA-MB-231 cells.  
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The cells treated with glutamic acid rich peptides modified AuNPs showed various cellular 

responses dependent to free terminus type and presence of RGD in the peptides. Just 

AuNP-CEEERGD-COOH conjugates created significant cytotoxicity in A549 cells while 

only AuNP-CEEE-NH2 conjugates showed harmful effect to the reproductive integrity of 

A549 cells. Nevertheless, all AuNP-Glutamic acid conjugates induced G0/G1 phase cell 

cycle arrest in A549 cells, which was concentration dependent. Even though all AuNP-

Glutamic acid conjugates were remarkably uptaken by BEAS-2b cells, they showed no 

significant cytotoxicity in BEAS-2b cells. In addition, AuNP-CEEE-NH2 and AuNP-

CEEERGD-COOH conjugates affected the DNA integrity, cell proliferation and cell cycle 

of BEAS-2b cells. Despite of higher uptake of AuNP-CEEE and AuNP-CEEERGD 

conjugates possessing -COOH surfaces, they caused no remarkable cellular response in 

MDA-MB-231 cells. However, AuNP-CEEE-NH2 not only created a severe apoptosis but 

also induced a concentration dependent G0/G1 cell cycle arrest in MDA-MB-231 cells. 

Consequently, AuNP-CEEE-NH2 and AuNP-CEEERGD-COOH conjugates among all 

AuNP-Glutamic acid conjugates affected the cellular uptake, cytotoxicity, reproductive 

integrity and cell cycle progression of A549, BEAS-2b and MDA-MB-231 cells, however 

the effects were cell type dependent.  

The varying cellular responses of A549, BEAS-2b and MDA-MB-231 cells to AuNP-

Histidine conjugates having -NH2 or -COOH surfaces and RGD sequence. AuNP-Histidine 

conjugates did not result a toxic affect to A549 cells, except 0.1 nM of AuNP-CHHH-

COOH, however AuNP-CHHH-NH2, AuNP-CHHHRGD-NH2 and AuNP-CHHH-COOH 

affected the reproductive integrity of A549 cells. Furthermore, all AuNP-Histidine 

conjugates demonstrated NP concentration dependent cell cycle arrest in A549 cells. 

Although BEAS-2b cells internalized AuNP-CHHHRGD-COOH conjugates as most, the 

other AuNP-Histidine conjugates, especially AuNP-CHHH-COOH, induced cytotoxicity 

and loss of the reproductive integrity. In addition, all AuNP-Histidine conjugates induced 

NP concentration dependent severe cell cycle arrests in BEAS-2b cells. MDA-MB-231 

cells significantly internalized AuNP-Histidine conjugates having -COOH surfaces among 

others. However, all AuNP-Histidine conjugates caused severe cellular responses as 
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AuNP-CHHH-NH2 affected the proliferation and reproductive integrity while the others 

induced severe apoptosis in MDA-MB-231 cells. Additionally, the cell cycle progression 

of MDA-MB-231 cells exposed to AuNP-Histidine conjugates was dependent on NP 

concentration. Consequently, the cellular response of A549, BEAS-2b and MDA-MB-231 

cells to AuNP-Histidine conjugates was diversified based on free terminus the presence of 

RGD sequence at peptide on AuNP surfaces, NP concentration and cell line type.  

Finally, this study showed that the small chemistry differences on AuNP surfaces caused 

varying cellular uptake, cytotoxicity, reproductive integrity and cell cycle arrests. In 

addition, these cellular responses were directly associated with NP concentration and cell 

type.  

The evaluation of cellular response with the surface chemistry change at proteomics level 

can be further pursued to understand the cellular response in depth.  The formation of 

protein corona is strongly influenced by the surface chemistry of NPs. Thus, in a similar 

fashion, subtle chemical changes generated on the NPs can influence the density of 

proteins on the NPs, thus their cellular uptake. This can be another point for further 

investigation. Moreover, cytotoxicity of the NPs with varying surface chemistry can be 

evaluated from other perspectives such as ROS in order to obtain more molecular insight 

for NPs behavior in the living systems and enrich the knowledge about cellular response to 

subtle changes on surface chemistry.  
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