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ABSTRACT 

Functionalized nanoparticles continue to attract interest in biomedical applications and bioassays 

and have become a key focus in nanobiotechnology research. The use of nanomaterials in 

biomedical applications is of great interest since their size scale is similar to biological molecules 

and structures. One of the primary focus of the research work was the development of versatile 

surface functionalization strategies for different nanoparticles ranging from diamond 

nanostructures to gold nanorods and nanocomposites.  

One particular aim was the use of reduced graphene oxide (rGO) and silica coated gold nanorods 

for the photothermal and photodynamic ablation of pathogens. Embedding of verteporfin, a 

clinically approved photosensitizer, into silica-coated gold nanorods allowed an efficient 

eradication of a virulent strain of E. coli associated with urinary tract infection. The great heating 

effect of graphene-coated gold nanorods when illuminated with a near-infrared laser allowed for 

a photothermal destruction of the same pathogenic strain.  

In parallel, we have shown the interest of using diamond nanoparticles (NDs) modified with 

menthol as well as different sugars as antibacterial agent against Gram-positive (Staphylococcus 

aureus) and Gram-negative (Escherichia Coli) bacteria.  We developed a strategy for the 

covalent attachment of sugars by taking advantage of the photochemistry of arylazides, which 

upon light activation convert to reactive nitrenes. The highly reactive nitrene intermediate formed 

is believed to interact with glycans through C-H and N-H insertion reactions, creating highly 

robust covalent linkages. The resulting glyco-NDs maintained their expected binding affinity and 

specificity towards their partner lectins. Through a fluorescent based agglutination assay, we 

showed that mannan-NDs display E. coli agglutination at concentrations of ≈10 µg mL
-1

, being 

much lower than free mannan and mannose-NDs. 
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OBJECTIVES 

The past decade has observed significant advancement in the field of nanobiotechnology. 

Functionalized nanoparticles continue to attract interest in biomedical applications and bioassays 

and have become a key focus in nanobiotechnology research. The use of nanomaterials in 

biomedical applications is of great interest since their size scale is similar to biological molecules 

and structures. Recent studies have shown that integrating biological components with 

nanomaterials can revolutionize the field of pharmacology and help to tackle diseases at a 

molecular level. In this thesis, different surface modification strategies have been developed. An 

effort was put mainly on the surface modification of nanodiamonds (NDs), gold NPs (Au-NPs), 

Au-Pd bimetallic nanocomposites, graphene. These particles were investigated for their 

possibility to inhibit Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia 

coli) bacteria and destruct of human glioblastoma astrocytoma (U87MG). 

After a general overview on nanoparticles for biological applications (Chapter 1), a brief 

description of nanoparticles, their synthesis, modification and perspectives in nanomedicine.  

Chapter 2 outlines the synthesis and characterizations of the azido-modified nanodiamonds and 

their ability of photochemical reaction with sugars. We described the affinity of glycans-modified 

NDs toward lectins and Echerichia coli. In Chapter 3, we elucidate the effect of menthol 

modified nanodiamond particles (ND-menthol) on bacterial viability against Gram-positive 

(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria. We show that while ND- 

menthol particles are non-toxic to both pathogens, they show significant antibiofilm activity  

We described the development of novel nanostructures for photodynamic therapy comprising 

silica-encased gold nanorods modified with verteporfin as photosensitizer and the efficiency of 

these nanostructures for killing of pathogens in Chapter 4. From another site gold nanorods are 

known for their efficient conversion of photon energy into heat, resulting in hyperthermia and 

suppression of tumor growth in vitro and in vivo. Au NRs are thus of great promise for 

photothermal therapy (PTT) of different cancers. In Chapter 5 we investigate the potential of 

polyethylene glycol functionalized reduced graphene oxide (rGO-PEG) enrobed Au NRs for the 
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photothermal destruction of human glioblastoma astrocytoma (U87MG) cells in mice. Based on 

these results we showed in Chapter 6 a simple and green solution phase synthetic approach for 

the formation of bimetallic AuPd NPs on rGO nanosheets for photothermal therapy. Chapter 7 

summarizes the results and gives some perspectives of the work.  
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CHAPTER I  

Nanoparticles for biological applications 

1.1. Introduction  

Nanoparticles, widely used over more than 35 years now, have made important contributions to a 

variety of different domains, including the biomedical field. The nanometric size of nanoparticles 

change the physico-chemical properties when compared to the bulk substantially, thus opening 

new possibilities in nanomedicine. The use of nanomaterials in medicine has several advantages. 

Nanomaterials have the characteristics of high surface-to-volume ratios enabling packaging 

multiple agents onto the same nanoparticles. Using these nanomaterials it might be possible to 

overcome problems associated with the use of high doses of drugs. Moreover, this type of 

approach provides also the possibility of targeting specific biological sites actively or passively.  

Because of their unique features such as nanometric size and controllable 

hydrophobicity/lipophilicity, such nanocarriers can target drugs to specific tissues or organs, 

while modification of nanocarrier surfaces enables them to reach particular therapeutics with the 

results of minimizing side effects onto healthy cells and tissue. With respect to intravenous 

administration, due to their small size, nanoparticles can circulate in the bloodstream without 

being retained by the pulmonary capillaries or up taken by the reticuloendothelial system (RES). 

Indeed, the most frequently used approach to increase the longevity of nanocarriers to avoid the 

RES uptake it so modify their surface with hydrophilic polymers such as polyethylene glycol 

(PEG) units. 

Various nanocarriers have been proposed over the years and some of the most currently 

considered are listed in Figure 1.1. Next to dendrimers, liposomes and polymeric nanostructures 

(Figure 1.1A), inorganic nanoparticles (Figure 1.1B) such as gold, silver, iron oxide, etc have 

found their application in nanomedicine (2, 3). In this work, we focused on the use of gold 

nanoparticles (GNPs) as well as nanodiamonds (NDS) and the interest in these nanostructures 

will be outlined below.  
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                                      (A)               (B)        

 

Figure 1.1: Classification of nanomaterials that are commonly used as nanomedicine. Some 

examples of widely used organic (A) and inorganic nanomedicines (B) (1). 

1.2. Gold nanoparticles (GNPs) 

1.2.1. Introduction  

Gold has been among the first metals, which were discovered by people, and the history of its 

research and use is at least several thousand years old approximately. The first mention about 

colloid gold is able to be discovered in tracts by Indian, Chinese and Arabic researchers, who got 

colloid gold as long ago as in the fourth and fifth centuries B.C. and used it, particularly, in 

medical purposes (the Indian ‘‘liquid gold’’ and the Chinese ‘‘golden solution’’).In the European 

Middle Ages, colloid gold was researched and used in laboratories of alchemists. Namely, 

Paracelsus informed about the medicinal features of quinta essentia auri, which he had got by 

mixing auric chloride with oil plant extracts or alcohol. He employed ‘‘potable gold’’ in order to 

heal syphilis and certain mental disorders. Also, Paracelsus stated that chemistry is for producing 
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drugs, but not for getting gold out of metals. Another researcher of his age, Giovanni Andrea 

used aurum potabile for the treatment of ulcer, leprosy, diarrhea and epilepsy. In 1583, David de 

Planis-Campy, who was a surgeon of Louis XIII, the King of France, recommended an ‘‘elixir of 

longevity’’, which was an aqueous colloid gold solution, as a tool of prolongation  of life. The 

first book on colloid gold, which has preserved to these days, was published in 1618 by doctor of 

medicine  and philosopher Francisco Antonii (4).

 

It includes data on the preparation of colloid 

gold and its healing applications. This book also includes practical suggestions.  

In 1880, in order to treat alcoholism through intravenous injection of colloid gold solution, a way 

was brought forward (5). This method was called ‘‘golden cure’’.

 

In 1927, the application of 

colloid gold was offered in order to alleviate the suffering of inoperable patients with cancer (6). 

Since the first half of the 20th century, colloid gold in color reactions to blood-serum and spinal-

fluid proteins has been taken advantage of (7).

 

Colloid solutions of the Au golden isotope (half-

life time, 65 h) were medically successful at oncological institutions (8).

 

More recent cases of 

using of colloid gold contain transport of substances into cells by endocytosis, catalytic processes 

and electron transport in biomacromolecules,

 

improvement of PCR effectiveness and researching 

of cell motility.

  

In spite of the centuries-long history, a ‘‘immuno-chemical revolution”, which was

 

associated 

with the application of golden particles in biological studies, occurred in 1971 (9). That year, two 

British scientists, G. M. Taylor and W. P. Faulk, issued the article, which was named ‘‘An 

immunocolloid method for the electron microscope.” This article described technology of 

conjugating antibodies with colloid gold for immediate electron microscope view of Salmonella 

surface antigens, which was presenting for the first time when colloid gold conjugation served as 

an immunochemical marker (10). After this, the application of colloid-gold bio-specific 

conjugates in different biological and medical areas has become very frequent. There is a lot of 

information, which relates to the use of functionalized golden nanoparticles (GNPs; conjugates 

with recognizing biomacromolecules, for example, antibodies, aptamers, enzymes or lectins) (11)

 

in the researches of morphologists, microbiologists, biochemists, cytologists, immunologists, 

physiologists, and other specialists.  
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The scope of applications of GNPs in modern biological and medical studies is very large, 

ranging from biosensorics, optical bio-imaging, targeted delivery of medicines to the 

photothermolysis of cancer cells and microorganisms (Figure 1.2).

  

 

Figure 1.2: Generalized scheme for the biomedical application of GNPs. Along with basic 

applications in diagnostics and therapy, this review briefly discusses the immunological 

properties of GNPs (12). 

This large scope of application is founded on the unique chemical and physical features of GNPs. 

The exceptional optical properties of GNSs, including large optical field enhancements and their 

addressability via spectroscopic techniques have made them of particular interest as labels and for 

biosensing. The optical properties are dominated by the excitation of collective oscillations of the 

nanoparticles’ conduction band electrons, called localized surface plasmon resonances (LSPR), 

by the incoming electromagnetic waves. At the LSPR, the incoming light is absorbed or scattered 

by the GNSs, and concurrently, there is an electromagnetic field enhancement close to the surface 

of the particle. The position of the plasmonic resonance depends on the particle size, shape, 

composition, interparticle distance as well as the dielectric environment.  

However, the use of as-synthesized Au NPs (Figure 1.3) in biological systems is limited due by 

the particle instability and nonspecific binding. These limitations are even increasingly 

pronounced in high ionic strength media, such as those used for biological assays. The particle 

aggregation depends strongly on the type of ligand used to passivate the nanoparticles’ surface. 
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The ligands can be displaced or even cross-linked due to the multitude of ionic species present in 

solution. Care has, in addition, to be paid to the biocompatibility of the particle ligand. For 

instance, cetyltrimethylammonium bromide (CTAB) modified gold nanorods can be routinely 

prepared and display good colloidal dispersibility and stability. However, one of the major 

concerns is related to the cytotoxicity of the surfactant, CTAB, used to stabilize the particles. 

CTAB molecules can induce cytotoxicity by disrupting cellular membranes CTAB is not only 

toxic to cells, but also very difficult to remove completely.  

 

Figure 1.3: TEM images of 15-nm nanospheres (a), 15 50-nm GNRs (b), 160(core)/17(shell)-nm 

silica/gold nanoshells (c, SEM), 250-nm Au nanobowls with 55-nm Au seed inside (d), silver 

cubes and gold nanocages (inset) (e), nanostars (f), bipyramids (g), and octahedrals (h) (12). 

1.2.2. GNPs based photothermal therapy (PTT)  

While the high surface area is primordial for efficient drug and gene loading, the possible strong 

optical absorption in the near infrared light (NIR) region makes gold nanocomposites suitable for 

photothermal therapy (PTT). The first report of GNPs used it in photothermal therapy (13) of 

cancer calls. Indeed, local heating of cancer cells, known as hyperthermia (warming to 41°–47° C 

for 1 h) leads to unalterable damage to the cells, caused by destruction of cell membrane 

permeability and denaturation of proteins. In the case of GNPs based PTT, the generation of heat 
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is based on laser irradiation of the tumor cells. Pitsillides et al. (14)

 

described in this sense a new 

technology for selective injuring of target cells, which is based on the using of 20 and 30 nm gold 

nanospheres that irradiated with 20 ns laser radiation (532 nm) in order to create local heating. 

Figure 1.4 displays the example of successful treating of an implanted tumor in mice (15). One 

of the current modalities for PTT is the use of NIR light absorbing agents. The use of NIR has the 

advantage that water, melanin and hemoglobin have absorption minima in this region and light 

between 700-900 nm is most likely to pass directly through tissues without significant absorption 

and heat generation. (16) GNP nanomaterials exhibit strong visible to NIR absorption owing to 

the localized surface plasmon resonance effects, rendering them the most power agents for PTT 

cancer treatment and bacteria killing.  

  

Figure 1.4: Scheme and the results of an experiment on the photothermal destruction of an 

implanted tumor in a mouse (2–3 weeks after injection of MDA-MB-435 human cancer cells). 

Laser irradiation (a, b; 810 nm, 2 W cm
-2

 , 5 min) was performed at 72 h after injection of gold 

nanorods functionalized with poly(ethylene glycol) (PEG) (a, c; 20 mg Au per kg) or of buffer (b, 

d). It can be seen that the tumor continued developing after particle-free irradiation (control b), as 

it did after particle or buffer administration without irradiation (controls c and d), and that 

complete destruction was obtained only in the experiment (a). Designations: NIR, near-IR region; 

NRs, nanorods.  
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The interest of using GNPs is also linked to the possibility of targeted therapy, which has two 

significant aspects: increasing of the particle concentration in the target and decreasing of side 

effects, which are caused by GNPs gathering in other parts of a body, mainly in the spleen and 

liver). In vivo, PEGylated nanoparticles primarily gather in tumor tissue, thanks to the enhanced 

permeability of the vessel of tumor

 

and are held in it thanks to the reduced lymph outflow (17). 

Moreover, PEGylated nanoparticles are less available to the immune system (stealth methods). 

This delivery technology is named passive, unlike the active variant, which applies antibodies

 

(Figure 1.5). The active technology of delivery is more relevant and efficient, using antibodies to 

certain tumor markers, most often to receptor of epidermal growth factor (EGFR) and its 

variations (for example, Her2) (18),

 

and to tumor necrosis factor (TNF) (19).

 

Certain prospects 

are offered by the synchronous using of GNP–antibody conjugates for PPTT and diagnosis (this 

technology is called theranostics).

 

Besides antibodies, active delivery can as well apply folic acid, 

which acts as a ligand for the many folate receptors of hormones and tumor cells (20). 

 

Figure 1.5: Scheme for a PPTT employing active delivery of GNPs to cancer cells (21).  

1.2.3 Photodynamic treating with GNPs  

The photodynamic way of treating of certain skin or infectious diseases and oncological diseases  

is based on the using of light-sensitizing substances, which are called photosensitizers (including 

dyes) and, commonly, of visible lights at a specific wavelengths (21).

 

As a rule, sensitizers are 

injected intravenously, but oral and contact using is also possible. The agents, which are used in 
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photodynamic treating (PDT) are able to selectively gather in tumors or other target objects 

(cells). The infected tissues are irradiated by laser light at a wavelenths, which corresponds to the 

maximum of dye absorption (21). At the same time, besides the usual warm emission by 

absorption,

 

a significant role is played by another mechanism, which is associated with the 

photochemical generation of singlet oxygen (Figure 1.6.) and the forming of highly active 

radicals, which bring apoptosis and necrosis in tumor cells.  

 

Figure 1.6: two-photon-activated photodynamic therapy (TPA-PDT) using mesoporous silica-

encased gold nanorods (21).  

PDT also undermined the tumor nutrition and brings to its death by injuring its micro-vessels. 

The main PDT shortcoming is that the photosensitizer stays for a long time in the organism, 

leaving tissues of a patient highly sensitive to light. Although, the efficiency of dye application 

for selective tissue warming

 

is low because of the little cross section of chromophore absorption 

(21).  

1.3. Nanodiamonds 

The first record of the production of ND particles dates back to the 1960s, when a group of Soviet 

scientists discovered single crystals of cubic diamond particles in soot produced by detonating an 
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oxygen-deficient TNT/hexogen composition in inert media without using any extra carbon source 

(22) (Figure 1.7.)  

This man-made diamond did not attract much attention at the beginning due to a continued failure 

in disintegrating ND particles into primary particles (23). While the particle size of its primary 

crystallites is ~5 nm with a very narrow size distribution (23, 24), due to harsh conditions in the 

reaction chamber, detonated ND particles exist mainly in the form of strongly bound 

agglomerates. The particles are not only linked by the usual electrostatic interactions by also via 

covalent bonds between surface functional groups as well as by soot structures surrounding each 

primary particle (25, 26).  

 

The detonation soot can be purified using oxidizing mineral acids (HNO3, mixtures of H2SO4 and 

HNO3, K2Cr2O7 in H2SO4, KOH/KNO3, HNO3/H2O2 under pressure, etc) (27), as the reactivity of 

disordered sp
2
 carbon is higher than that of diamond, thus removing non-diamond impurities. 

During the cleaning step, the surface of NDs is covered with a variety of functional groups such 

as hydroxyl, carbonyl, carboxyl, anhydride and lactone moieties.  

 

These purified ND particles show still a strong tendency to agglomerate, which can withstand 

ultrasonic treatment. To overcome this limitation, de-aggregation process in suspension by 

milling detonated NDs with ceramic microbeads (ZrO2, SiO2) or by microbead-assisted ultrasonic 

disintegration can be applied to NDs (28-30), leading to stable colloidal solutions of individual 

ND particles of 4-5 nm in diameter. However, contamination of NDs with difficult-to-remove 

zirconia, the high cost of zirconia microbeads, and NDs amorphization (or even graphitization) in 

the course of milling are major drawbacks of the microbeads-assisted milling. Retreatment of the 

de-agglomerated particles with oxidizing chemicals is therefore needed, which results in a partial 

re-aggregation of the primary particles. Other attempts have been undertaken to limit the NDs’ 

agglomeration. ND aggregates disintegration using mechano-chemical treatment, that is, milling 

in the presence of chemicals such as surfactants and electrolytes (e.g., sodium oleate) was 

investigated (31, 32). Mechanical action was applied in the form of grinding or sonication in the 
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presence of sodium oleate and resulted in a reduction of the aggregate size of the treated ND in 

water from 2 μm down to 40-60 nm. However, no particles smaller than 20 nm were observed.  

More recently, dry salt- or sucrose-assisted milling was successfully used as simple, inexpensive, 

and efficient alternative method for the disaggregation of NDs (33). The technique uses non toxic 

and non-contaminating compounds such as sodium chloride and sucrose, which can be easily 

removed at the end of the milling process. By using the dry media assisted milling with 

subsequent pH adjustment, it is possible to produce stable aqueous NDs colloidal solutions with 

particles <10 nm in diameter. 

High-temperature hydrogen treatment resulted, moreover, in stable single particle aqueous NDs 

suspension of 4-5 nm (34). Independent of the method chosen, one concern that needs to be 

addressed in any case is the possibility of re-aggregation over time, during drying and/or after 

surface functionalization due to capillary forces or attractive van der Waals forces, pulling the 

particles together.   

 

 

 

Figure 1.7: Formation of detonation NDs with well-defined surface termination: A mixture of 

TNT (60 wt%) and hexogen (40 wt %) is detonated in a closed metallic chamber in an 

atmosphere of N2, CO2 and liquid or solid water forming a diamond-containing soot. The soot is 

purified with oxidizing mineral acids to produce oxidized NDs (23, 27, 35). 

 

Independent on their treatment, such detonation ND particles have been rapidly gaining 

popularity for biological applications. This is related to the presence of various functional groups 

Treatmentwith
oxidizing
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enabling quite complicated surface functionalizations without compromising of the helpful 

features of the diamond center Reactive C–Cl and C–F surface species, which are created by 

halogen hardening and photochemical chlorination have been applied in many wet chemical 

reactions (36). Nanodiamond with O–H terminations was used in esterification with acetyl 

chlorides, which then were terminated by long alkyl chain (37), and in silanization/de-

aggregation (38). Other reactions were also applied (39, 40). They include those ones, which are 

especially convenient for biomedical using (41). Diazonium chemistry was also employed with 

hydrogenated nanodiamond (42) in order to form C–C bindings between the adhered part and 

diamond center, and with hydroxylated nanodiamond (38) in order to form C–O–C bindings. 

