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ABSTRACT 

Novel Metal Clusters for Imaging Applications 

Shahad Alsaiari 

During the past few years, gold nanoparticles (AuNPs) have received considerable 

attention in many fields due to their optical properties, photothermal effect and 

biocompatibility. AuNPs, particularly AuNCs and AuNRs, exhibit great potential in 

diagnostics and imaging. In the present study, AuNCs were used to selectively image and 

quantify intracellular antioxidants. It was reported by Chen et al. that the strong 

fluorescence of AuNCs is quenched by highly reactive oxygen species (hROS). Most of 

applications depend on fluorescence quenching, however, for our project we designed  

turn-on fluorescent sensors using AuNCs that sense antioxidants. In the presence of 

antioxidants, AuNCs fluorescence switch on, while in the absence of antioxidants their 

fluorescence immediately turn off due to hROS effect. AuNRs were also used for cellular 

imaging in which AuNRs were conjugated to Cy3-labelled molecular beacon (MB) DNA. 

Next, the previous complex was loaded in two different strains of magnetotactic bacteria 

(MTB). MTB were used as a targeted delivery vehicle in which magnetosomes direct the 

movement of bacteria. The DNA sequence was specific to a certain sequence in 

mitochondria. The exposure of MTB to an alternating magnetic field (AMF) leads to the 

increase of temperature inside the bacteria, which destruct the cell wall, and hence, 

bacterial payload is released.  When MD-DNA hybrid with the target sequence, AuNR 

and Cy3 separate from each other, the fluorescence of the Cy3 is restored.  
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Chapter 1 

Background 

1.1 Drug Delivery and Control Release 

Drug delivery refers to approaches and systems for transporting pharmaceutics molecules 

to the cells to exert their effect safely on their target. The ideal delivery system must 

target specific sites of the body, overcome barriers and minimize toxicity. Pharmaceutical 

scientists, engineers, chemists, physicists and medical practitioners have worked in 

synergy since 1980 to withstand the field of drug delivery. Drug delivery takes into 

account different aspects such as: properties of the drug, formulation, route of 

administration, target organ and cellular and intracellular target1.  

In 1972, Gregoriadis et al.2 discovered tiny lipid bubbles called liposomes, which were 

proposed later as drug carriers. These new carriers would slip more easily through 

tumors’ leaky vessels and into cancerous tissue to deliver their payload. In 1980, engineer 

Robert Langer3 used polymers to develop a device. Once the device is implanted in the 

brain, drug is released slowly to kill cancer cells only. By the end of 1992, the 

pharmaceutical companies started to design less expensive pharmaceutical formulation 

that could achieve required release levels. Subsequently, nanotechnology and 

nanoparticles covered milestones in the field of drug delivery.   

Currently used pharmaceuticals depend on the active pharmaceuticals ingredient (API) 

ability to interfere with defective biological pathway or local pathological process. 

However, these agents lack specificity, as they distribute among both cancer and normal  

cells. Moreover, many barriers must be crossed to reach the site of action, which may 
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inactivate their function. Furthermore, large quantities of drugs must be administered to 

maintain the required API concentration5. To overcome all these limitations, targeted 

drug delivery systems were developed. As Vladimir Torchilin Stated: “ targeted drug 

delivery defined as the ability of the API to accumulate in the targeted organ or tissue 

selectively and quantitatively, independent of the site and method of administration”4. 

Both active and passive means are used to specifically deliver drugs to tumors. Passive 

targeting is mediated by enhanced permeability and retention effect (EPR). EPR is the 

ability of cancer cells to accumulate certain sizes of molecules (nanoparticles and 

liposomes) in their cells much more than normal cells. On the other hand, active targeting 

based on the attachment of targeting ligand on the surface of the delivery system. 

Sometimes, external forces, such as ultrasound and magnetic field, are used to localize 

drug to required targets4. In order to ensure selective payload release, drug carriers were 

designed to be sensitive to specific cell conditions, which are known to be cancer cells 

that are characterized by acidosis and hyperthermia. When carriers encounter such 

conditions, their properties change and encapsulated agents are released.  

1.2 Gold Nanoparticles (AuNPs) 

Compared to other metal nanoparticles (NPs), gold nanoparticles (AuNPs) are the most 

stable, as they present fascinating aspects in optics6, catalysis7, sensors8 and magnetism9. 

The unique properties of AuNPs are due to the surface Plasmon resonance (SPR), which 

results from the collective oscillation of electrons on gold surface at a specific 

wavelength.10 SPR depends mainly on the shape of AuNPs, size, surface and 

agglomeration state.  As the AuNP size increases, the absorption maximum shifts from 

around 500nm into the near-infrared (NIR) part of the spectrum. Moreover, the synthesis 
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of different shapes of AuNPs can easily tune the SPR. The difference in absorption 

properties between spherical and irregular-shaped AuNPs of the same average size is 

caused by an anisotropic distribution of the surface electron layers.10 AuNPs are either 

manufactured by Bottom-up or top down approaches. In the bottom up approaches tiny 

components are built up into more complex assemblies, while top-down approaches seek 

to create nanoscale complexes by using larger, externally controlled ones to direct their 

assembly. Water-soluble AuNPs synthesis has received a considerable attention due to 

the easy preparation and potential biomedical applications11.  In 1951, Turkevitch et al.12-

14 introduced the most popular method for the synthesis of AuNPs, which based on the 

reduction of HAuCl4 in water using citrate. Later on, the method was developed to reduce 

