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Abstract 

In recent years, gold nanoparticles have emerged as unique non-invasive drug carriers for 

targeting drugs to their site of action. Their site specificity has helped in increasing drugs’ 

efficacy at lower dose as well as reduction in their side effects. Moreover, their excellent 

optical properties and small size offer their utilization as diagnostic tools to diagnose tumors 

as well as other diseases. This review focuses on various approaches that have been used in 

last several years for preparation of gold nanoparticles, their characterization techniques and 

theranostic applications. Their toxicity related aspects are also highlighted. Gold 

nanoparticles are useful as theranostic agents, owing to their small size, biocompatible nature, 

size dependent physical, chemical and optical properties etc. However, the challenges 

associated with these nanoparticles such as scale up, cost, low drug payload, toxicity and 

stability have been the major impediments in their commercialization. The review looks into 

all these critical issues and identifies the possibilities to overcome these challenges for 

successful positioning of metallic nanoparticles in market. 

Keywords: Gold nanoparticles; Turkevich method; Green synthesis; Characterization; 

Theranostics 
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1. Introduction 

Over past 35 years, nanoparticles (NPs) have been used as a potential drug delivery system in 

medical as well pharmaceutical applications. Metallic NPs are nano sized entities composed 

of pure metals like gold, silver, platinum and zinc, having size range of 1-100 nm. Due to 

their unique properties like small size, biocompatibility [1], bioavailability of entrapped drugs 

[2] and easy functionalization with ligands as well as antibiotics [3], they are considered as 

excellent carriers for biomedical applications like diagnosis [4], therapeutics [5], imaging [6] 

and site-specific delivery of drug [7]. Metallic NPs have gained more interest and publicity in 

current scenario because of their huge potential in nanotechnology [8].  In past few years, 

various types of NPs have been introduced like gold, silver, platinum, zinc and copper out of 

which, gold is highly preferred due to its favorable physical, chemical and optical properties. 

Gold NPs (AuNPs) exhibit various shapes such as spherical, rod shaped, wire, triangular, 

octahedral, and tetrahedral [9]. Spherical AuNPs exhibit various colors ranging from brown 

to orange to red to purple in aqueous solution with increase in core size from 1 to 100 nm, 

and generally show a size-relative absorption peak from 500 to 550 nm. This absorption band 

arises from the collective oscillation of the conduction electrons due to the resonant 

excitation by the incident photons. This phenomenon however, is absent in both small 

nanoparticles (d < 2 nm) and the bulk material. This phenomenon is not only dependent on 

size, but is also influenced by shape, solvent, surface ligand, core charge, temperature and he 

proximity of other nanoparticles. The aggregation of nanoparticles results in significant red-

shifting of SPR frequency, broadening of surface plasmon band and changing the solution 

color from red to blue due to the interparticle plasmon coupling [10]. AuNPs are widely used 

now days in various biomedical applications due to their ease of synthesis and conjugating 

properties [11]. 
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AuNPs are preferred as a good candidate for labeling technique because of their capability to 

interact with visible light [10]. They are used as a photo thermal agent that causes destruction 

of adjacent cancer cells by producing enough heat. Due to their unique properties, AuNPs 

have been used as biosensors for the detection of toxins [11]. Major advantage of using 

AuNPs as drug carriers is their easy surface modification so that they can be attached with 

different ligands for targeted drug delivery. The inorganic outer layer of the NPs has a better 

impact for various biomedical applications which includes drug delivery, imaging and 

sensing. Size and shape of AuNPs play an important role in cellular uptake. NPs conjugated 

with cell penetrating peptides were transported into the cytoplasm which showed their ability 

to behave as a functional unit for delivery of drugs to various sites [12]. Surface modification 

of AuNPs with peptides have been shown to allow their release into the cellular matrix. High 

stability of gold-ligand complex outside the cells resulted in higher glutathione concentration, 

which makes AuNPs suitable carrier for cellular delivery of drug. NPs incorporated with anti-

epidermal growth factor receptor exhibited greater absorption in cancer cells as compared to 

normal cells. AuNPs conjugated with gemcitabine and C225 (ligand conjugated AuNPs) were 

successfully used to treat pancreatic cancer cells [13]. 