Therefore, nanodiamond gives many variants for surface functionalization, but the result sharply 

depends on the clearing and uniformity of the surface chemistry of the starting substance. As 

already noted, functionalization also impacts the stability of diamond surfaces. One task in the 

area is to discover methods for quantitative analysis of different surface groups of nanodiamond. 

By now, most of the data are qualitative.  

 

Thanks to the various clearing procedures, which are used by different producers, and the 

multiple variants for surface change, the toxicity of nanodiamonds is of legitimate doubt (43). In 

vivo and in vitro studies have been carried out in order to examine features as diverse as cell 

vitality, activity of gene program, and in vivo physiological and mechanistic behavior (43, 44). 

Nanodiamonds, which are instilled onto trachea, were noted to be of low pulmonary toxicity, 

with the number of nanodiamonds in the alveolar area reducing with time, and macrophages bore 

by nanodiamonds were monitored in the bronchia for 28 days after subjecting (45). Intravenously 

delivered nanodiamond complexes in high dosages did not modify serum indicators of systemic 

and liver (46).  

In order to assess the fate of nanodiamonds and their influence on stress response activities and 

worm reproduction, nanodiamond aggregates with average size of ~120 nm were fed and 

microinjected in the semitransparent Caenorhabditis elegans worm, and then monitored for some 

days (47). Bald nanodiamonds usually stayed in the worm lumen, where nanodiamonds were 

covered with bovine or dextran serum albumin (BSA), were absorbed by intestinal cells. 
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Nanodiamonds, which were injected into worm gonads, were moved into the larvae and 

offspring, but this had no influence on the reproductive abilities or survival of these worms. 

Subsequent experiments, which involved DAF-16:GFP (DAF-16 is a group of genes that controls 

the stress and immune cell responses; GFP is green fluorescent protein), proved that fluorescent 

nanodiamond is not toxic and does not bring stress in the worm model, therefore ensuring support 

for its application in in vivo imaging. However, given the number of surface modifications, which 

are probable, it is essential to be certain that the functionalized nanodiamonds, which are 

intended for biomedical applications, stay safe. Thus, we have lately compared the cytotoxicity 

and osteoblast proliferation and gene expression impacts of octadecylamine modified 

nanodiamond (ND–ODA), carboxylated nanodiamond, and compounds of poly(l-lactic acid) with 

ND–ODA (48). Despite no harmful impacts were found in these materials, toxicity and 

biocompatibility testing of new nanodiamond-based materials must be continued.  

In this thesis we took advantage of the interesting surface properties of gold nanorods and 

diamond nanoparticle and investigated their use for biomedical applications. In particular 

the design and development of new antibacterial treatments could be based on novel 

nanoparticles. We will show in more details the use of particles for the treatment of 

uropethogenic E. coli. Complications related to infectious diseases have significantly reduced, 

particularly in the developed countries, due to the availability and use of a wide variety of 

antibiotics and antimicrobial agents. However, excessive use of antibiotics and antimicrobial 

agents increased the number of drug resistant pathogens, and this has resulted in a significant 

threat to public health. The inexorable rise in the incidence of antibiotic resistance in bacterial 

pathogens, coupled with the low rate of emergence of new clinically useful antibiotics, has 

refocused attention on finding alternatives to overcome antimicrobial resistance. Among the 

various approaches, the use of engineered nanoparticles is currently the most promising strategy 

to overcome microbial drug resistance by improving the remedial efficiency due to their high 

surface-to-volume ratio and their intrinsic or chemically incorporated antibacterial activity. We 

show in this thesis that diamond nanoparticles (NDs) as well as gold nanorods are revealing 

themselves to have great promise as useful materials for combating microbial infections, in 

particular 
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CHAPTER II 

 

Affinity of Glycans-Modified Nanodiamonds towards Lectins and 

Uropathogenic Echerichia Coli 
 

2.1. Introduction 

Gram-negative bacteria are usually responsible for the majority of the urinary infections and 

Uropathogenic E.coli (UPEC) is one of them and may cause up to 90% of the infections of the 

urinary tract. Despite of the presence of different defense mechanisms, such as cytokine triggered 

recruitment of neutrophils that is followed by the superficial infected tissue exfoliation, 

production of specific antimicrobial factors, bacteria may remain unaffected even with the 

constant presence of the antibiotic treatment. Basing on that, new methods of treatment of the 

diseases that are caused by these bacteria need to be created (1).  

 

One of the most efficient practices in terms of the treatment was considered the usage of 

nanoparticles (NP) since it allows sensing the presence of microbes and in addition to it, requires 

less costs for equipment and consumes less time. A protocol that is based on functionalized gold 

NPs (Au-NPs) and carries quaternary ammonium salts was developed by Rotello and colleagues, 

and it allows to trigger the detection, based on enzyme-enhanced pathogen. Other Au-NPs reports 

also are capable of detection of bacteria, viruses and proteins. Besides that, Au-NPs may be used 

for the detection of other elements such as gadolinium sulfide, silver, iron oxides and 

nanomaterials of carbons that also may be used for the detection of the bacteria that are 

considered to be pathogenic (2). 

 

Nevertheless, it should be noted that most of the current methods are based on the electrostatic 

interactions of the NPs that respond to the viruses, proteins and microbes that are detected (3). 
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This interaction is characterized by non-selectiveness and it means that the process of selectivity 

cannot be applied to specific type of bacteria. Selectivity problem can be resolved in terms of the 

conjugation with specific molecules that should be able to remove bacteria on a NP-based 

platform. Since the majority of bacteria show specificity to certain types of saccharides, 

carbohydrates can be useful for the indicated aim. That is why it is necessary to design specific 

nanoparticles that are capable of the selective detection of the specific saccharide motifs and will 

be able to remove various bacterial strains.  

 

With the usage of the indicated approach, several aspects need to be fulfilled: availability should 

be broad, surface functionalization should be stable, dispersibility on aqueous solutions should be 

stable as well, medical and environmental nanoparticles should be benign. The material that is 

able to maintain indicated requirements is nanoscale diamond (ND). It is available in rather big 

amounts, it is hydrophilic, can be used (functionalized) in different ways and it is also safe and 

biocompatible. It has some advantages in comparison with other nanoparticles and objects, for 

example, carbon nanotubes and polymer NP, since it is an inert particle and will not well in any 

other solvents, it can be used on labeling applications, can stand high temperatures (it is thermal, 

up to 4508 C), has very low toxicity and shows stability in terms of mechanics.  

 

Glyco-nanodiamonds (glyco-NDs) are only described in few reports (4-7) . Multistep reaction 

was presented by Krueger and his colleagues, specifically in Diels–Alder cycloaddition of 1,2-

dimethylbromide phenol to the ND surface, followed by a classical aromatic sulfonation and 

reduction to thiol (5). For allyl-modified glycans in a “thiol-ene” type reaction, thiol-modified 

NDs were used as anchors and it allowed efficient detection and removal of bacteria that are 

considered to be pathogenic. Inhibition of bacterial adhesion was presented more recently and it 

occurs due to the potential stored in thiourea-bridged ND glycoconjugates (6). Glyco-NDs were 

constructed via the propargyl-terminated sugar components to azide-functionalized NDs 

conjugation (4), together with azide-terminated sugars to propargyl-terminated NDs conjugation 

(4, 8). As result, we were able to show that glyco-NDs inhibit type 1 fimbriae-mediated yeast-

agglutination bind in a sugar-selective manner with human bladder-cell adherence. Consequently, 
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indicated inhibitory efficiency of the ND-mannose was higher than other glycan-modified 

particles and nanostructures directed against E. coli.  

 

This passage reports and presents the application and synthesis of a new, saccharide-modified 

ND material, which is capable of detection of bacteria. The construct itself, which is considered 

to be synthetic, consists of a nanoscale diamond core (Figure 2.1a) and is adjusted with the 

linker moiety that allows photoinduction of covalent attachment to unmodified sugars (Figure 

2.1b). Interaction of glycosylated ND is possible with the bacterial cells, for example, fluorescing 

E. coli (Figure 2.1c, d), which occurs because of the certain interactions of protein–carbohydrate. 

It is a typical bacterial function to bind with the carbohydrates that are usually utilized in order to 

attach to their target cells via glycosylated surface. It can eventually lead to the infection of the 

entire host organism and also lead to the formation of biofilms.  

   

In order to perform adhesion effectively, the majority of bacteria have hairy protein appendages 

that are usually named pili or fimbriae. Indicated parts of the bacteria expose protein domains and 

are also functioning as lectins and are able to mediate interaction of molecules with the certain 

carbohydrates for which their selectiveness is usually shown. Type 1 fimbriae are organized the 

best and are able to recognize terminal α-D-mannoside units with the high specify in high-

mannose type glycoproteins on the host-cell surface. The unit responsible for the mannoside 

binding, is a lectin domain and is located on the fimbral tips and is called FimH. Throughout the 

family of Enterobacteriaceae, Type 1 fimbriae are very common and include highly pathogenic 

strains of EHEC and UPEC. As a result, we have chosen mannose specificity of the bacterial 

binding as an object of investigation and research the role of glycosylated ND in removal and 

detection of the bacteria.  

 

The aim of the work is to create photochemical strategy that will be useful for the formation of 

different glyco-NDs. In case when created glyco-NDs will maintain their affinities to lectins, 

cross-selective and binding studies were performed with the usage of fluorescently labeled lectins 

in order to determine the validity. Indicated study may have one drawback that is presented in the 
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non-specificity of the coupling reaction, when the glycans to NDs’ attachment is not happening 

with the usage of the reducing ends. We will also show that when monosaccharides such as 

mannose are linked, binding affinities of glyco-NDs to lectins are partially sacrificed, while it is 

fully preserved for binding of disaccharides and oligosaccharides. Moreover, it was checked 

whether glyco-NDs are capable of presenting affinity to uropathogenic Escherichia coli strain (E. 

coli UTI89). Type 1 fimbriae have been identified as the main target, which constitute major 

virulence factors produced by E. coli UTI89. Type 1 fimbriae have tubular structure in the size of 

0.2-2.0 nm in length and 5-7 nm in diameter and they are located all over the surface of the 

bacterium. On the extremity of the type 1 fimbriae, lectin is located, FimH, it contributes to the 

colonization of tissue through the specific recognition of The α-D-mannopyranosyl terminal units 

that are located on the glycoproteins surface of the cell. Mannose-modified NDs exhibit anti-

adhesive activity for E. coli UTI89 that marked and cell-based assays do not display toxicity for 

the eukaryotic cells (4, 7). Cu
I
-catalyzed Huisgen cycloaddition reaction (“click” reaction) 

between NDs decorated with surface azidophenyl or propargyl functions and the corresponding 

synthetic sugar analogue was used as a base for the coupling strategy. Fluorescence-based 

agglutination assay was used in order to investigate potential of photochemically grafted native 

mannan and mannose in the interaction with E. coli UTI89 (6).  

 

2.2. Synthesis of glycol-NDs via photoactication of perfluorophenyl- azide-

modified NDs 

We have indicated previously that dopamine is known for having significant interactions with 

various oxides of metal and structures that are graphene-like and it is an agent that is viable for 

the nanodiamonds’ functionalization (8, 9). Synthesis of a dopamine derivative of 

perfluorophenylazide (1) was performed through the reaction of the N-succinimidyl 4-

azidotetrafluorobenzoate with the amine groups of dopamine (Figure 2.1a). Functionalization of 

hydroxylated nanodiamonds (ND-OH) was performed via ligand (1) (Figure 2.1b). ND particles 

that were functionalized could be characterized with the Fourier transform infrared (FTIR) 

spectroscopy (Figure 2.2a) and X-ray photoelectron spectroscopy (XPS) (Figure 2.2b). The 

spectrum of the FTIR of the as-received ND-OH (Figure 2.2a) presents a high measure at 3447 
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cm
-1 with the reference to the vibration of surface hydroxyl groups or/and adsorbed water 

molecules, and an additional sharper one at 1633 cm
-1  due to the bending mode d(OH) of surface 

hydroxyl groups on the NDs. In addition, the band at 1107 cm
-1 shows the presence of C-O-C - 

functional groups of cyclic ethers. After ND-OH particles reacted with ligand (1), another 

vibration peak at 2125 cm
-1 common for the νas(N3) stretching appears. The C-H stretching 

vibration modes are detected at 2850–2970 cm
-1 and are partially masked with the large band at 

3447 cm
-1

. The band at 1546 cm
-1 must be linked to the NH-C=O bond that is present in ligand 

(1). The azide group presence on ND-PFPA is additionally confirmed by the N1s high resolution 

XPS spectrum (Figure 2.2b).  

 

(a) 

 

(b) 

 

 

 

(c) 
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Figure 2.1: a) Synthesis of perfluorophenyl azide modified dopamine (1): (i) NaN3, 

acetone/water, 90C, 2h, 85%; (ii) NaOH, water, 3h, RT, 90%, (iii) NHS, DCM, RT, overnight, 

95%, (iv) dopamine hydrochloride, TEA, DMF, RT, argon, 91.4%. b) Modification of ND-OH 

with ligand (1) forming NF-PFPA. c) Formation of glycol-NDs through the photochemical 

linking of mono-, di-, and a polysaccharide onto NDs. 

Bands at 405.2 (Ar N=N
+ 

= N) and 401.9 eV (Ar N= N
+ = N), characteristic for the N 

contribution of the NH C=O linkage is seen at 400.6 eV. Bands at 402.7 and 399.2 eV are also 

present in the initial ND-OH. It most likely corresponds with the nitrogen functions, for instance, 

N-O and C-N were probably generated during the process of detonation of trinitrotoluene with 

the NDs’ formation. Table 2.1 presents the results where nitrogen content has 1.5 at % and 

possible may be in charge of the positive surface potential of ND-OH (Table 2.1), which was 

also reported in different studies. In ND-PFPA particles, the presence of N 1s was increased to 

8.4 at % with a F/(N-1.5) ratio of 1.28, which is near the theoretical measure of 1.33. In order to 

make sure that conjugates are stable and dopamine ligand will not be detached after certain 
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period of time, ND-PFPA particles were immersed for 24 h at various pH (3, 7, and 9) as well as 

in biological medium such as Dulbecco’s modified Eagle medium (DMEM) and the FTIR spectra 

were recorded. 

 

 

 

 

Table 2.1: Physical properties of the NDs modified with ligand (1) 

 

As it is indicated in the (Figure 2.2c), no strong lowering of the νas(N3) band at 2125 cm
-1

 was  

observed due to immersion into solutions of different pH, and only a slight decrease was 

observed when incubated in biological medium. 
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Figure 2.2: a) FTIR spectra of ND-OH (black) and ND-PFPA (red). b) N 1s high-resolution XPS 

spectra of ND-OH (black) and ND-PFPA (red). c) FTIR spectra of ND-PFPA after immersion for 

24 h in pH 3, pH 7, pH 9 buffer, and DMEM. 

 

The ether bond between the diamond surface and the aromatic ring of dopamine can be 

considered as stable in comparison with the organic molecules that take place within the 

indicated period of time with no hydrolysis. Photochemical linkage of glycans to NDs is better 

than the photochemistry of arylazides that are converted to the reactive nitrenes because of the 

light activation (Figure 2.2c). Nitrenes that are highly reactive are capable of the direct 

interaction with any type of glycan due to the C-H and/or N-H reactions of insertion and create 

highly robust covalent linkage. Mono-, di- and a polysaccharide were photochemically integrated 

into ND-PFPA particles (Figure 2.2c) using the mixture of the solution of ND-PFPA in 

acetonitrile with aqueous solutions of the respective glycan, and irradiating the mixtures at 365 

nm for 30 s at 2 mW.  

 

Representative FTIR spectrum of mannan-modified NDs and mannose are presented in Figure 

2.3 A and show that characteristic N3 vibration band at 2128 cm
-1

 completely disappears, which 

in its turn suggest consummation of all azido groups in the photochemical process. The band at 

1633 cm
-1 due to the bending mode ∂OH increased significantly in the case of ND-mannan. 

 

The N 1s XPS spectra after photochemical linking of mannose also changed significantly. The 
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conversion of the azide group into C-N bonds is proved by the disappearance of the bands at 

405.2 (Ar N=N
+
 = N) and 401.9 eV (Ar N=N

+ = N) and the appearance of a band at 400.6 eV due 

to the formation of C-N bonds. The presence of F 1s signal at 686 eV is an additional indication 

of the formation of ND-mannose (Figure 2.3c).  

 

To validate further the covalent linking of the glycan to ND-PFDA, a solution of ND-PFPA in 

acetonitrile was mixed with an aqueous solution of mannan and left for 24 h. The characteristic 

N3 vibration band at 2128 cm
-1 was still present on ND-PFPA and that confirmed the glycan 

interaction with the dopamine ligand on the NDs. Representative transmission electron 

microscopy (TEM) images of ND-mannose and ND-mannan (Figure 2.3d) show the presence of 

spherical particles with a mean diameter of 24 nm for all structures, regardless of the glycan 

presence on their surface. 
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Figure 2.3: a) FTIR spectra of ND-mannose (black) and ND-mannan (grey); b) N 1s spectrum of 

ND-mannose, c) F 1s spectrum of ND-mannose, d) TEM images of ND-mannose and ND-

mannan. 

 

The amount of glycans that were gradually integrated into the ND-PFPA was analyzed as well 

with the usage of the well-established phenol–sulfuric acid assay and that was proved to be 

glycan dependent (Table 2.2).  

 

Table 2.2: Physical properties of different glycan-NDs 

ND-mannan

20 nm

ND-mannose

20 nm
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Talking about mannose, it should be noted that the loading of sugar can be compared to the 

mannose-ND that were formed with the usage of “click”. Disaccharide-modified NDs has the 

amount of incorporated saccharides which is almost twice higher than in mannose and the highest 

loading of sugar was common for mannan-NDs. 

 
2.3. Lectin binding assays   

The affinity binding study was focused on the glyco-NDs that has a range of fluorescently labeled 

lectins (Figure 2.4). FITC-labeled Concanavalin A from Canavalia ensiformis (Con A) and 

FTIR-labeled Lens culinaris (LENS) are actually specific to mannopyranoside and were used in 

terms of the positive controlling. For the negative control for glucose-, mannose-, sucrose-, 

maltose- and  mannan-modified ND particles, the α-D-galactopyranose specific Arachis 

hypogaea (PNA) was used, while Con A and LENS were negative controls for galactose-

modified NDs. It is expected for Lactose-NDs to interact with all lectins since indicated 

disaccharide is retrieved from the condensation of galactose and glucose-forming ß-

(1→4)glycosidic linkage.    

With the usage of the fluorescence intensities that were recorded after the interaction of glyco-

NDs solutions within 30 min with different lectins confirm that the binding affinities of the 

photolinked sugars are congruent with the expected binding characteristics for each lectin. 
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Several times larger fluorescence signals were shown by mannose-modified NDs during the 

incubation with the Con A and LENS in comparison with the incubation with PNA because of 

the higher binding affinity. 
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Figure 2.4: Fluorescence intensities evaluated using FTIC-labeled lectins after reaction with 

glycan-terminated NDs in a 1/1 ratio (1 mg mL
-1 ) in tris buffer solution (pH 7.4 containing Mg

2+
, 

Ca
2+

, NaCl): Fluorescent measurments were performed using an excitation wavelength of 485 nm 

and an emission wavelength of 520 nm; the results are derived from the data of 4 independent 

experiments.   