HAuCl4 in an aqueous solution that contains AuNP seeds. The growth of the NPs in the 

seed-based method is mediated by one of two mechanisms. In one mechanism, a soft 

template is formed by the surfactant. The size of the template is controlled by the 

surfactant concentration and the ionic strength of the solution. Once the seed is 

introduced to the growth solution, the surfactant-capped seed becomes part of the soft 

template and growth starts by diffusing the gold atoms into the template. In the other 

possible mechanism, and as the new atoms join the nanocrystal lattice, the surfactant-

capped seed starts growing.15 

1.3 Biological Applications of AuNPS 

Au nanomaterials such as, gold nanorods (AuNRs), gold nanospheres (AuNSs), gold 

nanoflowers (AuNFs) and gold nanoclusters (AuNCs) have drawn worldwide attention in 

the biomedical field due to their attractive properties. Au particles less than 4 nm can 

cause oxidative cell damage due to their chemical reactivity. Therefore, small AuNPs 
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themselves are considered as drugs. 16,17 Larger Au particles can also be used for the 

destruction of cancer cells by the highly reactive singlet oxygen of the reactive oxygen 

species (ROS) produced by a photosensitizing compound and light of an appropriate 

wavelength. Such therapy is known as photodynamic therapy (PDT). KUO et al.17 used 

the phenomena of metal enhance fluorescence to enhance and stabilize the fluorescence 

of indocyanine green (ICG). In their study, AuNRs were used in photodynamic therapy, 

as hyperthermia agents and in NIR optical imaging. Upon NIR laser treatment, singlet 

oxygen was generated from both AuNRs and ICG and the temperature increased up to 

46°C after one minute of irradiation. They noted that the fluorescence intensity of ICG 

conjugated AuNRs increased about 26 % as compared to that of ICG. 

AuNRs are renowned by their photo-thermal properties.16 Also, Huang et al.23 

demonstrated the use of AuNRs as a contrast agent for imaging and photothermal cancer 

therapy. AuNRs were conjugated with anti-epidermal growth factor receptor, which binds 

to malignant cells, as they are overexpressed on them. After laser irradiation at 800 nm, a 

red light was scattered from AuNRs. They found that normal cells require double laser 

energy to be photothermally destroyed than malignant cells. Photothermal therapy was 

also used to kill Gram-negative bacteria, Pseudomonas Aeruginosa18. AuNRs were 

conjugated to targeted antibodies (Abs). After incubating Abs with cultured cells, they 

were irradiated with NIR laser. Laser irradiation increases the local temperature up to 

70C, and subsequently, kills bacterial cells.  

AuNRs were also used as active carriers, in that the photothermal properties were used to 

selectively release the payload in a localized area. Nucleic acids, in the form of DNA, 

RNA and plasmid DNA, are the most commonly used drugs. Thiol-modified DNA can 
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bind to the surface of citrate- or phosphine- stabilized AuNPs. Moreover, ssDNA can 

directly attach to the surface of AuNPs without any modifications, by electrostatic 

means19.  DNA functionalized AuNRs are an interesting system and their applications 

range from biological sensors 20 to the construction of self-assembled materials.8,21 

However, most studies deal with the use of the DNA functionalized AuNRs as 

biosensors, in which thiolated-ssDNA are attached to the surface of AuNRs. The special 

electronic and optical properties of AuNRs are used to monitor the hybridization of 

specific target sequences of DNA. Chen et al. demonstrated the use of DNA-AuNR 

conjugates for remote control of local gene expression. They combined AuNRs and 

enhanced green fluorescent protein (EGFP) DNA. The AuNRs of EGFP-AuNR 

conjugates underwent shape change and released EGFP DNA Upon femto-second NIR 

irradiation. When the conjugates were delivered to cultured HeLa cells, induced GFP 

expression was observed in the localized area exposed to NIR irradiation.22 

Using AuNPs in cell imaging stands out as a very promising alternative, which will solve 

all issues related to fluorescent markers (fluorophores) photo-bleaching. AuNRs were 

used as a contrast agent for molecular imaging using simple dark field microscopy and 

confocal microscopy21. For NIR imaging applications, AuNRs have considerable 

advantages over molecular dyes and fluorophores; First, their photophysical properties 

are much more robust against photobleaching effects and other forms of optical fatigue 

under comparable levels of illumination; Second, their absorption cross-sections are 

many times greater than organic molecules24.  

AuNCs have also received significant attention in imaging due to their strong 

photoluminescence, combined with good photostability, large stokes shift and high 
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emission rate25. The biological imaging applications based on AuNCs have been reported 

by a number of papers 26,27. Core size is the major determinant of the fluorescence 

emission 28. The application of AuNCs with NIR emission in tumor fluorescence imaging 

in vivo was reported by Wu et al29. Retnakumari et al.30 reported that the conjugation of 

bovine serum albumin (BSA)- AuNCs to folic acid was used for cancer cell imaging. Liu 

et al.31 used insulin as template for the synthesis of AuNCs. Interestingly, the synthesized 

insulin-AuNCs retain the same bioactivity as commercial insulin in reducing blood 

glucose. 
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Chapter 2 

“Turn-on” Sensing of Antioxidants for Intracellular Imaging 

Lianzhe Hu, Lin Deng, Shahad Alsaiari, Dingyuan Zhang, and Niveen M. Khashab* 

Controlled Release and Delivery Lab, Advanced Membranes and Porous Materials 

Center, King Abdullah University of Science and Technology, Thuwal 23955-6900, 

Kingdom of Saudi Arabia. 

 

ABSTRACT  

Depletion of intracellular antioxidants is linked to major cytotoxic events and cellular 

disorders such as oxidative stress and multiple sclerosis. In addition to medical diagnosis, 

determining the concentration of antioxidants in foodstuffs, food preservatives and 

cosmetics has proved to be very vital.  Herein, a simple and quantitative spectroscopic 

method based on gold nanoclusters (AuNCs) is developed to detect and image 

antioxidants such as ascorbic acid (AA). Quenching the fluorescence of gold 

nanoparticles has been the major focus of published reports on reactive oxygen species 

sensors (ROS). To the best of our knowledge, no quantification of antioxidant 

concentration based on similar approaches has been published. Our method shows great 

accuracy when employed to detect the total antioxidant capacity (TAC) in commercial  

fruit juice. Moreover, confocal fluorescence microscopy images of HeLa cells show that 

this approach can be successfully used to image antioxidants in living cells. 