One of the major advantages of AuNPs is their stability against oxidation [14] and 

degradation in vivo [15], which enables them to be used as potential therapeutic and 

diagnostic tools. In 1925, efficacy of gold to alleviate rheumatoid arthritis was tested in 

clinical trials. During the same year, very first clinical testing of gold for its bacteriostatic 

effect was performed [16]. These studies allowed the introduction of gold complexes as a 

remission inducing agent by a French physician. However, clinical use of sulphur-gold was 

found to be limited because of its toxicity. This led to introduction of auranofin (lipophilic 

gold components) which can be given orally [17]. In a recent study, delivery of AuNPs 

conjugated with TNF (tumor necrosis factor) in vivo, showed less toxicity and more 
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effectiveness than the parent TNF. Recently it was found that AuNPs inhibited VPF/VEGF-

165 mediated endothelial cell proliferation in vitro and reduced ascites accumulation in vivo. 

These AuNPs bound with heparin binding domain inhibited different growth factors such as 

VEGF-121 and epidermal growth factor resulting in reduction of angiogenesis and edema 

formation [18]. 

Despite having various advantages in various biomedical applications, commercialization of 

the same has not fully been exploited. This is attributed to the challenges involved in the 

synthesis of AuNPs. The current paper focuses on properties of AuNPs, different techniques 

of synthesis, their theranostic applications and various limitations such as challenges 

associated with their synthesis and toxicity aspects. Various modification associated with 

different methods and techniques used to characterize them are also discussed. 

2. Properties of Gold NPs 

Optoelectronic properties related to shape and size are amongst the dominant characteristics 

including excellent biocompatibility, large surface to volume ratio and minor toxicity that 

mark AuNPs as a significant tool in bio nanotechnology field [19, 20]. Main physical 

characteristics of AuNPs include Surface Plasmon Resonance (SPR) along with the capacity 

for fluorescence quenching depending on their own morphological properties (viz. solvent, 

core charge, solvent, surface ligand, temperature) and physiology [21]. The optical intrinsic 

features of AuNPs related to their physiology and morphology allow them to be complex 

therapeutic clinical agents. 

The spherical AuNPs aqueous solution exhibits a colors range (orange, brown and red to 

purple) along with core size growth variation from 1 to 100 nm and shows the absorption 

peak from 500 to 550 nm depending upon their size [22]. The absorption band ascends from 
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collective oscillation of conduction band electrons as a result of excitation due to incident 

photons are termed as “Surface Plasmon Band” (SPB) [23].   

Surface plasmon resonance (SPR) is the resonant oscillation of conduction electrons at the 

interface between negative and positive permittivity material stimulated by incident light 

Nevertheless, there is absence of the band in both minor NPs (d < 2 nm) as well as in the 

bulky material. This phenomenon depends on solvent, size, surface ligand, shape, 

temperature, core charge and it is sensitive to other NPs proximity [24]. 

NPs aggregation leads to major red-shift of SPR frequency while there is a change in color of 

the solution from red to blue as a result of interparticles Plasmon coupling. The outstanding 

quenching capacity of AuNPs towards proximal fluorophores derives from the deactivation 

pathway which is based on the proper overlapping among the excited fluorophores emission 

spectrum and the AuNPs [25]. 

This fluorescence resonance energy transfer (FRET) phenomenon is observed even in the 

presence of 1 nm AuNPs due to the fact that radiative and non-radiative decay rates of 

fluorescent molecules are both distinctly affected by the NPs. AuNPs can act like electron 

acceptors in order to quench the fluorophores of the photon induced electron transfer (PET) 

procedure. The modulation of this process is by discharging/charging the gold core that might 

be used in fabrication of sensor [26].   