However, the results were identical for the fluorescence intensity recorded for mannose-NDs in 

the presence of FITC-labeled PNA that was measured with the ND-OH. Indicated level of 

fluorescence tends to be most likely linked to non-specific protein interaction with the surface of 

the particle. Opposite behavior is shown by galactose-modified NDs: strong fluorescence due to 

the incubation with PNA and weak with Con A and LENS lectins. The fluorescence signal upon 

incubation is strongest for LENS, lower for Con A, and weak for PNA when we are talking about 

glucose-NDs. The tetrameric lectin Con A was next to mannose and reported binding site specific 

to glucose, with a lesser extent. Correlation to the indicated difference in affinity of the lowered 

fluorescence signal upon incubation of glucose-ND is found due to the comparison with Con A 

binding to glucose-ND specific LENS. 
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Figure 2.4: Fluorescence intensities evaluated using FTIC-labeled lectins after reaction with 

glycan-terminated NDs in a 1/1 ratio (1 mg mL
-1

) in tris buffer solution (pH 7.4 containing Mg
2+

, 

Ca
2+

, NaCl): Fluorescent measurments were performed using an excitation wavelength of 485 nm 

and an emission wavelength of 520 nm; the results are derived from the data of 4 independent 

experiments.    

For further investigation of the indicated coupling method, together with the specificity of the 

glycans, disaccharide and polysaccharide that are surface-bonding, they were photochemically 

linked to ND-PFPA in order to determine their affinity to the three lectins. Lactose-NDs with 

PNA or LENS interaction resulted into the twice more of the fluorescence signal for PNA. It 

means that this disaccharide tends to be coupled with the NDs through its glucose end.  For 

sucrose-NDS (a disaccharide that is composed of glucose and fructose) no interaction with PNA 

was noticed, while the interaction with glucose-specific Con A and LENS was higher, meaning 

that some of the sucrose is linked via the fructose end to ND-PFPA. With the usage of maltose-

ND, two-unit glucose disaccharide formed with an α-(1→4) bond, strongly binds with the Con A 

and LENS, which is stronger than the bind that was observed with mannose. The strongest 

interaction with Con A and LENS are observed with mannan-modified NDs: these particles 

showed a three times higher sugar loading than mannose-NDs, which correlates to an 

approximately three times larger fluorescent signal.  
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2.4. Effect of mannose-NDs and mannan-NDs on agglutination of E. coli 

UTI89 strains  

2.4.1. Fluorescence-based agglutination assay in the presence of mannose and mannose-NDs  

The next step was the examination of mannose-NDs and mannan-NDs affinity to uropathogenic 

E. coli UTI89. As it was already mentioned, FimH, a lectin located at the extremity of type 1 

fimbriae, is a major virulence factor produced by E. coli  UTI89, which contributes to the 

colonization of tissue due to its specific recognition of the terminal α-D-mannopyranosyl units 

present on cell-surface glycoproteins. Interference of the interaction became possible due to the 

mannose-modified NDs that was formed by “click” as a chemistry of propargyl and/or azide-

modified mannose derivatives. In order to research the potential of the mannose-NDs that were 

formed photochemically, it was necessary to check whether indicated particles show increased 

agglutination effects to E. coli UTI89 in comparison with the free mannose in solution. For the 

mentioned purpose, fluorescence-based agglutination assay was used (34). It is mainly grounded 

on the mixture of different concentrations of mannose and mannose-NDs with fluorescently 

labeled E. coli UTI89 formed through genetic modification to express turbo FP635 (Katushka) 

fluorescent proteins, emitting at 635 nm (upon excitation at 580 nm). Diverse fluorescence 

images of Katushka expressing E. coli after interaction for 4 h at 4 °C with different 

concentrations of mannose-NDs (1–300 mg mL
-1

) are presented on (Figure 2.5). 

 

For this purpose, the influence of ND-OH and mannose in solution was researched as a 

controlling aspect. These agglutination tests show that mannose, as expected, shows no E. coli 

UTI89 agglutination in the tested concentration range. In comparison with the free mannose in 

solution, mannose-NDs display a concentration dependent agglutination behavior at a minimal 

concentration of 50 mg mL
-1

.  
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Figure 2.5: Fluorescence-based agglutination assay for: Fluorescence images of Turbo FP635 

(Katushka protein) expressing E. coli UTI89 (1 10
8 cfu ml

-1 ) in the presence of different 

concentrations of mannose, in the absence of particles (no particles) and in the presence of ND-

OH (100 mg mL
-1 ) and different mannose-NDs (the values correspond to total mannose 

concentration in the solution and is directly comparable with the results of free mannose). 

   

2.4.2. Fluorescence-based agglutination assay in the presence of mannan and 

mannan-NDs  

Furthermore, in a comparable manner,  the agglutination behavior of mannan and  mannan-NDs 

were investigated.  A cell-wall component of microorganisms is called Mannan, which consists 

of d-mannose residues expanded by α-(1→6)-, α -(1→3)-, α -(1→2)- linkages. Park with the 

colleagues described the formation of carboxylic mannan-coated iron oxide nanoparticles to 

target antigen-presenting cells (APCs), including macrophages, by the specific interaction 

between the mannose ligand and the mannose receptors on APCs.  Mannan was chosen as an 
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integral component in NDs in order to take advantage of the predicted high binding affinity 

towards E. coli UTI89 because of the presence of multiple mannose ligands in this 

polysaccharide. 

 

(Figure 2.6) presents the results of mannan and mannan-NDs addition to a solution of E. coli 

UTI89. In contrast to mannose only (Figure5), addition of 100 mgmL
-1 mannan reveals partial E. 

coli UTI89 agglutination. Moreover, mannan-ND particles have an ability to agglutinate E. coli 

with an onset at concentrations as low as 10 mg mL
-1

. Indicated statement corresponds with the 

usually presented multivalence of mannan on nanoparticles. 

 

Figure 2.6: Fluorescence-based agglutination assay for: Fluorescence images of Turbo FP635 

(Katushka protein) expressing E. coli UTI89 (1 10
8 cfu ml

-1
) in the presence of different 

concentrations of mannan, in the absence of particles (no particles) and in the presence of ND-

OH (100 mg mL
-1

) and different mannan-NDs (the values correspond to total mannan 

concentration in the solution and is directly comparable with the results of free mannan). 
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2.5. Conclusions 

In conclusion, it should be stated that we have presented that photochemical linking of 

unmodified mono-, di-, and polysaccharides to nanodiamond particles pre-modified with 

perfluorophenylazide ligands is a general method for coupling underivatized carbohydrates to 

diamond nanostructures. The coupling method that is based on photochemically induced CH 

insertion is considered to be fast and is capable of providing a high coupling yield. Furthermore, 

the resulting glyco-NDs maintained their predicted binding affinity and specificity towards their 

partner lectins. Obtained results correspond to the previous researches that were conducted for 

the description of the effectiveness of photochemically formed glycan surfaces to the selective 

interaction with specific lectins. The generality of photochemical approach of forming glyco-

NDS was additionally demonstrated via the formation of different disaccharide and a 

polysaccharide modified NDs. It should be noted, however, that with the usage of the 

disaccharide-modified NDS, lactose preferentially couples through the glucose end to NDs, while 

with the usage of sucrose, the fructose end has a tendency to bind photochemically. The main 

reasons for such a behavior are yet to be researched. “Click” chemistry approaches demonstrate a 

higher control degree for anchoring disaccharides onto particles. However, indicated limitation is 

not common and is not present in polysaccharides such as mannan and the it is believed to be 

used only for such kinds of glycans. It became one of the main reasons to research the potential 

of mannan-NDs’ interaction with E. coli U TI89. With the usage of the fluorescence-based 

agglutination assay, it was showed that mannan-NDs display E. coli agglutination at 

concentrations of 10 mg mL
-1

, which is much lower than for free mannan and mannose-NDs. 

Taken together, the findings presented here show that such nanostructures should be further 

developed and evaluated as potential anti-adhesives for countering bacterial colonization and 

infections in vivo.  
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CHAPTER III 

Menthol modified nanodiamonds and their antibacterial properties 

3.1. Introduction 

Public health is often threatened by bacterial infections. A lot of effort was put into the 

development of the methods that are rather sensitive and quick, they also allow to identify 

pathogen strain, together with the destruction or inhibition of pathogens and their actions (1-3). 

Even though, many mechanisms of the bacteria infection are already discovered, nanostructured 

materials are still not capable of displaying properties and features against the biofilms (1, 4, 5) 

and therefore the development of antibacterial nanostructures is still a crucial task for the modern 

science. One of the effective solutions against bacterial infections is considered to be the usage of 

nanoparticles (6, 7). Indicated structures are capable of delivering polyvalent effects on the 

concentration of antibacterial agents and their surface functions. Enhanced efficacy can be 

presented with the usage of materials that are considered antibacterial, for example, silver (8, 9). 

Regardless of the presence of some successful studies (10), general activity is dependent on the 

shape and size of the particle, smaller parts of which can demonstrate higher activity (11, 12). In 

addition, some statements about the cytotoxic effects of silver nanoparticles on human body were 

presented (13). Furthermore, due to the usage of Ag NPs, the loss of antibacterial activity by the 

aggregation can be noticed (14).  

Nanodiamond particles (NDs) can be considered as an alternative compound for the indicated 

purpose. NDs have several advantages over the carbon-based materials, for example, fullerenes 

and carbon nanotubes, and are the following: they are optically transparent, completely inert, can 

be functionalized in many ways, biocompatible depending on the way of application (15, 16). 

Their surface characteristics in vivo define their toxicity (17), and particles of ND are not toxic 

for cells (17, 18) and can be used in different biomedical applications. In the recent studies, 

antibacterial activity of diamond particles (19, 20), together with their potential of interference 

with the biofilm formation (1), were already presented. Anti-adhesive strategy is mainly 

dependent on the interfering with type 1 fimbriae-mediated mannose recognition events (21). 

Indicated disrupting activity of biofilm was not present in the observations of other glyco-
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nanoparticles (glyco-NPs) such as glycofullerenes, gold-based glyco-NPs or for other multivalent 

mannose-derived molecules (2, 22). Wehling et al. during their research came up to the 

conclusion that bactericidal activity of diamond particles is directly linked to their surface 

chemistry, which becomes the main ground and force for antibacterial effects (20).   

In Chapter II, we have highlighted the potential of mannose modified diamond particles to 

interfere with biofilm formation (21). Motivated by these results, we investigate in this chapter 

the antimicrobial properties of nanodiamonds modified with menthol (Figure 3.1). Menthol, also 

known as mint camphor, is a naturally occurring cyclic terpene alcohol of plant origin, which has 

been used since antiquity for medicinal purposes (23, 24). It is a major constituent in the essential 

oils of Mentha Canadensis L. (cornmint) and peppermint possessing well-known cooling 

characteristics and a residual minty smell of the oil remnants from which it was obtained. Several 

studies have additionally demonstrated that next to effect of sensory parameters, menthol has 

antibacterial and antifungal activity (25, 26). However, the antimicrobical activity was reported to 

be lower compared to antibiotics such as penicillin (27). More recently, Imbert and co-workers 

showed the in vitro activity of terpenes, including that of menthol, against Candida biofilms (28). 

We show here that ND-menthol particles affect moderately S. aureus and E. coli growth in a 

concentration dependent manner. In addition, the ND-menthol particles are found to inhibit S. 

aureus and E. coli-driven biofilm growth significantly.  

 

Figure 3.1: Menthol modified diamond nanoparticles  

3.2. Synthesis and physico-chemical properties of ND-Menthol particles  

As a reliable strategy to design antibacterial materials, covalent linking of antibacterial agents to 

surfaces has been considered (29, 30). We performed for the covalent linking of a carboxylic acid 
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modified menthol derivative (1) to the hydroxyl groups of ND particles via the reaction of 

esterification, aiming to determine the properties of the menthol modified ND particles that are 

considered to be antibacterial (Figure 3.1). Fourier transform infrared spectroscopy (FTIR) 

allowed successful integration of menthol moiety onto ND (Figure 3.2A). ND-OH particles show 

a broad peak at 3400 cm
-1 

assigned to the vibration of surface hydroxyl groups or/and adsorbed 

water molecules, and an additional sharper one at 1633 cm
-1 

due to the bending mode δ(OH) of 

surface hydroxyl groups on the NDs. Furthermore, the band at 1107 cm
-1 

is indicative of the 

presence of C-O-C- functions of cyclic ethers. The FTIR spectrum of the ND-menthol particles 

displays in addition to bands at 3400 cm
-1 

(vibration of surface hydroxyl groups or/and adsorbed 

water molecules,) 1633 cm
-1 

(bending mode of surface hydroxyl groups) and 1107 cm
-1 

is (C-O-

C- functions of cyclic ethers), a band at 1717 characteristic of the C=O stretching of the installed 

ester function. The C-H stretching vibration modes in menthol are seen between 2850-2970 cm
-1

.  

TEM images of ND-menthol particles (Figure 3.2B) show that spherical particles with a size 

distribution in the range of 15±5 nm in diameter are present. The hydrodynamic diameter of ND-

menthol particles is 92 ± 10 nm, comparable to that of ND-OH (89 nm) with a zeta potential of 

29.5 ± 0.5 mV, slightly lower than that of ND-OH (35.3 ± 1.6 mV) (Table 3.1).  

In order to get more information regarding the strength of the bonding between menthol 

derivative (2) to the surface of ND-OH particles, thermogravimetric analysis of ligand (2), ND-

OH and ND-menthol particles were used (Figure 3.2C). The TGA thermogram of the as-received 

ND-OH particles indicates that they are stable up to 550 °C without any significant loss of 

mass(31, 32). TGA measurements show a weight loss of ≈ 7.45 % above 95 °C mainly because 

of the absorbed water. Menthol derivative (2) decomposes beyond ≈150 °C. The removal of the 

covalently linked menthol derivative (2) shows its decomposition at temperatures above ≈200 °C. 

The weight loss between 200 -300 °C corresponding to the removal of the menthol acid (1) is 

around 58 % indicating a surface loading of menthol derivative (2) of 2.1±0.2 mmol g
-1

.  
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Figure 3.2: (A) Schematic illustration of the stepwise chemical functionalization of 

nanodiamond particles (ND) to give the target ND-menthol cluster together with synthetic route 

to menthol derivative (2): (i) succinic anhydride, 4-DMAP, CHCl3, reflux, overnight, 84 %; (ii) 

NHS, DCC, CH2Cl2, r.t, overnight, 95%; (B) FTIR spectra of ND-OH (black) and ND-menthol 

(red); (C) Transmission electron microscopy (TEM) images of ND-menthol particles together 

with histogram of particle size distribution; (D) Thermogravimetric analysis of and menthol 

derivative (2) (green), ND-menthol (red) and ND-OH (black). 

Table 3.1: Physico-chemical properties of of ND-OH and ND-menthol. 

 
 

Hydrodynamic 

diameter (nm) 
PI

a
 

Zeta potential 

(mV) 

 
ND-OH  89 ± 13 0.246 ± 0.002 35.3 ± 1.6 

 

ND-menthol  92 ± 10 0.232 ± 0.015 29.5± 0.5 

 
 

 

3.3. Antimicrobial activity of the ND-menthol particles 
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The testing of the ND-menthol particles in terms of the formation and growth of the 

pathogens and bacteria induced biofilm, Gram-positive S. aureus and Gram-negative E. coli were 

used as model organisms. The usage of the indicated bacteria is justified by the following 

reasons: S. aureus are extremely versatile pathogenic bacteria that cause a wide range of 

syndromes, ranging from minor skin and soft tissue infections to life-threatening pneumonia (33, 

34). Gram-negative E. coli bacteria that are often used as a control organism in microbiological 

assays, are present within the gastro- intestinal (GI) tract, or as an intra- or extra-intestinal 

pathogen. Most of the modern antibiotics are taken orally, and that is why it is important to 

research effect of the compound on the normal GI flora. The disruption of the GI flora is rather 

common, however, complete removal of strains or a significant change of the required 

proportions of the constituent organisms might lead to opportunistic infection by E. coli, or any 

other organisms. Main factors of virulence that are associated with this organism are presented in 

the attachment of pili that facilitate adherence to the mucosal lining of the GI or urinary tract 

(35).  

In order to research the level of the antimicrobial activity of the ND-menthol particles, they need 

to be placed against the already known bactericide agents in order to give a positive control. 

Using a range of 10 common antibiotics at a concentration of 1 μg ml
-1

, an antibiotic sensitivity 

test was conducted. The way different antibiotics reacted towards E. coli growth was presented 

by the usage of the standard microbiological technique of measuring the size of the zone of 

inhibition around the point where the antibiotic was placed (Figure 3.3). Significantly weak 

inhibition was noticed for penicillin G, while ceftiofur and ciprofloxacin showed relatively strong 

activity. Basing on the results of the sensitivity test, as a classical antibiotic with an intermediate 

effect, ampicillin was chosen and was also used for the comparison in further experiments  

 

Presence of the ND-menthol particles at different concentrations was maintained within six-hour 

time period and the presence of the planktonic growths of S. aureus and E. coli was researched 

(Figure 3.3). The presence of unmodified ND-OH (10 μg mL
-1
) and ampicillin (10 μg mL

-1
) was 

used as a control method to investigate the effect of bacterial growth. Figure 3.3A shows that 

while ND-OH particles do not influence the planktonic growth of S. aureus, ND-menthol 
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particles had a concentration dependent effect on the growth of S. aureus by moderately reducing 

the growth of the Gram-positive pathogen. However, with the highest concentration tested, the 

presence of antibiotic significantly reduced the growth of S. aureus.  
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Figure 3.3: (A) Antibiotic action on E. coli growth on agar plates; (B) . Growth curve of  S. 

aureus and  E. coli in the presence of ND-OH (10 µg mL
-1

), ampicillin (10 µg/mL) and ND-

menthol at 1, 10 and 100 µg mL
-1

. 
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For E. coli, similar behavior was observed (Figure 3.4B). During the first 2 hours, inhibition of 

the E. coli growth was present even with low concentrations of ND-menthol and was 

compromised after allowing the planktonic growth of E. coli. LIVE/DEAD test (Invitrogen), by 

following the instructions of manufacturer, was used to investigate the effect of ND-menthol on 

the growth of S. aureus and E. coli. The fluorescence images in Figure 3.4 show cell growth for 

S. aureus and E. coli in the absence (control) and presence of ND-menthol (100 μg/mL) and after 

being stained with the LIVE (green)/DEAD (red) stains. 

 

Figure 3.4: Viability of S. aureus and E. coli imaged by the LIVE/DEAD
®
 BacLight™ assay (x 

40 magnification) (a) control E. coli (no NDs present); (b) ND-menthol. Green fluorescence 

indicates live cells while red or yellow fluorescence indicates dead or compromised cells. 

indicates live cells while red or yellow fluorescence indicates dead or compromised cells 

Obtained results allow to state that ND-menthol particles do not alter the bacterial viability of S. 

aureus and E. coli. and can be considered as non-toxic. Toxic effects on the structures of the 

membrane were used to explain antimicrobical activity of menthol, however, exact mechanism of 

action are not yet fully researched (25). Menthol effect on the cell permeability is described by 

penetration between the fatty acid chains making up the membrane lipid bilayers, disrupting lipid 

packaging and changing membrane fluidity. Indicated process results into the alteration of the 

surface, together with the morphological modifications of gram-positive and gram-negative 

bacteria and in leakage of intracellular materials. Linking of menthol to ND particles seems to 

limit bactericidal activity of menthol. Antibacterial effect of diamond particles is usually 

described via its zeta-potential, meaning that particles with positive potential demonstrated no 

effect, but those with negative zeta potential were shown to disrupt the cell wall and cytoplasmic 

ND-menthol (100 µg mL-1)

S. aureuscontrol E. coli



55 | P a g e  
 
 
 
 

membrane to release the cytoplasm from the cell (36). ND-OH particles and ND-menthol should 

have positive zeta-potential (Table 3.1). According to Wheling et al .(20), antibacterial activity 

of NDs is linked to the presence of partially oxidized and negatively charged surfaces, 

specifically those containing acid anhydride groups: they were able to obtain indicated statement 

due to the research of the bactericidal activity of partially oxidized NDs. Basing on the FTIR 

image of ND-OH and ND-menthol particles (Figure 3.2A), the presence of acid anhydride 

groups with an absorption band at around 1850-1750 cm
-1 

is not visible explaining in addition the 

presence of viable bacteria.  