INTRODUCTION 
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Reactive oxygen species (ROS) represent an important class of radical species that are 

generated in metabolic processes, and usually include superoxide (O2


), hydroxyl radical 

(•OH), hypochlorite (ClO


), and peroxynitrite (ONOO


). High concentration of ROS 

may cause oxidative stress which can induce damage of proteins, DNA, lipids, and thus 

lead to numerous human diseases including cardiovascular disease, neurological 

disorders, and cancers.32 To protect the cells and organs against oxidative stress, living 

organisms developed sophisticated and complex antioxidant protection system.33 In 

normal aerobic cells, ROS exist in balance with biochemical antioxidants such as 

glutathione (GSH).34 Increasing intake of antioxidants through fresh fruits and vegetables 

also helps to maintain an adequate antioxidant status in human body.35 Uric and Ascorbic 

acids are by far the highest concentration antioxidants in human blood. Recent reports 

have linked uric acid concentration in blood to early symptoms of multiple sclerosis 

(MS), as it is difficult to diagnose such disease at early stages.36-40 Therefore, measuring 

the antioxidant capacity in biological fluids and foodstuffs is of high interest for various 

fields including cell biology, food chemistry, pharmaceuticals screening, and diagnosis of 

oxidative stress-associated diseases in clinical chemistry.41-48  

Metal nanoclusters (NCs) are a subclass of metal nanoparticles with a core size below 2 

nm and typically contain several to tens of metal atoms.49,50 This size is comparable to the 

Fermi wavelength of conduction electrons. Owing to the strong quantum confinement of 

free electrons in this size regime, metal NCs possess discrete electronic states and exhibit 

interesting molecule-like properties including quantized charging and size-dependent 

fluorescence. Among metal NCs, fluorescent gold NCs (AuNCs) received considerable 

attention owing to their colloidal stability, facile synthesis, low cytotoxicity, and good 
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photophysical properties.51-53 These features make them attractive for a wide variety of 

biochemical applications, such as sensing,54-57in vitro and in vivo imaging,58-60 and cancer 

therapy.61,62 Turn-on fluorescent sensors designed using AuNCs are still relatively rare as 

most reported AuNCs based sensors depend on the decrease in fluorescence intensity.63,64 

Moreover, although AuNCs have been demonstrated as attractive fluorescence agents in 

cellular imaging, the use of AuNCs as specific probes for intracellular imaging of 

selected analytes also remains largely unexplored.65 

Chen et al. have recently reported that the strong fluorescence of Au-NCs can be 

quenched by highly reactive oxygen species (hROS) including •OH, ClO


, and 

ONOO


.66 The fluorescent imaging of hROS in living cells has been developed only by 

using Au-NCs decorated silica nanoparticles as fluorescent probes. Herein, a simple 

approach to detect and image antioxidant based on recovering the strong fluorescence of 

Au-NCs upon hROS quenching is presented (Scheme 1). 

  

 

 

 

Scheme 1 The sensing principle of the antioxidant sensor based on Au-NCs. 

Using ascorbic acid (AA) as representative antioxidant and •OH as hROS model, the 

quantitative fluorescence analysis of AA concentration is achieved. The proposed method 

shows good selectivity toward AA compared to non-antioxidants, and its potential 

applications in screening antioxidant capacity of different antioxidants and sensing the 

antioxidant activity of commercial fruit juice is demonstrated. 
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Moreover, the use of fluorescent AuNCs for intracellular imaging of antioxidants is 

also achieved. The ultra-small fluorescent Au-NCs can be efficiently internalized by 

HeLa cells and showed excellent biocompatibility. The fluorescent AuNCs exhibited 

rapid response toward ClO


 and AA, thus showing great potential for imaging the ROS 

status and the antioxidant levels in living cells. 

EXPERIMENTAL SECTION 

Materials and Instruments. Chloroauric acid (HAuCl4· 4H2O), glutathione (GSH), 

hydrogen peroxide (H2O2), Sodium hypochlorite (NaClO), ferrous chloride, and ascorbic 

acid (AA) were purchased from Sigma-Aldrich. All reagents were of analytical reagent 

grade, and used without further purification. Commercial fruit juice was purchased from 

Abuljadeyel Beverages International Company (Saudi Arabia). The human cervical 

tumor cell line (HeLa) was purchased from ATTC (USA). Eagle’s minimal essential 

medium (EMEM) and fetal bovine serum (FBS) were purchased from Invitrogen (USA). 

Fluorescence measurements were performed on a Cary Eclipse fluorescence 

spectrophotometer (Varian). The emission spectra were recorded upon excitation at 375 

nm. The slits for excitation and emission were set at 10 nm. Absorbance spectra were 

measured using a Cary-5000 UV-Vis-NIR spectrophotometer (Varian) with a 1 cm cell 

path length. Transmission electron microscopy (TEM) images were obtained with a 

Tecnai T12 transmission electron microscope. Confocal laser scan microscopy image 

were collected using a fluorescence microscope (CLSM, Zeiss) with an excitation 

wavelength of 405 nm. 

Synthesis of Au-NCs. Au-NCs were prepared as follows.67 Typically, 2.5 mL aqueous 

HAuCl4 (4 mM) was added to 2.5 mL GSH solution (8 mM) under vigorous stirring at 
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room temperature. After 5 minutes mixing, the solution was allowed to react at 70 °C for 

24 hours. The final solution was stored at 4 °C in refrigerator when not in use. 

Antioxidant sensing. For AA detection, 100 µL of as-prepared Au-NCs were mixed 

with 2.8 mL of different concentrations of AA in 10 mM PBS (pH 5.0), followed by the 

addition of 50 µL 3 mM Fe2+ and 50 µL 3 mM H2O2, respectively. After incubation at 

room temperature for 5 min, the solution fluorescence spectra were measured upon being 

excited at 375 nm. For commercial juice samples determination, the orange, apple and 

mango juices were first diluted using 10 mM PBS (pH 5.0) by 1000-fold, 300-fold, 250-

fold, respectively. Then the diluted juice samples were tested following the procedure for 

AA detection. 

Cell culture and cell viability. HeLa cells were cultured in EMEM medium containing 

10% FBS and penicillin-streptomycin at 37 °C in a humidified 5% CO2 atmosphere. The 

cytotoxicity of Au-NCs was evaluated by using the MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) assay. HeLa Cells were seeded at a density of 5×103 

cells per well in 96-well flat bottom plates and incubated for 12 h. Cells were washed by 

DPBS buffer and incubated in the culture media with Au-NCs for 24 h at 37 °C. Cell 

viability was evaluated by the MTT colorimetric procedure. 

Intracellular imaging. After cell attachment, 20 µg/mL Au-NCs was added and 

incubated with the EMEM solution at 37 °C for 2 h for cell uptake. In the assay of ClO


, 

the cells were washed three times, followed by the addition of 500 µM NaClO in PBS 

(pH 7.4), and incubation for 5 min before fluorescence imaging. In the assay of AA and 

fruit juices, the cells were washed three times, followed by the addition of 1 mM AA or 
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5% (v/v) orange juices in PBS (pH 7.4), and incubation for 5 min. NaClO (500 µM) was 

then added and the cells were incubated for another 5 min before fluorescence imaging. 

RESULTS AND DISCUSSION 

Synthesis of AuNCs. The Au-NCs are synthesized using a GSH template according to 

previous report. 68 The average size of the resulting AuNCs is about 2 nm, as revealed by 

TEM (Figure 1). 

 

 

 

  

 

 

 

 

Figure 1. The TEM of as-prepared AuNCs 

 

 

 

 

 

The excitation and emission fluorescence 

spectra of as- prepared AuNCs are 
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shown in Figure 2.  

 

 

 

 

 

 

 

Figure 2. The fluorescence excitation (a) and emission (b) spectra of the obtained Au 

NCs. Inset: photographs of AuNCs under daylight (left) and 365 nm UV light (right). 

Upon excitation at 375 nm, the AuNCs showed an emission band centered at 610 nm. 

The characteristics of the spectra are consistent with literature, which confirmed the 

successful preparation of AuNCs.  

Responsiveness of AuNCs to antioxidants. The fluorescence response of AuNCs to •OH 

and •OH/AA are shown in Figure 1A. The •OH is generated by Fenton reaction (Fe2+ + 

H2O2  Fe3+ + •OH + OH


) through mixing ferrous ions with H2O2. In the presence of 

both Fe2+ and H2O2, the fluorescence of Au-NCs is quenched. The is consistent with 

previous reports, and the mechanism is attributed to the strong oxidative ability of •OH 

which oxidizes the Au(0) in Au-NCs to Au (Ι ).66 
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Figure 3. (A) The fluorescence intensity of (a) 50 µg/mL Au-NCs, (b) 50 µg/mL Au-NCs 

+ 50 µM Fe2+ + 50 µM H2O2, (c) 50 µg/mL Au-NCs + 50 µM Fe2+ + 50 µM H2O2 + 150 

µM AA. (B) The fluorescence intensity of (a) 50 µg/mL Au-NCs, (b) 50 µg/mL Au-NCs 

+ 50 µM Fe2+, (c) 50 µg/mL Au-NCs + 50 µM H2O2, (d) 50 µg/mL Au-NCs + 150 µM 

AA. 

To investigate the effect of antioxidants on the fluorescence of AuNCs, we used ascorbic 

acid (AA) as a representative analyte. As shown in Figure 3A, the fluorescence of Au-

NCs recovers to more than 95% of its original intensity in the presence of AA and •OH. 

AA is a well-known •OH scavenger, thus removing •OH by AA is the reason for 

fluorescence intensity change. In a control experiment, using only Fe2+, H2O2 or AA 

showed negligible effect on the fluorescence intensity (Figure 3B). This further 
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demonstrates that the generation of •OH and the antioxidant capacity of AA result in 

fluorescence quenching and recovery. 

As shown in Figure 1A, a small peak centered at 510 nm appears after the fluorescence of 

AuNCs is quenched by •OH. This may be due to light scattering since the solution 

becomes a little opaque in the presence of •OH. The UV-Vis absorption spectra of 

AuNCs are presented in Figure 4.  

 

 

 

 

 

 

 

Figure 4. The UV-Vis spectra of  (a) Au NCs only, (b) Au NCs in the presence of •OH, 

(c)  Au NCs in the presence of •OH and AA. 

In the presence of •OH, the spectra of Au-NCs shows a broad range adsorption increase, 

which also suggests the generation of small insoluble aggregates. In the presence of AA, 

the UV-Vis spectra are similar to the original absorption of Au-NCs.  

Figure 5 shows the TEM images of Au-NCs after being treated with •OH and •OH/AA, 

respectively. Au-NCs with •OH tend to gather together while Au-NCs with •OH/AA are 

relatively well-dispersed and maintain a uniform size. It is reported that •OH can oxidize 

the GSH template neighboring Au(0) of AuNCs, which results in less stability and 
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aggregation of Au-NCs. AA can effectively remove •OH and protect the AuNCs from 

oxidation, thus avoiding  aggregation of Au-NCs. 

 

 

 

 

Figure 5. The TEM of Au-NCs after treatment with •OH (A) and with •OH and AA (B). 

Sensing of AA and antioxidant screening. As shown is Figure 6, the fluorescence 

intensity of Au-NCs increased as the concentration of AA increased in the presence of 

fixed amount of •OH. The fluorescence intensity versus the AA concentration is linear 

over a concentration rage of 5 µM to 100 µM (R=0.979). The relative standard deviation 

(RSD) was 2.1% for six repeated measurements of 20 µM AA. The detection limit of AA 

is 5 µM at a signal-to-noise ratio of 3.      