There were strong reasons to believe that ND-menthol particles might affect the adhesion 

capacitance of the pathogens, even though ND-menthol particles were found to not interference 

with the development of the planktonically growth of S. aureus and E. coli (28). That is why 

there was a need to investigate potential of the different nanostructures to inhibit S. aureus and E. 

coli biofilm formation further. For S. aureus, dose-dependent inhibition of biofilm formation was 

present for ND-menthol particles: the results are shown on Figure 3.5A. In all cases, for ND-

menthol particles, strong biofilm inhibition was observed. 
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Figure 3.5: Biofilm formation of (A) S. aureus and (B) E. coli in the absence and presence of 

ND-menthol (1, 10, 100 µg mL
-1

), ND-OH, ampicillin (1 µg mL
-1

) and menthol (100 µg mL
-1

). 

 

 At a particle concentration of 100 μg mL
-1 

the inhibition of biofilm formation was almost equal 

to the effect of the antibiotic ampicillin that was used in the study. Free menthol (100 μg mL
-1

) 

did not present any significant inhibition of the biofilm. ND-OH particles are capable of showing 

rather moderate inhibition of biofilm at even higher concentrations. One of the possible reasons 

for the increased biofilm inhibition effect of ND-menthol over free menthol is most likely 

presented in their more efficient harnessing of a multivalent effect. The difference might also be 

driven by the intrinsic physiochemical properties of the NDs. More detailed studies are needed in 

order to fully describe menthol modified NDs’ antibiofilm activity, but indicated alteration in 

bacteria membrane fluidity in the presence of menthol (25) seems to reduce the adherence 

capacity of S. aureus. This is also relevant for E. coli biofilms. For E. coli, ND-menthol particles 

can be compared in terms of effect with ampicillin, even at the lowest levels of concentration 

(Figure 3.5B), together with the high ND-menthol concentrations resulted in strong biofilm 

inhibition.  

 

3.4. Conclusions 

This thesis was aimed at the demonstration of the menthol-conjugated nanodiamond effects on S. 

aureus and E. coli-mediated biofilm formation. The strategy of conjugation was based on the 

formation of an ester bond between the hydroxyl groups of ND and the carboxylic acid group of a 

synthetic menthol derivative (1) proved to be highly efficient for the coupling of the antibacterial 

agent. It was noted that ND-menthol particles are capable of effective prevention of bacterial 

adhesion of Gram-negative and Gram-positive bacteria, and it is consistent with our earlier 

findings that integration of a biofilm inhibitor onto diamond particles has marked E. coli anti-

adhesive activity. Furthermore, none of the substances (ND-OH and menthol controls) have 

shown any anti-adhesive activity, meaning that indicated activities are clearly specific for ND-

menthol. Additionally, ND-menthol was capable of showing better inhibition in comparison with 

ampicillin even if the concentration of particles was low. It should be noted that the results 
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support driving biofilm-inhibitory activity by the presence of menthol moiety that was observed 

for the ND-menthol conjugation. 
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CHAPTER IV 

Verteporfin modified gold nanorod/SiO2 nanostructures for the 

photodynamic eradication of Escherichia coli 

4.1. Introduction 

The combination of nanostructures with light activation to kill microorganisms in a 

photodynamic and/or photothermal approach has been established over the last years as an 

alternative bactericidal method to fight against infectious diseases caused by bacteria (1, 2). Kuo 

et al. demonstrated for example the suppression of antibiotic resistant Staphylococcus aureus (S. 

aureus) bacteria with toluidine blue modified gold nanorods using a combination of photothermal 

(PTT) and photodynamic therapy (PDT) (3). While PDT is a promising method to destroy 

bacteria, gold nanostructures based PDT without PTT in parallel has surprisingly not been 

investigated so far. PDT requires the using of photosensitizer molecules (such as indocyanine 

green, methylene blue, porphyrins, chlorine e6 conjunctions, etc), which are inoffensive in the 

lack of light, in order to cause damage on irradiation at a particular wavelenghts. The resulting 

photo-toxicity is mainly due to the forming of reactive oxygen species (ROS), remarkable singlet 

oxygen, generated by electron transfer from the excited state of the sensitizer to molecular 

oxygen. Key parameters for the choice of the appropriate photosensitizer are, photothermal 

stability, cytotoxicity in absence of light, high 
1
O2 quantum yield as well as optical characteristics 

(4). The spectral mismatch between the spectrum of absorption of the photosensitizer and the 

optimum wavelenghts for tissue penetration (700-950 nm), (5) is now hindering the more spread 

using of PDT for medical purposes so far. The unique way for improving of the clinical 

efficiency of PDT is the developing and using of near-infrared (NIR) absorbing photosensitizers 

(6, 7).  
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Another approach could be to enhance the photosensitizers exciting field using field enhancement 

by metallic nanoparticles (8) along with the use of pulsed lasers (9). NIR two-photon activation is 

really attractive thanks to its deep penetration into a tissue and 3D-spatiotemporal preciseness, 

which are critical for place-specific therapy that leaves the circumscribing tissues undamaged 

(10-12). Since TP absorption cross-sectors are very little, the restraining factor for effective NIR 

TD-PDT has been the presence of appropriate photosensitizers with suitable high two-photon 

cross sector, with restrained photo-induced devaluation. Collins conducted experiences on a 

sequence of porphyrine dimers for the TP-PDT effectiveness (13). The using of photosensitizer 

verteporfin (VP), which was approved clinically,  proved to be seven times more effective than 

photofrin, because of its higher TP cross-sector is an attractive alternate (14).  

 

Similar to VP, golden nanorods (Au NRs) manifest high TP absorption cross-sectors. Their 

magnitude is almost two times higher than that of ordinary organic fluorophores (15-17).  They 

are perfect nanostructures for the photodynamic killing of pathogenic microbes thanks to their 

chemical inertness, smooth of surface modification, tunable biocompatibility and large-scale 

preparation capability.  In addition, if located surface plasmon resonance (LSPR) bands of golden 

nanorods are resonated with the absorption band of photosensitizers, the coefficient of absorption 

of the photosensitizer is largely enhanced by the immediate electric field they generate (18, 19).  

 

In this chapter, the development of silica-coated golden nanorods (Au NRs@SiO2) modified with 

VP as effective nanostructures for NIR PDT is shown. The eradication of a virulent strain of E. 

coli via PDT using a continuous wave laser (activation of one-photon) and a pulsed-two photon 

laser TP-PDT will be investigated and compared.  

 

4.2. Synthesis and photodynamic properties of Au NRs@SiO2VP  

The  Au NRs@SiO2-VP particles was achieved in three steps (Figure 4.1). Firstly, the synthesis 

of Au NRs was conducted in accordance to a surfactant-assisted and seed-mediated procedure, 

which was adapted from the works of Murphy and El-Sayed (20) and their co-authors (21), 
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followed by their covering with a silica coat, which was based on the tetraethoxysilane hydrolysis 

under primary conditions (22).   

 
 
 
 
 
 

(A) 

 
(B) 

 

 
 

Figure 4.1: Illustration of the formation of Au NRs @SiO2-VP (A) and their use for the 

inactivation of E. coli UTI89 using PDT with a CW of pulsed-mode laser (B).  

Figure 4.2A shows the SEM depiction of the created Au NRs@SiO2. The density of the silica 

stratum was estimated as 20±3nm. The approximate aspect ratio (length/diameter) of Au NRs 

was 3.5±0.3 nm, its resulted lengthwise LSPR maximum at 700 nm (Figure 4.2B). The 

availability of an additional cross vibration band at 512 nm proves the forming of prolongated Au 

NRs. Upon silica coat integration, a red shift of the lengthwise plasmon band is noticed (Figure 

pulsed

mode

CW

mode
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4.2B) in accordance with information in the literature (23). The SiO2 covering has a significant 

impact on the zeta-potential of Au NRs@SiO2. Thanks to the availability of CTAB, the surface 

load of the Au NRs opened a zeta-potential of ≈ 25±2 mV, at the same time Au NRs@SiO2 

manifests a surface potential of -16±2 mV (Table 1). The stability of the Au NRs@SiO2 under 

laser irradiation prevented the Au NRs from surface melting (Figures 4.2C). The chemical frame 

of verteporphin (VP) (Figure 4.1) with presented carboxyethyl and carboxylic groups eases non-

covalent interrelation with the silica coat via hydrogen bonds and load interrelations. 

                                             (A)                                                         (B) 

      

                                             (C)                                                         (D) 

             

Figure 4.2: (A) SEM, scale 100 nm, and (B) (UV/Vis absorption spectra of CTAB- coated Au 

NRs and Au NRs@SiO2 nanostructures; (C) Photostability of AuNRs (black) and Au 

NRs@SiO2 (blue) solution upon irradiation at 710 nm (5 W) with a pulsed titanium: saphir laser 

(TP-laser; Chameleon model, Coherent); (D) UV/Vis of Au NRs@SiO2 with embedded VP (4 

μM) together with spectrum of VP (4 μM).  
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Intensive shaking of VP (20 µM) with AuNRs@SiO2 in water/DMSO (2%) for 20 h arises 4 µM 

of VP onto AuNRs@SiO2. The Au NRs@SiO2 loading capacity for VP was assessed by the VP 

concentration measuring in this solution before and after loading onto Au NRs@SiO2. For this 

purpose, there were used spectrometric measurements UV/Vis at 695 nm, where VP manifests a 

featured absorption maximum (Figure 4.2D) (24). The potential of surface of the atoms remains 

negative (-14±2) (Table 4.1) that shows a deep union of VP with silica. This nanostructure was 

quite over 4 months at 4 °C AuNRs@SiO2-VP. The integration of VP onto AuNRs@SiO2 is also 

confirmed by the availability of complementary bands between 350-500 nm and a harsh band at 

677 nm near to the AuNRs@SiO2 plasmon bands of (Figure 4.2D).  In comparison with VP in 

watery solution, the absorption band of VP in AuNRs@SiO2 is blue-shifted, since VP is most 

likely available as monomers (24, 25).  

 

Table 4.1: Quantum yields of 1O2 and pseudo-first-order kinetic parameters determined under 

pulsed-laser light illumination at 710 nm for (A) VP (4 μM in water and methanol), 

AuNRs@SiO2 (230 pM) and AuNRs@SiO2 -VP (230 pM + 4μM) with a longitudinal plasmon 

band at ≈700 nm; (B) AuNRs@SiO2 (230 pM) and AuNRs@SiO2-VP (230 pM + 4μM) with 

longitudinal plasmon bands at ≈800 nm and 900 nm respectively under light illumination at 710 

nm. 

In order to evaluate the energy transmitting of Au NRs@SiO2-VP atoms to near oxygen 

molecules, they observed the photochemical decomposition of 9,10-anthracenediylbis(methylene) 

dimalonic acid (ABDA) (26).  Figure 4.3 depicts the reducing in optical absorption at 378 nm of 
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an ABDA solution, which contains Au NRs@SiO2-VP, as an operation of irradiation time under 

pulsed (Figure 4.3A) and CW lasers (Figure 4.3B), with Au NRs@SiO2 and VP (4 µM) serving 

as controls. Independently of the using of the laser, Au NRs@SiO2-VP nanostructures manifested 

a rapid devaluation of ABDA that reflects effective singlet production of oxygen in both 

conditions. This confirms that it is possible to use these structures for NIR TP-excitation without 

restraining, taking benefits from the highly localized nature of TP experiments (10-12). 

 

Figure 4.3: Photo-induced degradation of ABDA (10 μM) under irradiation over 20 min at 710 

nm and laser power of 0.5 W cm
-2 in absence and presence of VP (4 μM in water), VP (4 μM in 

methanol), Au NRs@SiO2 (230 pM, water) and Au NRs@SiO2-VP (230 pM+4 μM, water) 

under continous wave (A) and pulsed-mode (B) irradiation; (C) Photo-induced degradation of 

ABDA (10 μM) under irradiation over 20 min at 750 nm and 800 nm with a laser power of 0.5 W 

cm
-2

 in absence and presence of VP (4 μM), Au NRs@SiO2 (230 pM) and Au NRs@SiO2-VP 

(230 pM +4 μM) under one (C) and two-photon (D) excitation. 
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It is interesting that Au NRs@SiO2 manifested a stronger effect than free VP solution in water, 

which indicates that the nanostructure itself acts as a source of energy for PDT thanks to its 

plasmonic feature. The high effectiveness of Au NRs@SiO2-VP in comparison with the same 

concentration of VP in the solution, is assumed to be thanks to the plasmonic band of the 

nanostructures and the synergetic effects between the VP absorption band as it has been reported 

b Kuo et al (27). 

 

In order to determine the Au NRs@SiO2 and VP nanostructures potential for their using as 

antibacterial photodynamic probes, the Au NRs@SiO2-VP bactericidal character under NIR 

illumination with using of pulsed and CW lasers has been characterized. Recurring irradiation on 

Au NRs@SiO2-VP treated E. coli strains with a pulsed and CW lasers at 710 nm (1 W/cm
-2

) 

showed that Au NRs@SiO2 as well as VP of 4 µM do not inactivate E. coli UTI89, at the same 

time as infection dose of 10
4
 cfu mL

-1
 E. coli is extirpated by means of Au NRs@SiO2-VP in a 

manner, which was dependent on time. The solution temperature did not increase above 37 °C 

during the entire experiment, excluding any photothermal associated eradications (28).  

 

Figure 4.4: Treatment of E. coli UTI89 (10
4 cfu/mL) with VP (4 μM) and different Au 

NRs@SiO2-VP (230 μM) nanostructures under pulsed-laser irradiation at 710 nm and 1 W cm
-2

.  
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It has been noticed that 1-photon excitation is also able to contribute to the phototoxicity, which 

is observed in TP-PDT, thanks to the tail of the 1-photon absorption spectrum with long 

wavelenghts (29). In order to understand whether this is the case for the TP-therapy of the 

pathogenic organisms (Figure 4.4), the energy dependency on the microbial viability was 

evaluated (30). Plotting the time of irradiation, which is necessary in order to deactivate 50% of 

pathogenic organisms (t50), vs. the laser power (P
-1

) indicates a direct behavior with a direct 

regression of 2.19±0.19, which confirms preliminary a behavior of TP (Figure 4.4). TP-PDT of 

microbial contagions would therefore overcome some of the common short comiongs of 1-

photon therapy such as injury of over and underlying tissues, which are neighboring to the treated 

zone. 

 

4.3. Conclusions 

This chapter describes the development of new nanostructures for NIR two-photon photodynamic 

treatment that comprises of silica-encased golden nanorods, which have been modified with 

verteporfin, which serves as photosynthesizer. The Au NRs structures were adjusted to be 

resonated with the maximum of verteporfin absorption. It has been able to be shown that not only  

the Au NRs@SiO2–VP were photothermally firm during a long period of time, but that they 

resulted in a great amount of reactive oxygen species by irradiation at 700 nm at 500 mW cm
-2

 

with using a persistent or a pulsed laser sources. The nanostructures potential for the eradication 

of pathogenic organisms was demonstrated, depending on the wavelengths. The method of such 

approach may be considered as one of the alternate strategies for destroying of wound-infection 

antibiotic resistance. 
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CHAPTER V 

Photothermal cancer therapy with gold nanorods/reduced graphene 

oxide core/shell nanocomposites 

5.1. Introduction 

Although chemotherapy and surgery still remain the basic medicinal approaches for the therapy 

against many types of cancer, nanoparticles-based anticancer treatments have been largely 

developed during the recent years as an efficient therapy of cancers at advanced-stage (1, 2). One 

significant drawback by using therapies, which are based on drugs, particularly when they are 

taken intravenously or orally, is that the combination does not localize to a target place. This non-

specific conveyance of chemotherapeutic matters brings regular side effects to healthy tissues and 

restrains efficiency in the tumor deactivation. Targeted cancer treatment, which is based on 

nanostructures, has been developed in order to get higher levels of accuracy by certain 

concentration of the medicinal nanostructure in the cancer tumor more than in the healthy tissue. 

Golden nanostructures are certainly the most appropriate among the all nanoparticles, which are 

considered for cancer now (3, 4). The localized surface plasmon golden nanoparticles resonance 

(5) (LSPR) gives them the capability to strongly consume light at a specific wavelengths, which 

is able to be managed and adjusted by synthetic tools. Photo-excitation of golden nanostructures 

at their LSPR band can effectively turn energy of photon into heat and may be used for the 

photothermal removing of cancer cells. In contrast to spherical nanoparticles, which consume 

light in the visible area (6, 7), golden nanorods (Au NRs) move the excitation wavelengths to the 

near-infrared are (NIR) (8). The flexibility of adjusting of the lengthwise plasmon band to the 
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NIR makes it attractive for biomedical identification in vivo and treatment, since light in the NIR 

area is able to deeply penetrate into matter without large absorption and warmth generation. Au 

NRs are there for great promising in photothermal treatment (PTT) of different cancers and other 

illnesses (7, 9, 10). From the view of cancer treatment, low laser energies are important (≤1 W 

cm
-2

) in order to provide minimum side effects such as burning of skin. Many researchers 

reported that the laser intensiveness exceeded 1 W cm
-2

, (11-13) and only in last years, more 

attention has been given to this characteristic (14-16). Photodynamic and bimodal PTT cancer 

therapies are only way in order to cope with this restriction. The development of new golden 

nanostructures and hybrids with a more effective light-to-heat transition is another variant (15, 

16). The including and wrapping of golden nanostructures in graphene oxide (GO) and decreased 

graphene oxide (rGO) would be able to be a step towards this direction (17). Kohane with his co-

workers proved that rGO covered golden nanoparticles deactivate cells faster under 808 nm 

irradiation with an intensity of laser of 3 W cm
-2

, than uncovered particles do. The photothermal 

medicinal reaction of cancer cells to aptamer-modified golden nanoparticles, which were 

included in GO, has shown to ease targeted photothermal therapy in the NIR at 2 W cm
-2

. 

Recently, there was demonstrated by us the interest of rGO wrapped Au NRs for the 

photothermal removing of microbes (18). 

This thesis chapter reports that Au NRs, which is covered with pegylated rGO (Au NRs@rGO-

PEG), are perfect multi-functional therapeutic nanostructures, which are able to exert effective 

photothermal deactivation of tumors in mice on NIR light excitation and are able to operate as 

fluorescent markers of cells. Because of the specific interrelation between Au NRs@rGO-PEG 

nanostructures, which are modified with Tat protein vectors towards the direction of cells of 

human glioblastoma astrocytoma (U87MG), targeting of the tumor is got. We think that these 

nanomaterials are able to reveal new perspectives in cancer therapies thanks to the highly local 

and nontoxic method.  

5.2. Synthesis and physicochemical properties of AuNrs@rGO particles  

Synthesis of golden nanorods, which are covered with reduced pegylated graphene oxide (Au 

NRs@rGO-PEG), Figure 5.1 schematically depicts the strategy of preparation, which  is used for 
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wrapping of Au NRs with rGO-COOH, and the union of a NIR fluorescent marker with the tumor 

targeting Tat vector together. CTAB made Au NRs to be steady with lightwise surface plasmon 

centered approximately at ~800 nm were synthesized as has been shown in the previous research 

(18). Since the surface charge of CTAB-stabilized Au NRs is positive with a zeta potential of 

+40±2 mV, intensive electrostatic interrelation with negatively charged rGO-COOH (ζ =-45±2 

mV) happens (Table 5.1). 

Table 5.1: Zeta-potential of different nanostructures investigated in this work 

 

Well identified Au NRs-rGO-COOH were formed, in comparison with those, which were 

investigated by Kohane and his co-workers (17). A demonstrative SEM depiction indicates the 

successful forming of a rGO-COOH stratum around the Au NRs (Figure 5.1B).  

The availability of rGO-COOH covering around the Au NRs was later proved with spectra of 

UV/Vis absorption (Figure 5.1C). In comparison with GO, which displays a maximum of optical 

absorption at 230 nm, the Au NRs@rGO-COOH nanostructures reveal a red shifted band at 269 

nm that shows the restructuring of the state of electronic transition (π-π*) in rGO-COOH. The 

growth of intensiveness of the NIR absorption tail is an additional indicator of the availability of 

rGO-COOH. 