 

 

 

 

 

Figure 6. The fluorescence intensity of Au-NCs/Fe2+/H2O2 system in the presence of AA 

from 0, 5, 10, 20, 30, 40, 60, 80, 100, to 120 µM. Inset: the linear relationship of 

fluorescence intensity and the concentration of AA. 
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The selectivity of AuNCs toward AA is also studied. The fluorescent responses of Au-

NCs solutions to some common biological molecules are monitored and compared to that 

of AA. Figure 7 shows that the addition of 100 µM AA results in about 6-fold increase of 

the fluorescence intensity of AuNCs. In contrast, no obvious increase in fluorescent 

intensity is observed by adding 100 µM of biological ions, amino acids, or proteins. This 

data demonstrates that the antioxidant capacity of AA caused the increase in fluorescence 

intensity, thus AuNCs can be used as a simple and reliable fluorescent probe of the “turn-

on” detection of AA with minor interference from other non-antioxidant molecules. 

 

 

 

 

 

 

Figure 7. The fluorescence response of AuNCs/Fe2+/H2O2 system in the presence of Zn2+, 

Mg2+, Fe3+, Ca2+, Cu2+, proline (Pro), serine (Ser), phenylalanine (Phe), tyrosine (Tyr), 

bovine serum albumin (BSA), glucose oxidase (GOx), lysozyme (Lys), and AA. 

The proposed method is further used to screen antioxidants with respect to their ROS-

scavenging capacities. At present, on the basis of the chemical reaction involved, major 

antioxidant capacity assays can be divided into two categories including electron transfer 

based assays and hydrogen atom transfer based assays.69 In the hydrogen atom transfer 

based assays, the capability of an antioxidant to quench free radicals is measured. •OH is 

a universal radical in organisms and can be used to evaluate antioxidant capacity in vitro. 
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As shown in Figure 8, AA, citric acid, gallic acid, and tartaric acid are tested as model 

scavengers of •OH. All of these antioxidants can induce the increase in fluorescence 

intensity of AuNCs. Citric acid and AA show higher •OH removing ability, while tartaric 

acid and gallic acid perform relatively lower. Compared with previous optical methods 

for antioxidant capacity assays,70,71 our approach employing AuNCs as fluorescent probes 

have more benefits including rapid response, large stoke shift, low toxicity, and ease of 

use.  

 

 

 

 

 

Figure 8. The fluorescence intensity of Au-

⏏ gallic acid. 

Antioxidants detection in fruit juice. Foodstuffs are good exogenous source of natural 

antioxidants. The total antioxidant capacity (TAC) of food samples is usually used to 

evaluate their health beneficial effects. In order to demonstrate the potential application 

of the proposed method, the TAC of commercial fruit juice is tested. The results of TAC 

in three types of fruit juice are expressed in AA concentration and shown in Table 1.  

Table 1. TAC values of fruit juices (expressed in AA) and AA recovery in the 

corresponding fruit juices (n=3) 

 

All three 
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samples showed good antioxidant activity. The order of TAC in the tested commercial 

juice samples is as follows: orange > apple > mango. To further demonstrate the 

feasibility of this method, the concentration of AA in each sample was also tested by the 

standard addition method. The analytical recoveries were from 91.3% to 94.8%. These 

results support that the proposed method has great potential application in TAC 

determination in commercial fruit juices. 

Intracellular imaging. The antioxidant levels in living cells are essential to control 

cellular function. The ability of AuNCs to image antioxidant levels is explored using 

HeLa cells as a model system. Upon incubation with AuNCs (20 µg/mL) in a serum-

supplemented cell culture medium for 2 h, appreciable amounts of AuNCs are observed 

inside the HeLa cells (Figure 9a). 

 

 

 

 

 

 

 

Figure 9. Confocal fluorescence microscopy images of HeLa cells treated with (a) PBS 

buffer, (b) 500 µM ClO
‒
, (c) 1 mM AA with 500 µM ClO

‒
, and (d) 5% (v/v) orange 

juices with 500 µM ClO
‒
, after incubating with 20 µg/mL Au-NCs for 2 h. Scale bar: 

20 µm. 
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This result indicates that the AuNCs are rapidly uptaken into cells and maintain their 

fluorescence emission characteristic. The Au-NCs loaded cells were then treated with 

ClO


 as a typical hROS because it is difficult to generate •OH in physiological pH using 

Fenton reaction. When the Au-NCs loaded cells are incubated with 500 µM ClO


 for 10 

min, the fluorescence signal observed is much weaker (Figure 9b). This implies that the 

fluorescent Au-NCs are also oxidized by ClO


 in living cells.  

To validate the response of this nanosensor toward antioxidants, the cells were 

incubated with 1 mM AA before the addition of ClO


. In this case, the fluorescence  

signal increases notably confirming the AA can protect the fluorescence against 

quenching by ClO
 (Figure 9c). Interestingly, when the cells are incubated with 

commercial orange juice before the addition of ClO


, a very intense fluorescence signal 

can be observed (Figure 9d). In vitro studies showed no auto-fluorescence of orange 

juices, and the ClO


 removing ability of 5% (v/v) orange juices is weaker than 1 mM 

AA in PBS buffer (Figure 10).  
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Figure 10. The fluorescence intensity of (a) 100 µg/mL AuNCs, (b) 100 µg/mL AuNCs + 

500 µM NaClO +1 mM AA, (c) 100 µg/mL Au NCs + 500 µM NaClO + 5% (v/v) orange 

juices, (d) 100 µg/mL AuNCs + 500 µM NaClO. 