The approximate Au NRs aspect ratio (length/diameter) was 3.8±0.3 (Figure 5.1B) that results in 

a lengthwise LSPR maximum at approximately 807 nm (Figure 5.1C). The availability of an 

additional cross vibration band at 511 nm proved the forming of prolongated Au NRs. In the 

variant of Au NRs@rGO-COOH the lengthwise band moved to 814 nm, at the same time the 

cross band remained at approximately 511 nm (Figure 1C).  

The XPS examination spectrum of Au NRs@rGO-COOH shows bands in accordance to O1s 

(30.9 at %), Au4f (2.3 at %), C1s (66.8 at %), according to its chemical structure (Figure 5.2A). 
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The C1s XPS spectrum of high resolution (Figure 5.2B) displays four bands, at 284.5 eV (sp
2 

network), 287.9 eV (C=O), 286.5 eV (C-O) and 291.3 eV is explained by carbon species of 

higher states of oxidation, for example, carboxylic acid. The Au4f XPS spectrum high resolution 

shows two maximal values thanks to 4f5/2 and 4f7/2 at 84.0, and 87.6 eV, respectively (Figure 

5.2C). The restricting powers recorded are compatible with zerovalent Au (18). Analysis of 

Raman of Au NRs@rGO-COOH displays a band at ≈1590 cm
-1

, which is close to the pristine 

graphite band that assumes reduction of GO to rGO in this process (Figure 5.2D). The presence 

of a D band at ≈1362 cm
-1   

shows the presence of flaws in the in-plane sp
2 

domain of the species. 
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Figure 5.1: Synthesis of Au NRs@rGO-PEG-Tat/Cy7 for hyperthermic treatment of tumors. (A) 

Illustration of the preparation of pegylated fluorescently labeled, Tat-protein modified Au 

NRs@rGO-PEG-Tat/Cy7; (B) SEM image of Au NRs@rGO-COOH; (C) UV-Vis absorption 

spectra of GO (grey), Au NRs (black) and Au NRs@rGO-COOH (blue).  

The ratio intensiveness (ID/IG) of 0.69 proves the incomplete decreasing of GO to rGO (19). The 

2D band, which is located at 2694 cm
-1 

with an extra shoulder to a higher length of waves, 

assumes also ascendant multi-stratum structure. The colloidal firmness of particles of Au 

NRs@rGO-COOH in PBS (pH 7.4) was although probably restricted because of the rGO 

hydrophobicity(20) and the nanostructures, which was sediment during several days at 

temperature of room (Figure 5.2E).  
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Figure 5.2. (A) XPS survey spectrum of Au NRs@rGO-COOH, (B) C1s, and (C) Au4f high 

resolution spectra of Au NRs@rGO-COOH; (D) Raman spectrum of Au NRs@rGO-COOH; (E) 

dispersibility in PBS of Au NRs@rGO-COOH (left) and Au NRs@rGO-PEG (right); (F) TEM 

image of Au NRs@rGO-PEG; (G) cell viability of U87MG glioblastoma cells upon incubation 

with different concentrations of Au NRs, rGO-PEG and Au NRs@rGO-PEG; (H) photostability 

of Au NRs (black) and Au NRs@rGO-PEG (blue) solution upon irradiation at 808 nm (CW, 1 W 

cm
2
).  

In order to raise the Au NRs@rGO-COOH dispersibility, amino-free PEG (NH2-PEG-NH2) units 

were joint covalently to the carboxylic acid groups of rGO-COOH with the help amide bond 
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creation (18, 21, 22). Upon conjunction the obtained Au NRs@rGO-PEG displayed higher 

solvability and firmness in PBS (Figure 5.2E), which are crucial for biological applications. A 

watery Au NRs@rGO-PEG substance was stable for approximately 2 months at 4 °C without any 

visible aggregation. The TEM Au NRs@rGO-PEG depiction (Figure 5.2F) displays the 

availability of an approximately 6 nm covering about the particles.  

For this thesis, we have chosen cells of human glioblastoma astrocytoma (U87MG) as the sample 

for the experiment. Experiments on vitality of cells were carried out through incubating of the 

cells of cancer with Au NRs@rGO-PEG in the dark environment for 48 h. As Figure 5.2G 

shows, the nanomaterial manifests good biocompatibility, which was assessed via MTS analyses 

up to a particle concentration of 100 mg mL
-1

. 

One problem with using of Au NRs for PTT is their infirmness/dissolving under NIR that results 

in reduced absorbance after a particular time period of irradiation of a laser (23, 24). It has been 

revealed that in comparison to Au NRs, Au NRs@rGO-PEG turned out to be firm extremely 

under persistent 808 nm irradiation without any visible change in optical density (Figure 5.2H). 

5.3 Photothermal features of Au NRs@rGO-PEG and photothermal 

eradication cells of U87MG in vitro.  

Because of the strong assimilation of Au NRs@rGO-PEG in the NIR area, the photothermal 

nanostructures effectiveness was researched and compared with rGO-PEG and Au NRsd. Figure 

5.3A conducts a comparison of the scale of the water temperature growth in the availability of the 

various nanostructures. Upon irradiation, which uses a 808 nm NIR laser at a power density of 

approximately 0.5 W cm
-2

, the temperature of the substance rose to approximately 60 °C during 

10 minutes in the availability of Au NRs@rGO-PEG (20 μg mL
-1

). 
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Figure 5.3: (A) Photothermal heating curves of different nanostructures dissolved in distilled 

water (20 mg mL
-1

) under NIR illumination (800 nm) at 0.5 W cm
-2 for 10 min using a CW laser: 

water (blue), rGO-PEG (black), Au NRs (green), Au NRs@rGO-PEG (red); (B) change in 

temperature as a function of Au NRs@rGO-PEG concentration during illumination at 808 nm for 

10 min at 0.5 W cm
-2

.  

The temperature graphs of Au NRs and rGO-PEG at almost equal concentrations displayed the 

similar tendencies, but with less elevations of the temperature. Unlike direct water irradiation, 

which does not display any apparent growth upon laser irradiation. rGO conjunction with Au 

NRs leads to a synergistic effect and improve the general temperature growth, according to 

previous researches. As it was expected, the temperature growth of Au NRs@rGO-PEG 

substances depends on concentration and may be adjusted by using the relevant range of 

concentration (Figure 5.3B). At an concentration approximately 5 μg mL
-1

, NIR irradiation made 

a temperature groth up to ≈ 40 °C, which is suggested to be quite high for photothermal removing 

of cancer cells (25).   

In order to investigate further the Au NRs@rGO-PEG ability for cancer treatment, the 

photothermal removing of cells of human glioblastoma astrocytoma (U87MG) was carried out. 

For particular aiming, Tat peptides, which are known for their target ability towards cells of 

U87MG by final arginine that bears a positive charge, were joint to the nanomaterials in order to 

promote nanomaterial targeting towards the cell (26). Tat conjunction was obtained through 
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amide bond forming as was observed for other proteins (27, 28). The volume of Tat protein joint 

was defined by UV-Vis spectroscopy as 20 μg per 100 μg mL
-1 

of Au NRs@rGO-PEG. The 

change to a positive zeta potential (Table 5.1) from -10±2 to +15 ±2 mV shows also the 

successful integration of Tat protein.  

The U87MG photodestruction, which was made with Au NRs@rGO-PEG and Au NRs@rGO-

PEG-Tat, was performed by using a persistent wave laser at 808 nm during 10 minutes at a laser 

energy of 1 W cm
-2 

(Figure 5.4A). The cells were incubated during 4 h, rinsed, exposed to 

irradiation, then incubated during 48 h. Thereafter, examinations of a colorimetric MTS 

metabolic activity were performed in order to define the general cell viability. In the lack of 

irradiation, the cells of U87MG, which were exposed to Au NRs@rGO-PEG-Tat, do not show 

any essential cytotoxicity, independently of the accumulation used. The incubation of Au 

NRs@rGO-PEG with following laser irradiation (808 nm, 1 W cm
-2

, 10 min) displayed an 

accumulation dependent reduction of cell vitality with almost all cells (≈97 %) eradicated after 

irradiation of NIR (EC50 = 32 μg mL
-1

). With using of Tat-functionalized Au NRs@rGO-PEG, a 

lower EC50 was obtained (11 μg mL
-1

), proving beneficial effect of joint Tat vectors. It is possible 

to compare these сщтвшешщт with those сщтвшешщт, which were reported by Ghaderi and 

Akhavan for the removing of human glioblastoma cells with using of graphene nanomesh 

substances of 10 μg mL
-1 

with NIR power density of 0.1 W cm
-2 

during 7 min (10). 

Au NRs@rGO-PEG-Tat internalization into U87MG cells with high effectiveness is very 

significant for photothermal treatment. In order to prove the nanostructures uptake, a fluorescent 

dye (FITC) was further combined to AuNRs@rGO-PEG-Tat (19). After the incubating of the 

cells with 50 μg mL
-1 

Au NRs@rGO-PEG-Tat/FITC during 1, 4 and 24 hours, confocal 

microscopic pictures were obtained and displayed in the exactly same conditions in order to 

facilitate visual comparison of uptake of fluorescently labeled nanoparticles (Figure 5.4C). The 

fluorescence intensiveness is increased essentially from 1 to 4 hours with a small drop at 24 h. At 

4 h the highest distribution of Au NRs@rGO-PEG-Tat/FITC was seen over the whole cytoplasm. 

Non-vectorized nanomaterial showed, at the same time, the signal, which was much weaker. 

These researches assumed that the physico-chemical characteristics of Au NRs@rGO-PEG-
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Tat/FITC impact significantly the uptake of nanoparticles by the cells of U87MG. Thorough 

analysis displayed the highest fluorescence signal in the perinuclear area, possibly some Golgi 

complex cisternaes that a assumes an endosome-related path of consuming of nanoparticles with 

following endosome recycling in Golgi (~10000 a.u.) (Figure 5.4B). The membrane edges were 

impregnated with the nanomaterial (~ 4000 a.u.) as well, visualized by two fluorescent peaks on 

the borders of cell. The high concentration of the photothermal substance in tumor cells is 

essential and will enable effective selective photothermal warming.    

 

Figure 5.4: Cellular localization of functionalized Au NRs. (A) Photothermal U87MG cell 
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killing with Au NRs@rGO-PEG-Tat and Au NRs@rGO-PEG (detected by MTS assay, data are 

normalized to untreated cells) of U87MG cells as a function of nanomaterials concentration upon 

NIR illu- mination (CW, 808 nm) at 1 W cm
-2 for 10 min; (B) fluorescence intensity profile from 

Au NRs@rGO-PEG-Tat/FITC along the indicated line across single U87MG cell. FITC 

fluorescence is present in the cell surface (small peaks corresponding to cell margins) and in the 

perinuclear region (center) but absent in the nucleus (counterstained by Hoechst 33342). (C) 

Fluorescence microscopy images of U87MG cells incubated with Au NRs@rGO-PEG/FITC and 

Au NRs@rGO-PEG-Tat/FITC for 1, 4 and 24 h.Merged images show Hoechst 33342 (blue), 

CellMask (red) and FITC (green). All images were acquired and represented in the exact same 

condition to ease visual comparison of fluorescently labeled nanoparticle's uptake. 

5.4. NIR fluorescence imaging and biodistribution  

In order to enable tracking of the Au NRs@rGO-PEG-Tat nanohybrids in vivo, we performed 

labelling with Cy7-NHS, which is commercially available and is a generally used NIR dye 

(Figure 5.1). With analysis of the supernatant after this covalent coupling reaction with the help 

of absorption spectra (750 nm, 199000 L Mol
-1 

cm
-1

 ), it was revealed that 10 μg mL
-1 

of Cy7 

was joined onto 100 μg mL
-1 

Au NRs@ rGO-PEG-Tat.  

As a proving research, we conducted experiments with mice in vivo in order to assess the 

efficiency of the nanostructures. In order to do this, Swiss nude mice with implanted cells of 

U87MG glioblastoma (5*10
6 

cell/1 mouse) at the right side were treated by Au NRs@rGO-PEG-

Tat/Cy7 at a dosage of 150 μL of 1 mg/mL per 1 mouse (5 mg/kg) by intravenous injections into 

the tail veins (Figure 5.5A). The cells of the tumor were vaccinated in MatrigelTM, a polymer 

matrix, which becomes polymerized immediately after injection into the living organism that 

provides necessary matters in order to enable rapid growth of tumor (29). So, 18 days were 

necessary in order to obtain a tumor (of spheric shape) of approximately 500 mm
3 

in size (Figure 

5.6C), evaluated to be most optimal for the therapy.  
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Figure 5.5: Biodistribution analysis of Au NRs@rGO-PEG-Tat/Cy7 nano- particles. (A) In vivo 

NIR fluorescence images (Cy7) demonstrating distribution in the body of intravenously injected 

Au NRs@rGO-PEG- Tat/Cy7 nanoparticles after 1, 20, 48 and 120 h of injection. (B) 

Accumulation of Au NRs@rGO-PEG-Tat/Cy7 in different organs 24 h after intravenous injection 

into the tail vein. (C) Distribution of Au NRs@rGO-PEG-Tat/Cy7 in solid tumor, surrounding 

lipoma tissue and skin, lipoma was located between skin and solid tumor. Fluorescence images 

taken 24 h post-injection.  

Since the NIR fluorescence is able to penetrate deeply into the mouse tissue, the Au NRs@rGO-

PEG-Tat/Cy7 fluorescence signal is able to be used in order to locate the particles and whether 

these nanostructures are vectorized to this tumor. 
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The NIR fluorescence pictures (Cy7 channel) in vivo from Au NRs@rGO- PEG-Tat/Cy7 were 

treating mice after 1, 20, 48 and 120 hours after injections (Figure 5.5A). It can be seen, that 

these nanostructures primarily concentrate in the right kidney, spleen and at the first 1 h, showing 

that some of the Au NRs@rGO-PEG-Tat/Cy7 structures are quickly identified by the 

reticuloendothelial system (RES) and the phagocytic cells. With the time progressing (20 hours 

after the injection), the signal in the spleen and liver reduces essentially, becoming hardly 

identified. On the contrary, the fluorescent signal of the nanostructures in the tumor area got 

much stronger, achieving its maximal value in 20 h after the injection. Then, the signal 

intensiveness decays as well over time with less intensiveness in 48 h after the injection. At 24 h 

after the injection, mice were euthanatized and their main organs were examined for the presence 

of ex vivo fluorescence (Figure 5.5B). Acquired data proved the highest fluorescence signal 

localization in the tumor area in comparison to other organs, namely kidneys and liver. The part 

of skin and lipoma tissue, which were between tumor and skin, were  examined as well that has 

demonstrated the highest signal in tumor tissue, proving the aiming the nanomaterial localization 

(Figure 5.5C). It is obvious that the highest NIR fluorescence signal goes from the tumor tissues 

thanks to the long time of blood circulation and improved permeability and conservation effect 

(30). Analysis of mice excrements displayed signal that indicates that nanomaterial was removed 

from the body through intestine and bladder.  

5.5. In vivo photothermal therapy of mice with implanted cells of U87MG 

tumors  

In order to evaluate the medicinal effect of Au NRs@rGO-PEG-Tat/Cy7 on the photothermal 

therapy of cancer tumors, an antitumor research in vivo was conducted with using the mice, 

which bear U87MG tumor, as animal model. After intravenous injections of 150 μg of Au 

NRs@rGO-PEG-Tat/Cy7 per 1 mouse into tail veins and the concentration during 20 h of the 

nanostructures in the tumor, all mice were exposed to the irradiation of NIR laser, according to 

all the safety and ethical rules, which are necessary in using of a CW laser with 808 nm 

excitation, in which the optical fiber was located 6 cm above the tumor. Different intensiveness 

of laser power was tested in order to make the therapy optimal. Since 2 W cm
-2 

caused serious 
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Figure 5.6: In vivo photothermal effect of Au NRs@rGO-PEG-Tat/Cy7 in mice. (A) 

Temperature profiles of the tumor region when exposed to different laser powers (0.5 and 0.7 W 

cm
-2

); (B) representative images of mice showing the size of the tumor as indicated by dashed 

circles at day 0 and 5 after photothermal treatment with and without injected Au NRs@rGOPEG-

Tat-Cy7; (C) tumor growth curve in 2 mice groups – with and without photothermal treatment; 

integrated tumor volume of photothermally treated group significantly decreases 5 days post 
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treatment, while in the untreated group tumor volume dramatically increases with time.  

 

was conducted using a laser power of 0.7 W cm
-2 

in order to maintain the temperature in the 

tumor at 50-52°C (Figures 5.6A, B) that was seemed to be not causing burns of skin (Figure 

5.6C). On the contrary, mice without injected nanostructures displayed a rise of temperature of 

only approximately 3 °C on the tumor area.  

The tumor volume was measured at the first day after treatment and then every 3 days. An 

essential decrease in volume was already seen at the 3
rd 

day after the treatment (Figure 5.6C) and 

a tumor volume of less than ~ 100 mm
3
 was

 
obtained at the 5 day after the therapy. 
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Figure 5.7: Histological analysis of tumor tissue obtained 3 h after photo- thermal treatment. (A–

D) – region of tumor revealing tumor stroma. (B) – is enlarged (100 objective) area of A (10 

objective), indicated by rectangle. (E–H) Region of tumor demonstrating accumulation of Au 

NRs@rGO-PEG-Tat/Cy7 in the walls of blood vessels. Please note the massive bleeding 

resulting from massive vessel damage. (F) is enlarged (40 objective) area of E (10 objective), 

indicated by rect- angle. (C & D), (G & H) corresponds to images (A & B), (E & F), obtained 

under red (620–650 nm) illumination with the aim to visualize Au NRs.  

As opposed to this, in the control group, tumors were persistently increasing until achieving of 10 

percent of original body weight when the mice have been used in accordance with ethical rules. 

Histological analysis of tumor material, which was taken from Au NRs@rGO-PEG-Tat treated 

mice in 3 hours after irradiation, displayed concentration of Au NRs particles in tumor tissue 

(Figure 5.7 A-D) and walls of the vessels (Figure 5.7 E-H). Histology showed active uptake of 

particles of Au NRs@rGO-PEG-Tat by tumor tissue cells in some of the tumor zones (Figure 

5.7B). The Au NRs@rGO-PEG-Tat particles were seen as black particles by H&E coloring and 

as severely absorbing material with using of illumination with 620-650 nm of red light. The 

tumor tissue was filled with blood, which was released from capillaries and some smaller vessels. 

The capillaries walls were not identified, but those few medium vessels, which were conserved 

(Figure 5.7H) showed intensive concentration of Au NRs@rGO-PEG-Tat in their walls. Anti-

angiogenic effect of created Au NRs@rGO-PEG-Tat and selective injuries of vessels make them 

a very perspective and very effective anti-tumor materials.  

5.6. Conclusions 

It can be concluded that we have displayed the interest of golden nanorods, which covered with 

PEGylated reduced graphene oxide and then changed with tumor vectors and fluorescent 

coloring, for photothermal warming using. This multioperational theranostic nanostructures ran 

effective photothermal elimination of tumors in mice by low dosage of NIR light excitation. 

Because of the specific interrelation between human glioblastoma astrocytome (U87MG) cells 

and tat proteins, selective aiming of the tumor was obtained. It is also able to operate as 
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fluorescent cellular markers, which integrate with the rGO shell thanks to the availability of NIR 

fluorescent dyes. High Au NRs@rGO-PEG-Tat concentration in the tumor was detected that is 

essential for selective and effective photothermal therapy. An endosomal-related consuming with 

following endosomal recycling in the Golgi complex is assumed. The medicinal effect of the new 

photothermal agents was evaluating by researches in vivo, which were conducted on tumor 

containing mice. It is possible to display that a considerable decrease in tumor volume was seen 

after 5 days, when irradiation of the tumor area was at 0.7 W cm
-2 

for 10 min. Histological 

examination of tumor matter was reported with parallel active consuming of the nanoparticles by 

the tumor cells and partial injuring of vessels of the tumor. This selective injuring and anti-

angiogenic effect makes us to consider Au NRs@rGO-PEG-Tat as a very perspective anti-tumor 

medication. 
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CHAPTER VI 

Reduced graphene oxide nanosheets decorated with AuPd bimetallic 

nanoparticles for the photothermal treatment of cancer cells 

 

6.1.  Introduction 

The main medicinal method for the therapy of many types of cancer is still chemotherapy. 