Starvation induced ROS formation has been well-demonstrated in cell biology.72,73 After 

AuNCs are washed and re-dispersed in serum-free PBS buffer, the endogenous levels of 

ROS could be greatly increased due to the lack of nutrition, which might lead to the 

oxidation of AuNCs. In the presence of orange juice, the cells are not hungry and 

maintain higher antioxidant levels, AuNCs are fully protected from oxidation and thus 

intense fluorescence signals are observed. Moreover, HeLa cells showed obvious 

different morphologies after treating with PBS and juice (Figure 11).  
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Figure 11. Brightfield image of HeLa cells treated with (a) PBS buffer, (b) 500 µM ClO
‒
, 

(c) 1 mM AA with 500 µM ClO
‒
, and (d) 5% (v/v) orange juices with 500 µM ClO

‒
, after 

incubating with 20 µg/mL Au NCs for 2 h. Scale bar: 20 µm. 

The cells dispersed in PBS show unusual spherical shapes, while the cells treated with 

juice exhibited typical morphology of cultured HeLa cells. This further indicates the 

increase of endogenous ROS formation in PBS only treated HeLa cells. Finally, the 

biocompatibility of AuNCs is tested by using MTT assay (Figure 12). 

 

 

 

 

 

 

Figure 12.  Cytotoxicity of different concentrations (0.01 ng/mL ‒ 100 µg/mL) of AuNCs 

after incubation with HeLa cells for 24h. 
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After 24 h incubation with AuNCs, the cell viability is estimated to be greater than 85% 

over a wide concentration range of 10-5102 µg/mL, which confirms the excellent 

biocompatibility and the great potential of AuNCs for ROS status and antioxidant level 

imaging in living cells. 

CONCLUSION 

 A simple and selective spectroscopic method for antioxidant sensing and imaging is 

successfully demonstrated. The sensing mechanism is based on the ability of antioxidants 

to recover the fluorescence of AuNCs after being quenched by hROS. This method is 

used for evaluating the antioxidant content in commercial fruit juices and proves to be 

superior to existing spectroscopic sensing methods in terms of rapid response, ease of 

use, and good biocompatibility. Intracellular studies showed the great potential of AuNCs 

for probing antioxidant levels in living cells. Through integrating the fluorescence feature 

of nanoclusters with the Boolean logic gate concept, a three-input logic gate is reported 

for the first time using AuNCs, which demonstrates the potential of this system to be 

employed in complex logic devices at the molecular level. Thus, AuNCs are foreseen as 

promising fluorescent probes in antioxidant sensing, imaging, drug antioxidant capacity 

screening, and logic gate applications in molecular devices. 
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Chapter 3 

Magnitotactic Bacteria as a Delivery Vehicle for Nanocomplexes 

 

Controlled Release and Delivery Lab, Advanced Membranes and Porous Materials 

Center, King Abdullah University of Science and Technology, Thuwal 23955-6900, 

Kingdom of Saudi Arabia. 

ABSTRACT  

Recently, magnetotactic bacteria (MTB) have received considerable attention in the 

biomedical field due to their ability to naturally synthesize magnetic particles 

(magnetosomes). Magnetosomes direct the movement of bacteria toward any externally 

applied field. Here, two different strains of MTB were loaded with gold-quenched 

molecular beacon (MB) DNA. MTB were used as a targeted delivery vehicle, in which 

magnetosomes help in bacterial localization. The DNA sequence was specific to a certain 

sequence in mitochondria. Upon exposure to an alternating magnetic field (AMF), 

magnetic hyperthermia increase the temperature inside the bacteria, thus, the cell wall 

will be destructed and bacterial payload will be released.  When MB-DNA hybrid with 

the target sequence, AuNR and Cy3 separate from each other, the fluorescence of the Cy3 

is restored. 
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Introduction 

Nowadays, researches are focusing on designing targeted drug delivery systems, which 

selectively deliver pharmacologically active agents to their site of action to achieve 

maximal therapeutic efficacy with minimal side effects. Such systems solved all issues 

related to drug instability, solubility, short half-life, low absorption and large volume of 

distribution. Generally, delivery systems are divided into biological (viruses and bacteria) 

and non-biological (polymers, liposomes, dendrimers, etc.) systems. Although the safety 

profile of non-biological vectors is attractive, their efficiency is poorly compared with the 

biological vectors. Moreover, biological vectors are more favorable, as they possess their 

own delivery mechanisms74.  

Viruses are the most nanomaterial used in gene therapy, as they transfer genes efficiently 

into the host. Lui et al. reported that type I diabetes mellitus can be treated by eliminating 

the apoptosis of pancreatic beta cells by introducing herpes simplex virus-1 (HSV-1) 

carrying Bsl-2 gene to such cells.75 To ensure a targeted delivery system, peptide legends 

were anchored to viral vectors76. Viral vectors were not only used for gene delivery but 

also for nanoparticles delivery. Everts et al.77 suggested a combinatorial therapeutic 

approach (hyperthermia and gene therapy) by covalently attaching AuNPs to adenovirus, 

which were selectively delivered to tumor cells. Quantum dots78,79 and iron oxide NPs80  

were also tagged on viral vectors for imaging applications. Viral vectors, however, have 

several limitations, for example; the inability of cancer cells to be transducable by viral 

vectors, as they lack viral receptors and unfavorable immunological features, which 

restrict their applications. Moreover, pre-existing immunity against the viral vector will 

elicit the immune system and lead to ineffective therapy81. Therefore, it is crucial to 
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investigate other non-viral biological vectors including bacteria, bacteriophage, virus-like 

particles (VLPs), exosomes and erythrocyte ghosts.  

The ability of some bacterial strains to naturally target and specifically colonize in tumor 

cell made them unique delivery system82. Some bacteria colonize in both aerobic and 

anaerobic areas of tumor such as Salmonella Spp. while others such as Clostredium 

Beijernickii and Bifidobacterium only colonize with necrotic and hypoxic areas of a 

tumor, as they are strictly anaerobes83. To benefit from this property, bacteria were 

modified to produce tumor necrosis factors and other cytokines to enhance tumor cell 

death. The ability of bacteria to deliver siRNA to cancer cells and suppress tumor growth, 

was demonstrated in many studies.84,85 

The term “microbots’ was first introduced by Akin et al86. Microbots are bacteria carrying 

NPs.  DNA functionalized NPs linked to the surface of attenuated intracellular bacteria 

(Listeria Monocytogens) through biotin-streptavidin interaction. Tumor cells were 

invaded by microbots, subsequently, NPs and DNA were released and transcription and 

translation of the targeted proteins were initiated. Unlike viruses, attenuated bacteria are 

known to have no substantial pathogenicity and could be used several times without 

inducing immune response.  

Magnetotactic bacteria (MTB) are aquatic prokaryotes that are known to bio-mineralize 

intracellular magnetic NPs, called magnetosomes, which direct the movement of bacteria 

toward Earth’s geomagnetic and externally applied field.87,88  
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Figure 13. Transmission electron microscope (TEM) images of MTB and 

magnetosomes.88 

MTB are Gram-negative bacteria that are widely distributed across multiple bacterial 

phyla. Most know uncultured and cultured MTB belong to Alpha, Gamma and 

Deltaproteobacteria classes of the Proteobacteria phylum and with Nitrospira phylum89.  

B A 
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Figure 14. Phylogenetic analysis of magnetotactic bacteria in the Alpha-, Gamma-, and 

Deltaproteobacteria classes of the Proteobacteria phylum, the Nitrospirae phylum, and 

the candidate division OP3. Magnetotactic bacteria are in boldface type. The tree is based 

on neighbor-joining analyses. The bar represents 2% sequence divergence88. 

Magnetosomes (figure 1B) consist either of magnetite (Fe3O4) or greigite (Fe3S4) and 

their size range from 35 nm to 120 nm90. They assemble into highly ordered chain-like 

structures, thereby, maximizing the magnetic dipole moment of the cell and causing it to 

passively align along magnetic field lines as it swims91. Magnetosomes are coated with a 
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lipid layer that confers physiological stability and solubility, which is crucial for bio-

applications and is usually the bottleneck for synthetic magnetic nanoparticles.92 They 

also have many applications in diagnostics, analytes detection and magnetic separation, 

particularly DNA extraction93 and magnetic cell separation94. Matin et al. succeeded in 

using MTB as both positive (bright) and negative (dark) contrast agents for magnetic 

resonance imaging (MRI)95. They also showed that bacteria could both colonize tumors 

and enhance MRI contrast, thus enhancing tumor detection by MRI. Recent studies are 

focusing either on increasing the production of bacterial magnetosomes or functionalizing 

bacterial magnetosomes for heating applications.  Here, MTB were used as a targeted 

delivery vehicle in which magnetosomes direct the movement of bacteria. MTB were 

loaded with gold quenched molecular beacon (MB) DNA, which will be explained later. 

Upon exposure to an alternating magnetic field (AMF), magnetic hyperthermia will 

increase the temperature inside the bacteria, thus, the cell wall will be destructed and the 

loaded complex will be released.  

Tyagi and Karamer96 were the first who introduced the concept of MB DNA, which is a 

promising probe for genomic studies quantitation.  A standard MB consists of two 

portions. One is called loop, where the sequence of oligonucleotide is complementary to 

a specific target while the other portion is called the stem - not related to the target 

sequence- where both ends of the ssDNA anneal.  Upon annealing, the quencher comes in 

contact with the excited fluorophore and inhibits its fluorescence by accepting the energy 

emitted by F. The molecular recognition mediated by signal transduction mechanism, 

which is based on fluorescence resonance energy transfer (FRET). The probe does not 

fluoresce when the hairpin structure is closed. When the probe encounters a target 
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molecule, the loop forms a hybrid that is more stable and longer than the stem and the 

MB undergoes a conformational reorganization that forces the stem apart. Subsequently, 

Q and F are separated from each other and the fluorescence of the F is restored. On the 

other hand, unhybridized MB does not fluoresce.  Dubertret et al.97 reported that AuNPs 

have higher efficiency than other used quenchers. A greater sensitivity to single-

nucleotide mismatches of DNA sequence is offered by gold quenched MB. The 

molecular recognition specificity is the major advantage of MB-DNA98. Its specificity 

comes from stem and loop structure. The stem hybrid acts as a counterweight for the loop 

hybrid.   

Materials and methods 

Materials and Instruments. Cetyltrimethylammonium bromide (CTAB, 99%), sodium 

borohydride, L-ascorbic acid, hydrogen tetrachloroaurate (III) trihydrate (HAuCl4) 

(99%), silver nitrate and dithiothreitol (DTT) were all purchased from Sigma-Aldrich and 

used as received. Fluorescein and thiol-tagged MB-DNA, match and mismatch sequence 

were purchased from integrated DNA technologies (IDT). MTB were purchased from 

DSMZ. Cary 5000 UV-Vis-NIR Spectrophotometer (Varian), Cary Eclipse Fluorescence 

Spectrophotometer (Varian). Gel electrophoresis and FEI Titan 80-300 transmission 

electron microscope (TEM). 

AuNR synthesis. To make surfactant-coated AuNRs, the well-documented seed mediated 

procedure developed by El Sayed
15 was employed.  

DNA Preparation. Fluorescein and thiol- tagged MB-DNA was purchased from IDT. 

Thiol-modified oligonucleotides were delivered with a hexanethiol protection group to 

minimize the potential for oxidation and oligo dimer formation. Therefore, 125 µl of 



 

 

44 

 

100mM DTT was added and the solution was incubated at room temperature for one hour 

to reduce the disulfide linkage. Then, DNA was purified and the final concentration was 

17.7 mM.  