However, the non-specific conveyance of chemotherapeutic materials brings regular side effects 

for healthy tissues and restricted efficacy in treatment of tumors. A primary flaw of many 

treatments, which are based on drugs, particularly when they are delivered intravenously or 

orally, is that the medication does not aimed to the target place. The purpose of cancer treatments, 

which are based on nanostructures, is to develop the feature of the particles to concentrate 

themselves in the tumor by active or passive aiming on the tumor (1). One tool for the selective 

removing of carcinoma cells is by subjecting of the tumor/particle union to laser light in order to 

obtain localized hyperthermia. After the first research by Halas and his co-workers in 2003, who 

showed that near-infrared (NIR) irradiation of gold-on-silica nano-coverings brought to increase 

of the temperature of the targeted area to 40 - 50 °C that enabled the selective killing of  breast 

carcinoma cells (2), many various photothermal nanostructures have investigated for NIR 

photothermal treatment (PTT) of tumor. Using of NIR light has much more merits, since melanin, 

hemoglobin and water have consuming minimum about 700-900 nm, and light at this 

wavelengths is most appropriate in order to pass directly through tissues without essential 

consuming and warmth generation. (3)   Golden nanoparticles (of Au NPs) mediated 

hyperthermia is the most researched PTT system to this day (4-9).  Recently, many efforts have 

sought to improve the efficacy of the photothermal transformation of NIR PTT nanostructures by 

optimization of the Au NPs shape, (10) by covering of golden nanorods (Au NRs) with matrixes 

similar to mesoporous silica, (11) metallic covers like Pt nanodots, (12) or graphene oxide 
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derivatives (13, 14). The severe NIR optical consuming capability of poly(ethylene glycol)-

covered  decreased graphene oxide PEG-rGO with its rapid light-to-heat transformation, good 

ability to be insignificant in biological environments and low cytotoxicity have made 

nanomaterials, which are based on rGO, perfect photothermal materials (13, 15-20).  The 

synergetic effect of a compound of Au NRs with PEG-rGO nanomaterials on the photothermal 

features has been demonstrated lately by covering of Au NRS with PEG-rGO (13, 21). 

In this chapter, motivated by such results, we study the photothermal features of bimetallic AuPd 

NPs, which are included in PEG-rGO. As we know, palladium nanosheets were used as 

photothermal material in order to deactivate cancer cells (22, 23). It is strange, but bimetallic Au-

Pd system, which has been investigated very well, have still not been considered as photothermal 

material.  However, to construct bimetallic nanostructures is an interesting method in order to 

create nanomaterials, which possess various chemical and physical features,(24) and AuPd alloy 

is one of the most significant compounds, which is researched widely as a catalyst for different 

reactions, including the electro-oxidation of formic acid and methanol, and is going to be a 

perspective candidate for agents of hydrogen storage (25-29). In thesis, we want to show that the 

synergistic effects of these three compounds improves significantly the photothermal features of 

the complex substance, thereby enabling them to function as an excellent photothermal material 

against cancer cells, compared with their monometallic counter parts.  

 

6.2. Synthesis and characteristics of AuPd NPs-rGO-PEG nanocomposites 

The modified procedure of Hummer was used in order to prepare graphene oxide (GO) by using 

of natural graphite as initial substance (30). The finest and well scattered AuPd-NPs is able to be 

produced on GO with the help of mixing of the metallic precursors, with GO in watery substance 

at room temperature (Figure 6.1). AuPd NPs is able to grow immediately on GO thanks to a self-

acting redox reaction between HAuCl4 , PdCl2 and GO at room temperature in short period of 

time  (28, 31). Ascorbic acid addition leads to the synchronous reduction of GO to reduced 

graphene oxide (rGO). In order to render the created AuPd NPs-rGO dispersible both in aqueous 

solutions and in biological environments, linear poly(ethyleneglycol) bis(3-aminopropyl) 

(NH2PEGNH2)  was grafted through an EDC activation reaction to the To the remaining 
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carboxylic acid functions of rGO, which supress to this moment. The successful synthesis of 

AuPd NPs-rGO-PEG was proved by X-ray photoelectron spectroscopy (XPS), Raman analysis 

and transmission electron microscopy (TEM).  

 

 

Figure 6.1: Schematic representation of the synthesis of the AuPd NPs–rGO–PEG 

nanocomposites photothermal agent.  

The TEM was used in order to assess the morphology of the created pegylated functionalized Au 

Pd NPs-rGO-PEG nanocomposite, Figure 6.2a shows TEM pictures of the bimetallic NPs 

nanocomposite under different magnifications. The TEM pictures of low magnification (Figures 

6.2 a,b) display that the Au Pd NPs-rGO-PEG product includes many particles, which are 

distributed non-uniformly throughout rGO nanosheets with volume distribution of 40-60 nm and 

approximate diameter of 47 nm as seen from volume distribution graph (Figure 6.2c).  

 

The TEM pictures of high resolution of Au Pd NPs (Figures 6.1 d,e) prove the alloy origin of the 

nanocomposites, with clear borders of Au and Pd NPs being seen with interplanar spaces of 0.230 

nm and 0.19 nm, which respectively correspond to (111) and (200) planes of fcc Au and Pd NPs. 

The selected zone electron diffraction (SAED) model (Figure 6.2f) reflects the highly poly-

crystalline origin of the nanocomposites, where beaming places are corresponding to fcc planes 

of Au and Pd NPs. The appropriate TEM pictures of the controls Pd NPs-rGO-PEG and Au NPs-

rGP-PEG are showed 
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Figure 6.2: (a and b) Low-magnified TEM images of AuPd NPs–rGO–PEG nanocomposites, (c) 

particle size distribution, (d) HRTEM image of one bimetallic AuPd NP, (e) AuPd bimetallic NPs 

with fringes of both Au and Pd NPs along with interplanar spacings, and (f) SAED pattern.  

In accordance with XPS analysis bands due to O1s (27.3 at %), C1s (68.8 at %), N1s (2.3 at %), 

Au4f (0.4 at %) as well as Pd3p (1.2 at %) are seen according to the chemical compound of 

AuPd-rGO-PEG (Figure 6.3A). The C1s spectrum of high resolution displays two strong bands 

at 285.7 eV(C-O, C-N) and 283.8 eV (sp
2
 network), with more little contribution at 286.2 

(COC). The reducing of the band at 285.7 eV for AuPd NPs-rGO-PEG in comparison with GO 

shows the transformation of carbonyl and carboxyl groups into hydroxyl groups (COH) as 

ascorbic acid is a light decreasing agent. The Au 4f spectre (Figure 6.3A) showed two maximum 

values of 4f5/2 and 4f7/2 at 87.6 eV and 84 eV, respectively. The restrictions powers recorded are 

compatible with zerovalent Au. The high resolution XPS in the Pd area opens four maximum 

values (two pairs) (Figure 6.3D), one pair at 340.9 eV  and 335.6 and showing Pd 3d3/2 and Pd 

3d5/2, respectively, which is in good relevance with the literature values (341.1 eV and 335.5) of 

bulk Pd(0). Another pair of maximum values at 343.6 eV and 338.3 are extremely near to the 

displayed values of Pd(II) which showed that the Pd surface is partly oxidized.  For contrast, the 

appropriate XPS in forming for Pd NPs-rGO-PEG and Au NPs-rGO-PEG are depicted in Figure 

J. Mater. Chem. B This journal is© The Royal Society of Chemistry 2015

Fig. 3 XPS analysis of AuPd NPs– rGO–PEG nanocomposites (A), XPS survey spectrum, the high resolution XPS spectra of C1s (B), Au4f (C) and Pd3d (D).

Fig. 2 (a and b) Low- magnified TEM images of AuPd NPs– rGO–PEG nanocomposites, (c) particle size distribution, (d) HRTEM image of one bimetallic

AuPd NP, (e) AuPd bimetallic NPs with fringes of both Au and Pd NPs along with interplanar spacings, and (f) SAED pattern.
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6.3. In the event of Au NPs-rGO-PEG, the amount of Au is in presence for 0.3 at %, at the same 

time 0.6 at % of Pd is available in Pd NPs-rGO-PEG.  

 

 

Figure 6.3. XPS analysis of AuPd NPs–rGO–PEG nanocomposites (A), XPS survey spectrum, 

the high resolution XPS spectra of C1s (B), Au4f (C) and Pd3d (D).  

The Raman picture of AuPd NPs-rGO-PEG (Figure 6.4A) displays G (≈1580 cm
-1

) and tD 

(≈1350 cm
-1

) bands, which are appointed to the local flaws/disorder and the sp
2 

graphitized 

structure of rGO-PEG and GO-PEG respectively (32). The ID/IG intensiveness ratio was 0.80, 

more little than then original 1.19 for GO (Figure 6.4), proving the enhancing in the sp
2
 

graphitized structure of rGO-PEG of the sheets during the period of the decreasing process with 
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ascorbic acid. The 2D band is placed at 2698 cm
-1

 with an extra shoulder, which is directed to 

higher wavelengths, showing an ascendant monolayer to bilayer structure (33, 34). 

 

Figure 6.4. (A) Raman spectrum of AuPd NPs–rGO–PEG nanocomposites and (B) UV/Vis 

absorption spectra of GO (grey) and AuPd NPs–rGO–PEG nanocomposites (75 mg mL
-1

, black); 

(C) dispersion of the AuPd NPs–rGO and AuPd NPs–rGO–PEG nanocomposites (50 mg mL
-1

) in 

DMEM.  

The physiological firmness of AuPd NPs-rGO-PEG in biological environment was researched. 

The research showed that AuPd NPs-rGO assembled and hastened almost at once, at the same 

time AuPd NPs-rGO-PEG suspressed quite in the DMEM without assembling for several months 

that reflects the physiological firmness for later applications in vivo (Figure 6.4C).  

 

Figure 6.5: Relative cell viabilities of HeLa cells after incubation with AuPd NPs–rGO–PEG 
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(red), GO (black), rGO–PEG (grey), Au NPs–rGO–PEG (green) and Pd NPs–rGO–PEG (blue) 

for 72 h. Error bars were based on triplet samples.  

In order to ensure whether AuPd NPs-rGO-PEG nanocarriers are non-toxic to cells of HeLa 

cancer, MTS assay were used in order to define the cytotoxicity effects on HeLa cancer cells. As 

seen in Figure 6.5, high viability of the cell  (>85 %) were detected for various concentration of 

AuPd NPs-rGO-PEG after incubating it for 72h, even at concentration up to 100 µg mL
-1

, 

showed a great biocompatibility, particularly in comparison with GO. In order to compare, the 

cytotoxicity of Pd NPs-rGO-PEG and Au NPs -rGO-PEG nanocomposites was defined, at the 

same time being comparable with that of AuPd NPs -rGO-PEG. Really, the PEGylated 

nanostructures manifest cytotoxicity as rGO-PEG which have been reported before (16), 

implicating the fact that the availability of PEG units is liable for the non-toxic property of the 

nanostructures, depending on theavailability of metallic nanoparticles.  

 

6.3. Photothermal efficacy and photothermal removing of  cancer cells 

The light-to-heat transformation efficiency of AuPd NPs- rGO-PEG was next examined. To this 

aim, temperature increase of AuPd NPs-rGO- PEG solution at different concentrations upon 

irradiation with persistent NIR laser wave (800 nm) at 1 W.cm-1 were recorded for 10 min. 

(Figure 6.6A). At an concentration above 6 µg mL
-1

, NIR irradiation increase the temperature 

about 40 °C, which is believed to be quite high for photothermal cancer removing. (35) Using 

12.5 times bigger AuPd NPs-rGO-PEG with concentration (75 µg mL
-1

) enables to increment the 

temperature of the solution further to nearly 80 °C, which is high enough for the killing of 

pathogenic organisms (16).   Incrementing the laser energy to  2 W cm
-1

 has a little influence on 

the final temperature of the substance (Figure 6.6B); Temperatures, which are necessary for the 

removing of cancer tumors are able to be achieved at this  AuPd NPs-rGO-PEG concentration (75 

µg mL
-1

)
 
with a laser energy of 0.5 W cm

-1 
only. Output powers, which are greater than  2 W cm

-

1
, injure substantially the surface of neighboring tissue, at the same time PTT at 0.5 W cm

-1
 is in 

the normal safe zone and is appropriate for clinical cancer therapy (19).  Compared to substance 

temperatures, which are achieved with using of the same parameters (75 µg mL
-1

, 0.5 W cm
-1

), 

the required 40 °C is not achieved in the case of rGO-PEG and just in the case of Au NPS-rGO-
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PEG and Pd NPs-rGO-PEG, proving the better functionong of AuPd NPs-rGO-PEG 

nanostructures because of a synergetic impact of all three components involved.  
 

 

Figure 6.6: (A) Influence of AuPd NPs–rGO–PEG nanocomposites concentration on solution 

temperature upon irradiation for 10 min at 800 nm using a laser power of 1 W cm
-2

; (B–E) 

photothermal effect of different rGO–PEG nanocomposites (75 mg mL
-1

) based nanostructures: 

(B) AuPd NPs–rGO–PEG nanocomposites, (C) rGO–PEG, (D) Au NPs–rGO–PEG 

nanocomposites, (E) Pd NPs–rGO–PEG nanocomposites upon irradiation for 10 min at 800 nm 
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using laser powers of 0.5, 1 and 2 W cm
-2

.  

The efficient photothermal warming features of AuPd NPs-rGO-PEG were then used in order to 

assess the cytotoxicity in vitro under irradiation by NIR light with incubating HeLa cancer cells 

with growing accumulations of AuPd NPs-rGO-PEG and irradiating the cell culture environment 

for 10 minutes at 800 nm at 0.5 and 1 W cm
-2

. AuPd NPs-rGO-PEG without light irradiation was 

used as the mean of control and indicated a very slight reduction of cell viability (Figure 6.7). 

Figure 6.7 displays MTS cell viability of HeLa cancer cells after incubation with AuPd NPs-

rGO-PEG at 75 µg mL
-1

 under NIR irradiation too.  

 

Almost all the cells (approximately 97 %) were eliminated after NIR irradiation during 10 min. In 

the case of a laser energy of 1 W cm
-2

, a AuPd NPs-rGO-PEG accumulation of 20 µg mL
-1 

is 

enough for the total photo-removing of the cancer cells, with a cell elimination of 50 % (LC50) at 

a AuPd NPs-rGO-PEG accumulation of 7 µg mL
-1

. 

 

Figure 6.7: Relative cell viabilities of HeLa cells after irradiation (808 nm, 10 min) in the 

presence of 75 mg mL
-1 of (A) AuPd NPs–rGO–PEG nanocomposites at 0.5 W cm

-2 (blue), 1 W 

cm
-2 (red) and 0 W cm

-2 (black) and for (B) AuPd NPs–rGO–PEG nanocomposites (red) Au 

NPs–rGO–PEG nanocomposites (green), Pd NPs–rGO–PEG nanocomposites (blue) and rGO–

PEG (black) at 1 W cm
-2

: error bars were based on quartet samples.  
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These states are comparable to that, which was reported by Ghaderi and Akhavan (19) for the 

removing of human glioblastoma cells with using of graphene nanomesh substances of 10 µg mL
-

1
 with NIR power thickness of 0.1 W cm

-2
 for 7 min. Laser energies of 0.5 W cm

-2
 display a 

planned incremented LC50 numbers to 40 µg mL
-1

AuPd NPs-rGO-PEG.  

 

6.4. Conclusions 

We have showed a green and elementary synthetic method for the creation of bimetallic AuPd 

NPs on rGO nanosheets with the help of an environment-friendly reduction material. The rGO, 

which includes AuPd NPs, displays the approximate size of 32 nm. Covalent fastening of PEG 

units to the carboxylic acid groups of AuPd NPs-rGO enhanced significantly the solvability and 

firmness of the nanostructure in bio-environment and provided the bio-convenient feature 

towards cancer cells such as HeLa. The AuPd NPs-rGO-PEG nanostructures is able to be used 

successfully in the future for the photothermal removing in vitro of HeLA cells. The use of AuPd 

NPs-rGO-PEG accumulations of 6 µg mL
-1

 and a laser energy of 1 W cm
-2

, which is resulted in 

substance temperatures of approximately 58 °C, is enough for the removing of cancer tissue. 

Increasing the concentration to 75 µg mL
-1

 generated substance temperatures to 80 °C.  This high 

efficacy was appointed mainly to the synergetic impact of rGO, Pd NPs and Au NPs. This 

research may reveal new opportunities of development of improved materials for using as 

potential photothermal variants for therapy of various unregulated cells. 
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CHAPTER VII 

Conclusion and Perspectives 

The past decade has observed significant advancement in the field of nanobiotechnology. Large 

number of nanoparticles (NP)-based products have been enormously approved and used for both 

diagnostic and therapeutic purposes, and more are recently under clinical trials. Among the large 

numbers of NPs, functionalized NPs are gaining recognition due to the facts that they can be well 

fitted for the development of targeted and personalized nanomedicines.  

For the surface functionalization of NPs, different strategies have been reported making such 

functionalized nanostructures suitable for grafting therapeutics or diagnostics. In this thesis, we 

have developed surface modification pathways that can be adopted for varies of nanostructures 

like nanodiamonds (NDs), gold nanorods (Au-Nrs) and Au-Pd bimetallic nanocomposites. 

Surface modification of nanostructures has also been exploited. As an application, we have 

grafted menthol derivative on surface of NDs and made coupling with glycans through azido 

group on nanodiamond surface. These particles were shown their ability to inhibit Gram-positive 

(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria. From another site Au-

NRs were investigate for their ability in photodynamic and photothermal therapy.  

First, we described the development of novel nanostructures for photodynamic therapy 

comprising silica-encased gold nanorods modified with verteporfin as photosensitizer. The 

structure of the Au NRs was tuned to be in resonance with the absorption maximum of 

verteporfin. We demonstrated that the Au NRs@SiO2–VP were photothermally stable and able to 

generate a significant amount of reactive oxygen species when illuminated at 710 nm at 500 mW 

cm
-1 using a continous or a pulsed laser source. The efficiency of the nanostructures for killing of 

pathogens depends on time and the laser wavelength used. The approach could be an alternative 

strategy to destroy wound-infected antibiotic resistant microorganisms due to the efficient 

bactericidal character, the strong local character of the NIR-based treatment. The deleterious 

side-effects present upon visible light excitation would be minimized using this approach.  
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Second, we have shown the interest of gold nanorods coated with PEGylated reduced graphene 

oxide and further modified with tumor vectors and fluorescent dyes for photo- thermal heating 

applications. This multifunctional theranostic nanostructures exerted efficient photothermal 

destruction of tumors in mice upon low dose of NIR light excitation. Due to the specific 

interaction between tat proteins with human glioblastoma astrocytome (U87MG) cells, selective 

targeting of the tumor was achieved. So, selective damages of vessels and anti-angiogenic effect 

of created Au NRs@rGO-PEG-Tat makes them a very promising effective anti-tumor agent.  

Third, we showed a simple and green solution phase synthetic approach for the formation of 

bimetallic AuPd NPs on rGO nanosheets using an eco-friendly reducing agent. The rGO 

nanosheets embedded AuPd NPs functionalized with PEG chains have an average size of 47 nm. 

Covalent attachment of PEG units to the remaining carboxylic acid groups of AuPd NPs–rGO 

nanocomposites greatly improved the solubility and stability of the nanocomposites in biological 

medium and ensured its biocompatibility towards cancer cells such as HeLa. The AuPd NPs–

rGO–PEG nanocomposite was successfully applied for the in vitro photo- thermal ablation of 

HeLa cells. Using AuPd NPs–rGO–PEG concentrations of 6 mg mL
-1 and a laser power of 1 W 

cm
-2 resulted in solution temperature ≈58 °C, which is sufficient for the ablation of cancerous 

cells. Increasing the concentrations to 75 mg mL
-1 generated solution temperatures up to 80 °C. 

We demonstrated that using a laser power of 1 W cm
-2 and AuPd NPs–rGO–PEG 

nanocomposites concentrations of ≈20 mg mL
-1 the near total (≈97%) photoablation of HeLa 

cells was achieved, with a LC50 determined as 7 µg mL
-1

. Such high efficiency was principally 

assigned to the synergetic effect of rGO, AuPd NPs and PEG molecules. The present 

investigation might open up new possibilities towards the development of advanced materials for 

use as potential photothermal candidates for the treatment of different unregulated cells. 

However, their real potential in vivo settings has still to be determined  

In this thesis, we have given special attention to nanodiamonds which are considered as a 

promising candidate for various biological applications because of its superior biocompatibility 

nature and an excellent surface chemistry and non-toxicity. We have mainly focused on the 

surface modifications strategies and improvement of NDs stability since they tend to aggregate 
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and form bigger particles which limit its applications. The perspectives of such nanostructures are 

wide. Applications to inhibit biofilm formation and to study sugar/lectin binding events are and 

will be under considerations. The future of the interdisciplinary research that brings organic 

chemistry, nanotechnology and biology together is thus bright.  
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APPENDIX 

Experimental part 

7.1. Materials 

Hydroxyl-terminated nanodiamond (ND-OH) particles were purchased from International 

Technology Center (Raleigh, NC, USA) and exhibit a primary average particle size of 4.0 nm. 

(1R,2S,5R)-(-)Menthol, 4-dimethylaminopyridine (4-DMAP), succinic anhydride, hexane (Hex), 

dichloromethane (CH2Cl2), chloroform (CHCl3), ethyl acetate (EtOAc), N,N’-

dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS), Methyl 

pentafluorobenzoate, sodium azide (NaN
3
), dimethylformamide (DMF), diethyl ether, 

magnesium sulfate (MgSO
4
), acetone, methanol (MeOH), dichloromethane (DCM), sodium 

hydroxide (NaOH), hydrochloric acid (HCl), N,N’-dicyclohexylcarbodiimide (DCC), 4-

dimethylaminopyridine 
 

(DMAP), copper(II) sulfate pentahydrate (CuSO4·5H2O), l-ascorbic 

acid, ethylenediaminetetraacetic acid (EDTA), mannose, glucose, galactose, lactose, sucrose, 

maltose, mannan (from Saccharomyces cerevisia), FITC-labeled Concanavalin A (from 

Canavalia ensiformis),  FITC-labeled Lens culinaris (LENS) and FITC-labeled Arachis hypogaea 

(PNA) Cetyl trimethylammonium bromide (CTAB), silver nitrate (AgNO3), hydrogen 

tetrachloroaurate(III) trihydrate (HAuCl4×3H2O), tetraethylorthosilicate (TEOS), verteporfin, 

9,10-anthracenediylbis (methylene)dimalonic acid (ABDA), sodium borohydride (NaBH4), 

Graphite, chloroacetic acid, sodium hydroxide, poly(ethyleneglycol)-bis(3-aminopropyl) 

(NH2PEGNH2, Mw 1⁄4 1.5 kDa), N-(3-dimethylaminopropyl)-N
’
-ethylcarbodiimide (98%, EDC), 

cetyltrimethylammonium bromide (CTAB), tetra- chloroauric acid trihydrate (HAuCl4*3H2O), 

silver nitrate (AgNO3), ascorbic acid, sodium borohydride (NaBH4), para- formaldehyde, 

hydrochloric acid, fluorescein-isothiocyanate (FITC), Fluoroshield™ with 1,4-

diazobicyclo[2.2.2]octane and HIV-1 Tat protein were purchased from Sigma-Aldrich. Azido 

benzoic acid was purchased from TCI Europe (Belgium). Graphite powder (<20 µm, Sigma-

Aldrich), sulfuric acid (AR grade, Qualigens, India), hydrochloric acid (AR grade, Qualigens, 

India), H2O2 (30%, Qualigens, India), potassium permanganate (499%, Merck, India), gold(III) 
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chloride trihydrate (Sigma Aldrich), palladium(II) chloride (99.9%, Alfa Aesar), L-ascorbic acid 

(Sigma Aldrich), poly(ethylene glycol)bis(3-aminopropyl) (Mw = 1.5 kDa, Sigma Aldrich) and 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (98%, EDC, Sigma Aldrich) were used as 

received. Ultrapure water (Milli-Q, 18 MWcm) was used for the preparation of the solutions and 

for all rinsing steps. Dulbecco’s modified Eagle medium (DMEM) was obtained from Gibco by 

Life Technologies. U-87MG human glioblastoma astrocytoma was acquired from Sigma-Aldrich. 

Cy7-NHS ester was obtained from Lumiprobe. Sterile PBS solution, Fetal Bovine Serum (FBS) 

and antibiotics (penicillin/streptomycin) were obtained from Gibco by Life Technologies. 

CellMask™ Deep Red plasma membrane stain (C10046) was acquired from Life technologies. 

Hoechst 33342 trihydrochloride trihydrate was obtained from Invitrogen. Matrigel™ Matrix 

Growth Factor Complete medium from BD Biosciences (USA), MTS tetrazolium dye was 

acquired from Promega (France).  

All microbiological media, equipment and the ampicillin were purchased from Fisher Scientific 

(UK).  

7.2. Synthesis of organic compounds  

7.2.1. Synthesis of menthol derivative (2) 

 

Succinic acid mono-(2-isopropyl-5-methyl-cyclohexyl) ester (1) To a solution of menthol (0.8 g, 

5 mmol) in chloroform, 4-DMAP (0.31 g, 2.5 mmol) and succinic anhydride (1.02 g, 10 mmol) 

were added. This mixture was stirred overnight under reflux. After solvent evaporation, the crude 

product was purified by flash column chromatography using Hex:EtOAc as eluent to give white 

crystals 1.1 g (84 %). 
1
H NMR (300 MHz, CDCl3) δ 12.2-11.1 (broad, 1H) 4.77-4.68 (m, 1H), 



109 | P a g e  
 
 
 
 

2.67-2.55 (m, 4H), 2.05-1.95 (m, 1H), 1.91-1.79 (m, 1H), 1.74-1.62 (m, 2H), 1.55-1.33 (m, 2H), 

1.1-0.8 (m, 10H), 0.78-0.7 (d, 3H).  

Succinic acid 2,5-dioxo-pyrrolidin-1-yl ester 2-isopropyl-4-methyl-cyclohexyl ester (2) To the 

solution of acid (1) (0.5 g, 1.9 mmol) in dichloromethane, were added N,N’- 

dicyclohexylcarbodiimide (0.4 g, 1.9 mmol) and N-hydroxysuccinimide (0.22 g, 1.9 mmol) and 

the mixture stirred overnight at room temperature. After filtration and solvent evaporation a white 

powder was obtained, yield: 95%. 
1
H NMR (300 MHz, CDCl

3
) δ 4.77-4.68 (m, 1H), 2.85-2.81 (s, 

4H), 2.54-2.46 (m, 4H), 2.01-1.94 (m, 1H), 1.88-1.76 (m, 1H), 1.73-1.62 (m, 2H), 1.55-1.33 (m, 

2H), 1.22-0.82 (m, 10H), 0.75-0.7 (d, 3H).  

 

7.2.2. Synthesis of 4-azido-N-(3,4-dihydroxyphenethyl)-2,3,5,6-tetrafluorobenzamide  

7.2.2.1. 4-Azidotetrafluorobenzoic acid 

 

Pentafluorobenzoic acid methyl ester (300 mg, 1.3 mmol), NaN3 (129 mg, 2 mmol) were mixed 

in acetone/water in 2/1 ratio. The mixture was refluxed for 3 h. Afterwards, it was evaporated 

under reduced pressure and water was added. The precipitate was washed with water several 

times and dried. Then it was dissolved  in 10 % NaOH water/methanol solution and stirred for 4 

h. acidified to pH 5 and extracted using CH2Cl2. The organic layer was washed with water and 

evaporated to obtained title compound as white precipitate. 
1
H NMR (300 MHz, DMSO-d6): s = 

11.3 ppm (1 H). MS (ESI): m/z (%) = 258 [M+Na]
+ 

7.2.2.2. N-Succinimidyl 4-azidotetrafluorobenzoate  

A solution of 4-azidotetrafluorobenzoic acid (234 mg, 1 mmol), N-hydroxysuccinimide (115 mg, 

1.00 mmol), and dicyclohexylcarbodiimide (211 mg, 1.02 mmol) in DCM (6.5 mL) was stirred at 

room temperature overnight. The mixture was filtered. The filtrate was evaporated and the 

product was purified by flash-column chromatography to give 317.6 mg (95 % yield) as a 

colorless solid. 
1
H NMR (300 MHz, DMSO): d = 2.91 ppm (4 H, s). MS (ESI): m/z (%) = 355 

[M+Na]
+
. 
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7.2.2.3. 4-azido-N-(3,4-dihydroxyphenethyl)-2,3,5,6-tetrafluorobenzamide 

To a solution of dopamine hydrochloride (113.4 mg, 0.6 mmol) in  DMF (4 mL) were added 

TEA (108.4 mL, 0.77 mmol) and N-succinimidyl 4-azidotetrafluorobenzoate (200 mg, 0.6 

mmol). The mixture was stirred overnight at room temperature under argon. Then  water was 

added, and the resulting precipitate was filtered and washed with water several times and then 

dried to give 203 mg (91.4 % yield) of white powder. 
1
H NMR (300 MHz, DMSO-d6): d = 8.96–

8.92 (t, 1 H, amide), 8.80 (s, 1 H, OH), 8.74 (s, 1 H, OH), 6.65–6.13 (m, 2 H, arom) 6.49–6.46 (d, 

1 H, arom), 3.42–3.36 (q,  2H CH2NHCO), 2.65–2.60 ppm (t, 2 H, CH2). 

7.3. Synthesis of nanoparticles 

7.3.1. Nanodiamonds (NPs) 

7.3.1.1. Formation of ND-PFPA 

A suspension of ND-OH particles in anhydrous acetonitrile (10 mg in 5 mL) was added to a 

solution of ligand 4-azido-N-(3,4-dihydroxyphenethyl)-2,3,5,6-tetrafluorobenzamide in 

acetonitrile (10 mg) and stirred at room temperature for 24 h. The formed ND-PFPA particles 

were isolated by centrifugation at 10 000 rpm, purified  through four consecutive 

wash/centrifugation cycles at 10 000 rpm with acetonitrile and ethanol, and finally oven dried at 

50 °C for 24 h. 

7.3.1.2. Photochemical linkage of glycans to ND-PFPA  

ND-PFPA (in anhydrous acetonitrile (1 mg mL
-1

 in 200 µL) was mixed with an aqueous solution 

of the respective glycans (Figure 1) (1 mg mL
-1

 in 400 µL) in a quartz cuvette. The mixture was 

irradiated with a UV lamp (Hamamatsu, 2 mW cm
-2

) for 30 s under vigorous stirring. The 

resulting glycan-NDs were isolated by centrifugation at 10 000 rpm for 15 min. In order to 

remove excess mannose, three additional washing/centrifugation cycles at 
 
10 000 rpm with 

water were performed. 
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7.3.1.3. Preparation of menthol-modified NDs (ND-menthol) 

Menthol derivative (2) (10 mM), was dissolved in 5 mL water and added to a suspension of ND-

OH particles in water (10 mg in 5 mL). The solution was stirred at room temperature for 24 h 

under nitrogen. The resulting ND-menthol particles were isolated by centrifugation at 10.000 

rpm, purified through four consecutive wash/centrifugation cycles at 10.000 rpm with ethanol, 

and water and finally oven dried at 50 °C for 24 h. 

 

7.3.2. Gold nanoparticles (Au NPs) 

7.3.2.1. Synthesis of gold nanorods (Au NRs) 

Au NRs were synthesized according to a seed-mediated, surfactant-assisted procedure adapted 

from the works of El-Sayed
1

 

and Murphy
2

 

and co-workers. Seed solution was prepared by mixing 

HAuCl4

 

(10 mM, 125 μL) with an aqueous solution of CTAB (0.2 M, 5 mL). To this solution was 

added ice-cold NaBH4

 

(0.01 M in water) and the solution was stirred for 5 min. The resulting 

seed solution became brownish yellow, and aged for 5 min at room temperature before use. For 

the growth solution, 75 μL, 85 μL or 95 μL of seed solution in order to synthesize Au NRs with 

longtitudal plasmons at 700, 800 and 900 nm, respectively, were added to of 10 mM AgNO3

 

and 

500 μL of HAuCl4

 

(10mM) and mixed with 5mL of water and 5mL of CTAB (0.2 mM) solution. 

The solution was acidified to pH 3-4 with 200 μL of 1% HCl, then 60 μL of 0.1 M ascorbic acid 

solution was added. Finally 48 μL of seeds was injected into the growth solution. Reaction was 

performed at 25 °C without stirring. The excess of CTAB surfactant was discarded from the final 

product by centrifugation at 10000 rpm for 30 min and then the precipitate was re-dispersed in 10 
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mL of DI water to yield Au NRs in a concentration of 10 nM. The concentration was derived 

spectrophotometrically from the extinction coefficient determined at 700, 800 and 900 nm 

longtitudal plasmons to be 3.5×10
9

 

, 4.8×10
9

 

and 6.2×10
9 

M
-1

cm
-1

. 

7.3.2.2. Preparation of Au NRs@SiO2

 

particles  

To a solution of as-prepared 10 nM Au NRs (1 mL in DI water), 187 μL of 20 mM 

tetraethoxysilane (TEOS) solution in ethanol was added. The reaction was run in a 2 mL plastic 

eppendorf due to a strong interaction of glassware with TEOS. The pH of the solution was 

adjusted to 10 by means of 10 mM NaOH. Next, vigorous stirring of horizontally placed 

eppendorf (belly dancer, 300 rpm) for 24 h at 23 °C was performed to properly grow the silica 

layer over CTAB coated AuNRs. Importantly, the concentration of CTAB prior to silica coating 

was carefully controlled to be precisely 1 mM. The excess of the reagents as well as 

simultaneously formed empty silica particles has been separated from AuNRs@SiO2

 

by means of 

centrifugation (8000 rpm, 30 min). Supernatant was carefully removed and a pellet was re-

dispersed in 1 mL of DI water to give 5 nM AuNRs@SiO2

 

with a silica shell of 20±3 nm in 

thickness. 

7.3.2.3. Loading of Au NRs@SiO2

 

particles with verteporfin (VP)  

To a solution of 5 nM AuNRs@SiO2

 

(1 mL in DI water) were added 20 μL of verteporfin (1 mM 

in DMSO). The reaction mixture was stirred for 20 h at room temperature. The formed 

AuNRs@SiO2-VP nanocomposite was purified by means of centrifugation (8000 rcf, 15 min) 

and re-dispersed in distilled water. The supernatant was used to determine the residual 

verteporfin concentration spectrophotometrically (λ = 692 nm, ε = 13500 M
-1

 

cm
-1

, in PBS).

 

4 

μM Verteporfin were adsorbed on 5 nM AuNRs@SiO2, corresponding to ≈ 800 molecules per 

nanorod.  

Estimation of Au NRs in 1 mL:  

 AuNRs

 

= 5 ∗ 10
-9

 

× 6.02 ∗ 10
23

 

× 10
-3

 

 

= 3 ∗ 10
12

 

              1     



113 | P a g e  
 
 
 
 

Estimation of VP molecules per Au NRs in 1 mL:  

 VP

 

= 4 ∗ 10
-6

 

 

× 6.02 ∗ 10
23

 

× 10
-3

 

 

= 2.4 ∗ 10
15

 

              1     

N =
   
      

          
  

      
   = 800            

7.3.2.4. Synthesis of pegylated rGO-wrapped gold nanorods (Au NRs@rGO-PEG) 

Carboxylated rGO (rGO-COOH) was obtained from GO as described in (ref. 33 and 34). Sodium 

hydroxide (NaOH, 1.4 g) and chloroacetic acid (Cl-CH2-COOH, 1 g) were added to 50 mL of GO 

(20 mg) aqueous solution and sonicated at 35 kHz for 2 h at 80 C to convert hydroxyl groups 

present on GO to COOH via conjugation of acetic acid moieties and to partially reduce GO into 

rGO. The resulting rGO-COOH solution was quenched with HCl (20%), washed (four times) 

with distilled water until neutral pH and purified by repeated rinsing/centrifugation (4000 rpm, 20 

min) cycles.  

Au NRs were synthesized through a seed-mediated, surfactant-assisted procedure. Seed solutions 

were prepared by mixing HAuCl4 (10 mM, 125 mL) with an aqueous solution of CTAB (0.1 M, 

10 mL). To this was added ice-cold NaBH
4 (0.01 M) and the solution stirred for 5 min. The 

resulting seed solution became brownish yellow, and aged for 5 min at room temper- ature before 

use. For the growth solution, a total 85 mL of AgNO3 (10 mM) and 500 mL of HAuCl4 (10 mM) 

were mixed with 5 mL of water and 5 mL of CTAB (0.2 mM) solution and acidified to pH 3–4 

with HCl (1%). Ascorbic acid (0.1 M, 60 mL) and 48 mL of seed solution were added and the 

mixture left at 25 C without stirring overnight. Excess of CTAB was discarded from the final 

product by centrifugation at 10 000 rpm for 30 min. The precipitate was re-dispersed in 10 mL of 

Milli-Q water giving rise to Au NRs of a concentration of 40 mg mL
-1

, as determined by ICP-

MS.  

rGO-COOH (500 mg) was added to 20 mL of Au NRs in Milli-Q water (40 mg mL
-1

) and mildly 

stirred for 96 h at 25 °C to enable electrostatic interaction of the positively charged Au NRs with 
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the negatively charged rGO-COOH matrix to give Au NRs@rGO- COOH. This nanostructure 

was covalently modified with 10 mg of NH2PEGNH2 (Mw 1⁄4 1.5 kDa) by means of EDC (100 

mL, 1 mg mL
-1

) chemistry under sonication (2 h, 35 kHz, 40 C) followed by dialysis (3*2000 mL 

Milli-Q water), filtration through 0.2 mm filter with hydrophilic membrane and ultrafiltration (50 

kDa cut-off ultracentrifuge Amicon
TM

 filter membrane). 

7.3.2.5. Conjugation of Au NRs@rGO-PEG with Cy7 or FITC and Tat protein vector 

To a solution of Au NRs@rGO-PEG (1 mL, 100 mg mL
-1

) in Milli- Q water Cy7-NHS (10 mg 

mL
-1

) or FITC (10 mg mL
-1

) in DMSO was added and the solution stirred at room temperature 

for 48 h. The nanostructures were filtered using a 35 kDa cut-off ultracentrifuge AmiconTM filter 

membrane and re-dispersed in sterile PBS. To a solution of Cy7 or FITC loaded Au NRs@rGO-

PEG (1 mL, 100 mg mL
-1

) was added HIV-1 Tat protein (30 mL, 1 mg mL
-1

) and the mixture left 

stirring at room temperature for 24 h in the presence of EDC (20 mL, 1 mg mL
-1

). The formed 

nanostructures were filtered using 35 kDa cut-off ultracentrifuge AmiconTM filter membrane and 

redispersed in sterile PBS. 

7.3.2.6. Synthesis of AuPd NPs–rGO nanocomposite materials 

Graphite was oxidized to graphite oxide by adopting Hummers and Offemann’s procedure using 

KMnO4 and H2SO4 as oxidizing agents. Graphite oxide (1 g) was exfoliated in 100 mL of 

double distilled water using a high power ultrasonicator for 3 h to obtain a reddish brown 

suspension of GO nanosheets at a concentration of 10 mg mL
-1

. In a typical synthesis of AuPd 

NPs–rGO, a GO suspension (2 mL) was mixed with an aqueous solution of HAuCl4 and PdCl2 

and kept stirring for 20 min followed by addition of ascorbic acid (4 mL, 1 M) as a reducing 

agent. The concentrations of HAuCl4 and PdCl2 were kept at 1 and 3 mM, respectively, in the 

entire reaction mixture. The total volume of the reaction mixture was maintained at 40 mL. The 

resulting mixture was stirred at 25 
1
C for 48 h to obtain rGO nanosheets decorated with 

bimetallic AuPd NPs (AuPd NPs–rGO) nanocomposite materials.  