Table 1: Oligonucleotide sequence used were as follows: 

 Sequence  

MB DNA 5’-Cy3-CGACGCCAGGGAGAACAGAAACCGTCGAAAAAA-

(CH2)3-SH-3’ 

Perfectly 

matched 

5’GTTTCTGTTCTCCCTGG-3’ 

Mismatched 5’-GTTTCTGTGCTCCCTGG-3’ 

 

AuNR-DNA conjugation. Thiol-DNA  ( 17.7mM) was introduced to Citrate-stabilized 

AuNPs (750pM) in a molar ratio (thiol- DNA to AuNPs) of 500. Then, it was incubated 

overnight at room temperature. Afterward, the particles were washed three times in 

Phosphate buffered saline (pH 6.9) through centrifugation (13,200 rpm, 20 min) to 

remove unconjugated particles. Finally, the resulting conjugates were re-suspended in 

100 μL Phosphate buffered saline (pH 6.9). 

Hybridization of AuNPs Linked DNAs. Hybridization test was performed using DNA- 

Au NPs conjugates and DNAs of complementary (5’GTTTCTGTTCTCCCTGG-3’) and 

uncomplimentary sequences (5’-GTTTCTGTGCTCCCTGG-3’). AuNPs-DNA 

conjugates were mixed with matched and mismatched sequences separately. 
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Subsequently, it was incubated at 95C for 5 minutes and allowed to cool down to room 

temperature.   

Loading Mechanism. Two strains (Magnetospirillum gryphiswaldense and 

Magnetospirillum bacillus) of actively growing MTB were purchased from DSMZ. In an 

anaerobic chamber, 200 l AuNR-MB were introduced to 100 l MTB and incubated for 

2 hours. Then, it was purified either by washing or filtration. The same volumes were 

used for the other loading method, which based on introducing the bacteria to heat shock. 

The mixture was incubated in ice for 30 minutes, then it was heated at 42C for 30 

seconds and returned back to ice for 1 hour.  

Results and discussion  

AuNR synthesis. The method yields CTAB stabilized AuNRs with an aspect ratio of 5:1 

(average length of 50 nm and average width of 10 nm) as verified from TEM analysis. To 

adjust the aspect ratio of AuNR, different silver concentrations were used. The higher 

silver ion content, the higher aspect ratio and NR-shaped particles. Here, 50 nm AuNRs 

were used as a carrier for DNA and quencher for Cy3. 
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Figure 15. a: Visible spectra of 4 identical growth solutions in which the silver content 

increases from sample no. 1 to 4. b: TEM images of AuNRs. 

AuNR-DNA conjugation. As it is shown in the UV-Vis absorption spectra below, the 

surface plasma band decreased upon conjugation.  We believe that this decrease is mostly 

related to the binding of Cy3 labeled DNA to AuNR, which result in the reduction of 

gold ability to absorb certain wavelength. 

 

 

 

 

 

                                Figure 16. Visible spectra of AuNR-DNA Conjugates. 
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Gel electrophoresis was also carried out to confirm the conjugation of AuNR to MB-

DNA. The Cy3 labeled DNA mobility was decreased in the gel upon conjugation, which 

was seen directly in the retardation of the band of the conjugation in the gel (figure 5). 

Free MB-DNA are present in an excessive amount, which is shown as a dark band at the 

bottom of the gel.   

 

 

 

 

 

 

 

Figure 17. agarose gel electrophoresis of AuNR-DNA conjugates. Lane 1, free AuNR 

(reference); lane2, AuNR-MB DNA. 

Hybridization of AuNPs Linked DNAs. As shown in figure 6, the fluorescence pattern of 

MB, AuNR, MB-AuNR and MB-AuNR following hybridization with different target. 

Cy3 fluorescence was significantly quenched upon the binding with AuNRs. Its 

fluorescence increased when MB-AuNRs hybridized with the true target. This increase is 

not significant, which indicates that Cy3 is still quenched by AuNRs. However, the 

 1                 2 
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fluorescence decreased upon conjugation, which confirms the occurrence of FRET.   

 

 

 

 

 

 

 

                                  Figure 18. Fluorescent spectra of MB-DNA. 

Loading mechanism.  AuNRs were successfully loaded in both strains of MTB. However, 

Magnetospirillum gryphiswaldense showed better stability than Magnetospirillum 

bacillus. We were able to observe Au particles inside Magnetospirillum gryphiswaldense 

even after few days. While Magnetospirillum bacillus could not reserve the particles for 

more than 36 hours (hrs). this mostly related to the fact that Magnetospirillum bacillus 

are strictly anaerobes while Magnetospirillum gryphiswaldense are microaerophilic. As it 

is shown in figure 7 and 8, washing is not enough to remove unloaded AuNRs and 

excessive media. The media formed a sticky layer in which AuNRs and bacteria are 

trapped. Therefore, these images are not enough to confirm the loading. Although 

filtration removed most of the sticky layer, the amount of intact MTB that were found 

was little. Figure 9 shows that Au NRs are still inside even after the tilt series, which 

indicate that AuNRs were loaded successfully. To confirm the entry of AuNRs inside 
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MTB, three-dimensional structure of MTB was investigated by electron tomography. 3D-

images of MTB reveal the presence of AuNRs inside bacteria.  

 

Figure 19.  TEM images of AuNR loaded MTB from different tilt series. a: 0, b: 20, c: -

20(AuNR and MTB were incubated for 2 hrs and washed 3x).  

 

Figure 20.  TEM images of AuNR loaded MTB from different tilt series. a: 0, b: 15, c: -

15(Au NRs were introduced to MTB by heat shock, incubated for 2 hrs and washed 3x). 
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Figure 21.  TEM images of AuNR loaded MTB from different tilt series. a: 0, b: 20, c: -

20( Au NRs were added to MTB, incubated for 2 hrs and filtered). 

 

Figure 22. 3D reconstructions of MB-DNA/AuNR loaded MTB (a), obtained using 

electron tomography and sub-tomogram averaging. Top (b) and side (c) views of MTB’s 

cell wall (green), showing clusters of AuNRs  (purple) within the cell. 

Conclusion and future work. Gold quenched MB DNA was successfully loaded in MTB, 

which was used as a new delivery vehicle. Further, the effect of AMF on bacterial release 

and cellular uptake will be tested.  
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