For controls, rGO nanosheets decorated with monometallic Au NPs or Pd NPs were prepared 
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adopting a similar procedure by mixing GO suspension (2 mL) with either aqueous HAuCl4 or 

PdCl2 solution. The concentrations of the monometallic precursors and the reducing agent were 

kept the same as in bimetallic AuPd NPs–rGO synthesis.  

7.3.2.7. Functionalization of AuPd NPs–rGO with polyethylene glycol (PEG) 

AuPd NPs–rGO (5 mg) and poly(ethylene glycol)bis(3-aminopropyl) (NH2-PEG-NH2, 5 mg) 

were dispersed in 5 mL of deionized water and sonicated in an ultrasonic bath for 10 min at room 

tem-perature. N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) (1 mg) was added and 

the mixture further sonicated for 2 h at 40 °C. Then the solution was centrifugated at 1000 rcf to 

remove any aggregates and purified using dialysis to remove the excess of PEG and impurities. 

7.4. Determination of carbohydrate loading on the NDs 

A calibration curve for carbohydrate concentrations in solution was established. For this, a 

phenolic aqueous solution (5 wt %, 60 mL) and concentrated H
2
SO

4 (900 mL) was added to an 

aqueous carbohydrate solution (60 mL), stirred for 10 min and then an absorption spectrum of the 

mixture was recorded (PerkinElmer Lambda 950 dual beam) against a blank sample (without 

carbohydrate). The absorbance of the solution was measured at two wavelengths: λ1 = 495 and 

λ2= 570 nm and the absorbance difference (A495–A570) was plotted against the concentration of 

the corresponding carbohydrate. The quantity of surface-linked carbohydrate was determined 

with 60 mL of the corresponding ND particles solution in water (0.8 mg mL
-1

), which was treated 

with phenol/H2SO4 following the same protocol described above. ND-OH particles were treated 

in the same manner and used as a blank sample.  

7.5. Lectin binding assay 

The binding affinity of the different glycol-NDs was evaluated using FITC-labeled Concanavalin 

A (Con A), FITC-labeled Arachis hypogaea (PNA) and FITC-labeled Lens culinaris (LENS). 

The glyco-NDs  (1 mg mL
-1

, 100 mL) suspended in Tris buffer solution (pH 7.4 containing Mg
2+

, 

Ca
2+

, NaCl) were mixed with 300 mL solutions of the 
 
different lectins (1 mg mL

-1
) in Tris buffer 
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solution and the reaction 
 
mixture left under gentle shaking for 1 h. In order to remove non-

reacted lectins, three additional washing/centrifugation cycles at 10 000 rpm with Tris buffer 

were carried out. Fluorescent measurements were performed using an excitation wavelength of 

485 nm and an emission wavelength of 520 nm (GFP filter).  

7.6. Fluorescence-based agglutination assay 

To 0.7 mL of E. coli UTI89 bacteria (1 10
8
 cfu ml

-1
) TurboFP635 protein (Katushka) were added 

0.3 mL of ND-mannan or ND-mannose particles solution (1 mg mL
-1

) and kept for 4 h at 48C. 

Thereafter the solutions were dropped onto microscopic slides, covered with cover slips and 

sealed. Fluorescence images were recorded at an excitation wavelength λex = 580 nm and an 

emission wavelength λem = 635 nm. 

 

7.7. Biological assay 
 

7.7.1. Antimicrobial assays 

 

Bacterial biofilm formation: Overnight cultures of E. coli (NCTC 8196) and S. aureus (NCTC 

6571) were prepared by inoculating 10 mL nutrient broth and incubating at 37°C for 18 h on a 

rotary shaker (Stuart Scientific) at 120 rpm. After incubation, the cultures were diluted to OD
600 

of 0.1 in nutrient broth at a final volume of 100 mL, and a 96-well plate was set up as follows. 

Each assay sample required 6 wells, with another 6 wells for a negative control/blank, which 

consisted of 125 μL of sterile nutrient broth. Next, 110 μL of culture plus 15 μL of PBS were 

pipetted into next 6 wells to act as the positive growth control. In the remaining wells, the assay 

was set up as follows: 110 μL of culture and 15 μL of the appropriate NDs and ampicillin 

solutions. Sterile nutrient broth and NDs, and sterile nutrient broth and ampicillin were also set 

up in sets of six wells each to act as controls. The 96- well plate was incubated at 37 °C for 24 h 

with no agitation. After 24 h, the plate was removed from the incubator, and the supernatant of 

each well was removed by pipetting. The plates were subsequently allowed to dry for 15-20 min 

in a Class Two Microbiological Hood. Next, 125 μL of PBS was transferred into each well in 

order to remove any non-adhering cells. The PBS was then removed by pipetting, and the plates 
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were again allowed to dry in the Class Two Microbiological Hood for 15 min. All wells were 

stained by adding 150 μL of 0.9% crystal violet in sterile reverse osmosis water, and the plates 

were incubated at room temperature for 15 min. After this time, the stain was removed by 

pipetting, and excess dye was washed off by manually adding and then removing 165 μL PBS. 

To solubilize the crystal violet, 175 μL of 95% ethanol was added to each well, and the plates 

incubated at room temperature for 30 min. The bacterial cell density was determined by the 

optical density of each well at 595 nm, using the negative control wells as blanks.  

Viability of bacterial biofilms: The LIVE/DEAD
® 

BacLightTM assay kit was used to determine 

the effect of ND-menthol (100 μg/mL) on bacterial cell viability. Overnight cultures of E. coli 

and S. aureus were prepared by inoculating 10 mL nutrient broth and incubating at 37 °C for 18 h 

on at rotary shaker (Stuart Scientific) at 120 rpm, and subsequently diluted to OD600 of 0.01 in 

nutrient broth. ND- menthol (100 μg/mL) was suspended in sterile nutrient broth and added to 

respective cultures. The cultures were incubated in the presence of ND-methanol for 3 h 

(logarithmic growth phase) at 37 °C at 120 rpm. After incubation, the cultures were centrifuged 

at 10.000 rpm for 5 min, and the supernatant solution was discarded. The resulting cell pellets 

were washed with 1.5 mL sterile PBS, and centrifuged at 10.000 rpm for 5 min, three times to 

remove media constituents that may interfere with the stain. After each wash the supernatant was 

discarded and the pellet collected. After the final wash in PBS, the cells were re-suspended in 1 

mL PBS. On ice, equal volumes of component A and component B of the LIVE/DEAD
® 

BacLightTM stains were added to the cell suspensions and thoroughly mixed by vortexing. Next, 

3 μL of stain was added to 1 mL of culture suspension and the samples were incubated in the 

dark at room temperature for 20 min. Finally, 5 μL of the stained bacterial suspension were 

captured between a clean microscope slide and an 18 mm coverslip. Samples were visualized 

using a Leica TCS SP5 Confocal Laser Scanning Microscope.  

7.7.2. Cell culture and cellular uptake of Au NRs@rGO-PEG-FITC and Au 

NRs@rGO-PEG-Tat/FITC 

U87MG (human glioblastoma astrocytoma) cells were cultured in DMEM supplemented with 
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fetal bovine serum FBS (10% (v/v)) and antibiotics ((penicillin/streptomycin) 1% (v/v)) at 37 C 

in a 5% CO2 atmosphere.  

The U87MG cells (5 10
4 cells per well) were seeded on glass cover slips in 24-well culture plates 

and infected with Au NRs@rGO-PEG-FITC and Au NRs@rGO-PEG-Tat/FIT at 50 mg mL
-1 for 

1, 4 and 24 h at 37 C. Cells were washed twice with PBS, and treated using next protocol: 

staining with 0.05 CellMask (10 minutes, dark, 20 C), PBS 2, fixing in paraformaldehyde (4% in 

PBS, dark, 20 C), PBS 3, staining with 2 mg mL
-1 Hoechst 33342 (15 min dark, 20 C), PBS 2, 

prior mounting on microscopic slides staining by means of FluoroshieldTM with 1,4-

diazobicyclo[2.2.2]octane. Experiments were carried out with a Leica AF600 LX microscope 

(Leica Microsystems GmbH) equipped with a HCX PL APO CS 100 / 1.40 DIC (Oil) objective, 

an Andor iXon DU-885 EM-CCD camera (Andor Technology Ltd) and appropriate filter cubes. 

The excitation/emission wavelengths (nm) were 350/460 for Hoechst 33342, 492/534 for FITC, 

575/632 for CellMask.   

7.7.3. Cellular toxicity of Au NRs@rGO-PEG  

To examine the biological effects of Au NRs@rGO-PEG on U87MG cells in terms of cell 

viability, colorimetric MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfo- phenyl)-2H-tetrazolium] metabolic activity assays were per- formed using a PHERAstar 

FS by BMG LABTECH. In brief, U87MG cells were seeded in 96-wells plate (100 mL, DMEM) 

at a density 15 000 cells per well. After 6 h, the medium was replaced with fresh DMEM 

containing Au NRs@rGO-PEG (1–200 mg mL
-1

) and incubated for 48 h. The old medium was 

aspirated and fresh DMEM (100 mL) and MTS tetrazolium dye (10 mL, Promega) was added. 

After 3 h the optical density of each well at 490 nm was recorded using a microplate reader. Each 

sample was measured in triplicate and Au NRs@rGO-PEG and DMEM only taken as false 

positive controls.  

7.8. Phothermal experiments 

7.8.1. 
1
O2

 

quantum yield estimation  
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To estimate the 
1
O2

 

quantum yield (Φx) of VP and AuNRs@SiO2

 

and Au NRs@SiO2-VP 

nanostructures, (ln A/A0) of ABDA at 378 nm was plotted vs. the photo-irradiation time and 

fitted to a pseudo-first-order kinetic model. The 
1
O2

 

quantum yield was estimated using 

methylene blue (MB) as reference (ФMB

 

= 0.52 in H2O) according to equation 1:  

        
  
  
  
   
   

 

where, ФMB us the 
1
O2

 

quantum yield of MB in HO, kx and kMB the rate constants for the 

photoreaction of ABDA with AuNRs and MB, respectively, and Ix and IMB the optical density of 

AuNRs and MB in H2O at 710 nm wavelengths of irradiation. 

7.8.2. Single oxygen detection  

Singlet oxygen generation was monitored through the chemical oxidation of an aqueous solution 

of 9,10-anthracenediylbis (methylene)dimalonic acid (ABDA) (10 μM) in presence of VP (4 μM) 

and AuNRs@SiO2

 

and Au NRs@SiO2-VP each at 230 pM respectively. The decrease in the 

ABDA absorbance at 378 nm was first monitored under irradiation at 710 nm and a laser power 

of 0.5 W cm
-2

 

using a continuous laser (CW, unmodelocked MIRA-900, France) or a 

femtosecond pulsed titanium:sapphire laser (Chameleon model, Coherent) that delivers 100 fs 

pulses at a repetition rate of 80 MHz. The laser beam was focused onto a cuvette (1 cm path 

length and 2 mm width) containing 1 mL of solution. Irradiation was stopped at 1, 2, 5, 10, 20, 30 

min and absorption spectra were recorded. 

7.8.3. Photodynamic ablation of bacteria solutions 

All bacteria were used from fresh night pre-culture (LB medium, OD600

 

= 1.0). In a total volume 

of 110 μL in 96-wells plate, bacteria (10
4

 

cfu mL
-1

) have been mixed with the corresponding 

testing compounds PBS (control), VP (5 μM, 0.5 % DMSO), Au NRs (100 pM), AuNRs@SiO2

 

(100 pM), Au NRs@SiO2-VP (100 pM) in a sterile PBS. Both irradiated and non-irradiated 

controls have been created (3 wells per condition). The laser beam diameter was adjusted exactly 
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to the square of the well to be ~ 0.3 cm
2
. Wells were irradiated for 10 and 30 min at 1 W cm

-2
. 

The conditions of the experiment are constructed in a way to complete the treatment within 2 h to 

prevent long exposure of bacteria to PBS solution.  

Bacteria titer assay was used to determine the residual concentration of bacteria in wells. To 

perform a titer assay, 10-fold dilutions of a bacteria stock 10
4

 

cfu mL
-1

 are prepared, and 10 μL 

aliquots are dropped on the LBagar + Kanamycin plates. After an incubation period of 20 h at 

37°C in a conventional thermostat, colonies were counted.  

7.8.4. Photothermal in vitro experiment  

In vitro photothermal ablation tests on U87MG cells were performed in standard 96-well plates 

with a continuous wave laser (Gbox model, Fournier Medical Solution, France) with a wave- 

length at 808 nm and power density of 0.5–1.0 W cm
-1 for up to 10 min in the presence of rGO-

PEG, Au NRs and Au NRs@rGO- PEG (5–40 mg mL
-1

). Prior to irradiation, U87MG cells were 

incubated with the respective nanomaterial for 4 h followed by washing and post-incubation for 

48 h. To examine toxic effect MTS test was performed.  

7.8.5. In vivo photothermal therapy and histology  

Studies involving animals, including housing and care, method of euthanasia, and experimental 

protocols, were conducted in accordance with the local animal ethical committee in the animal 

house (C59-00913; protocol CEEA 202012) of the University of Sciences and Technologies of 

Lille, under the supervision of Dr P. Mariot (59-009243).  

Six-week old male Swiss nude mice (Charles River, France) were used for this investigation. The 

mice were housed in cages covered with air filters in a temperature-controlled room with a 12 h 

light/12 h dark schedule and kept on a standard diet with drinking water available ad libitum. All 

animal experiments were performed in accord with institutional ethnical guidelines.  

To evaluate the in vivo PTT efficiency of Au NRs@rGO-PEG- Tat/Cy7, tumor-bearing mice 

(subcutaneous U87MG xeno- grafts) were prepared by inoculating a suspension of 5*10
6 
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U87MG cells per mouse in 50% (v/v) Matrigel. Tumor growth was monitored with caliper every 

two days by measuring its dimensions and calculating the volume. When the tumor grew to about 

500 mm
3 in volume, Au NRs@rGO- PEG-Tat/Cy7 (150 mL for 1 mg mL

-1 per mouse) was 

injected intravenously. To assure significant statistical data, 3 animals were used in each group 

for monitoring tumor growth. After 20 h post-injection of the nanostructures, the tumor tissue 

was irradiated using a portable continuous wave laser (Gbox model, Fournier Medical Solution, 

France) at 808 nm and power density of 0.5–2.0 W cm
-1  for up to 5 min, 2 times, with 2 min 

interval. The surface temperature of the irradiated areas of skin was controlled by Infrared 

Camera (Thermovision A40). 24 h after irradiation some animals were sacrificed. Tumor 

progression in treated and untreated group was evaluated by measuring the tumor volume for 15 

days.  

In vivo tracking of Au NRs@rGO-PEG-Tat/Cy7 was performed with a Bruker Xtreme in vivo 

machine supplied with interline front-illuminated (FI) 16 MP CCD detector, 400 W Xenon 

Fluorescence illuminator (excitation wavelength range: 410– 760 nm, emission filter wavelength 

range: 535–830 nm) and module for animal warming air 20–40 °C. The data was analyzed by 

high-performance Bruker Molecular Imaging (MI) software. The data represents mirror images 

of the mice.  

For histological analysis, mice were sacrificed with cervical dislocation under anesthesia and 

tissues (heart, liver, kidneys, lung, lymph node, tumor), excised from the mice at day 1 post 

injection, were fixed with 4% neutral buffered formalin solution and embedded in paraffin 

according to the standard laboratory protocol. The sliced tissues were stained with haematoxylin 

and eosin (H&E), and images were taken using an optical micro- scope (Zeiss AxioImager A1) 

using 10, 40 and 100 objectives with normal (halogen) light and using color filter with 

transmission of 620–650 nm to visualize Au NRs@rGO-PEG-Tat/ Cy7. 

7.9. Instrumentations 

7.9.1. Fourier transformed infrared spectroscopy 
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Fourier transform infrared (FT-IR) spectra were recorded using a ThermoScientific FTIR 

instrument (Nicolet 8700) with a resolution of 4 cm
-1

. Dried nanoparticles (1 mg) were mixed 

with KBr powder (100 mg) in an agate mortar. The mixture was pressed into a pellet under 10 

tons load for 2-4 min and the spectrum was recorded immediately. Sixteen accumulative scans 

were collected. The signal from a pure KBr pellet was subtracted as a background. 

 

7.9.2. Micro-Raman spectroscopy 

Micro-Raman spectroscopy measurements were performed on a Horiba Jobin Yvon LabRam HR 

micro-Raman system com- bined with a 473 nm (1 mW) laser diode as an excitation source. 

Visible light was focused by a 100 objective. The scattered light was collected by the same 

objective in the backscattering configuration, dispersed by a 1800 mm focal length mono- 

chromator and detected using a CCD camera. 

 

7.9.3. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were performed in a Specs analysis 

chamber, equipped with a monochromatized Al K


 

X-ray source (hν = 1486.74 eV) and a 

Phoibos 150 mm radius hemispherical electron energy analyzer. The analyzer (constant) pass 

energy was set to 100 eV for survey spectra and at 20 eV for high resolution scans, with an 

estimated total (source + analyzer + core hole width) resolution of 0.85 eV for the latter case (for 

the N 1s spectra). The pressure in the analysis chamber was in 10
-8

 Pa vacuum range, and an 

electron flood gun operating at 1 eV energy and 100 μA electron current was used to ensure 

sample neutralization. Electrons are recorded at normal emission in "Large Area Mode" of the 

Phoibos analyzer. The data are deconvoluted by using mixed Lorentz/Gauss profiles with the 

CasaXPS software. The samples were prepared by casting 50 μL aqueous suspensions of 

nanoparticles on a clean silicon wafer and followed by drying under room temperature. 

 

7.9.4. Absorption spectra 
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Absorption spectra were recorded using a Jasco V-570 UV/VIS/NIR  Spectrophotometer from 

Jasco Int. Co. Ltd., Tokyo, Japan. 

7.9.5. Transmission electron microscope (TEM)  

TEM measurements were performed in a FEI Tecnai G2 20 equipped with EDS micro-analysis, 

Gatan energy filter (EELS), electron precision and tomography. 

7.9.6. Scanning electron microscope (SEM) 

SEM images were obtained using an electron microscope ULTRA 55 (Zeiss, France) equipped 

with a thermal field emission emitter and three different detectors (BSE detector with filter grid, 

high efficiency In-lens SE detector and Everhart–Thornley secondary electron detector). The 

sample was prepared by casting a concentrated aqueous solution of the material onto a silicon 

substrate followed by drying at 100 C for 1 h. 

7.9.7. Confocal microscopy 

Transfected cells were washed with warm PBS, and fixed with 4% paraformaldehyde at room 

temperature for 15 min. Cells were then washed three times with PBS, mounted and observed 

using a Nikon A1-R (Nikon Instruments, Tempe, AZ) laser confocal microscope (Nikon Ph1 

DLL 10_/0.30 Plan Fluor objective) excited at 488 nm.  

7.9.8. Thermogravimetric analysis (TGA)  

Thermogravimetric analysis (TGA) measurements were made in Al2O3 crucibles in an 

atmosphere of nitrogen at a heating rate of 10 °C min
-1 

using a TA Instruments Q50 

thermogravimetric analyzer. 

7.9.9. Particle size measurements 
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Particle suspensions (40 μg.mL
-1

) in water were sonicated. The particle size of the nanoparticles 

suspensions was measured at 25°C using a Zetasizer Nano ZS (Malvern Instruments S.A., 

Worcestershire, U.K.) in 173° scattering geometry and the zeta potential was measured using the 

electrophoretic mode.  

7.9.10. Measurements of the photothermal effect 

All irradiations were performed in standard 96-well plates. The temperature changes were 

captured by an Infrared Camera (Thermovision A40) and treated using ThermaCam Researcher 

Pro 2.9 software. A 808 nm-CW LASER (Gbox model, Fournier Medical Solution) was used for 

the photo- thermal experiments. This laser was injected into a 400 mm- core fiber which output 

was placed around 6 cm away from the bottom of the wells. This output was not collimated and 

the resulting beam divergence allowed us to illuminate uniformly up to 4 wells. This LASER also 

comprises a red pointing LASER with a power of less than 5 mW which allows the fine 

positioning of the fiber without interfering in the measurements. 
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