3. Preparation of AuNPs 

Two major approaches i.e. top down and bottom up are used for fabrication of AuNPs [27]. 

For top down techniques, a bulk state gold is systematically broken down to generate AuNPs 

of desired dimensions. In this case, particle arrays and formation are controlled by a pattern 

or matrix. In case of bottom up approach, atoms are arranged to form nano size particles. Top 

down method includes bulk metal grinding/mechanical milling, sputtering, laser ablation, 
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thermal decomposition and lithography. Bottom up uses colloidal techniques including 

methods such as Turkevich [28] and Brust[29] and green method [30]. Various approaches 

used to prepare AuNPs are shown in Fig.1. 
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Fig.1. Overall scheme for synthesis of AuNPs involving top down and bottom up approaches  
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3.1. Chemical method  

Chemical method is also known as liquid phase synthesis method. Hydrochlorauric acid 

(HAuCl4) is used as gold precursor. In this method, AuNPs are firstly reduced with the help of 

reducing agents such as sodium citrate, borohydrides, hydrogen peroxide. After reduction, they 

are stablized with the help of stabilizing agents such as thiols, amines, tetraocetylammonium 

bromide (TOAB) etc. Stabilizing agents prevent aggregation of NPs by forming protective layer 

on the surface of the NPs and help them to disperse. Among the stabilizers, citrate acts as both 

reducing and stabilizing agent [31]. Some chemical methods involve use of matrix that acts as 

support for synthesis of NPs.  

3.1.1. Turkevich method (TM) -This method was designed by John Turkevich in 1951 [28]. It 

is one of the most commonly used methods for synthesizing AuNPs of spherical shape within the 

range of 10-20 nm using sodium citrate as reducing agent as well as stabilizing agent.  Since it 

involves the use of citrate as reducing agent, this method is also called citrate reduction method 

[32]. 

Turkevich et al., (1951) prepared colloidal gold using different solutions of reducing agents viz 

Faraday solution, Bredige solution and sodium citrate solution in aqueous medium. A) Faraday 

solution was prepared by addition of a saturated solution of white phosphorous into diethyl ether 

followed by its dilution with three times the volume of diethyl ether. To this solution chloroauric 

acid containing Au (HAuCl4) and 0.1N KOH were added. This solution was treated with either 

phosphorous solution or phosphorous ether solution. After adding phosphorous ether, the 

solution first changed its color firstly to pink, then grey, purple and then to red and finally a deep 

red product was obtained. Solution was boiled and stream of air was drawn through it to oxidize 

the remaining phosphorous. Both the solutions prepared were examined by electron microscope 
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which revealed that both contained extremely fine AuNPs [28]. The major limitation of TM 

method was its failure to produce Au NPs with large diameters (dc > 50nm) and with acceptable 

monodispersity. This issue was overcome by controlling the reaction conditions (temperature, 

pH, stirring speed, etc.), stoichiometry of the reagents (gold salt to sodium citrate ratio), and 

addition of additives [32]. The modifications introduced to overcome the limitations of TM 

method are discussed below. 

B) In another method, Bredige solution was prepared by striking an arc from two gold wires 

under very dilute sodium hydroxide solution with a 115 V, 60-cycle potential. The reaction 

yielded purple cloud. The reaction was continued until a fairly intense purple colour had 

developed. The results of scanning electron microscopy revealed that the obtained particles 

ranged in diameter from 30-100 Å. However, the particles were found agglomerated due to their 

small size [32]. 

C) In another method, HAuCl4 solution containing Au was heated to the boiling point then 1% 

sodium citrate solution was added to the boiling solution with mechanical stirring. After one-

minute, grayish pink to grayish blue tone was observed which gradually darkened and deep 

wine-red color was observed as a final color. Electron microscopic examination of AuNPs 

prepared by using all the before mentioned solutions revealed that this colloid is highly 

reproducible and could provide spherical particles (mean diameter is 200±15Å). Use of sodium 

citrate as reducing agent was thus found to result in the formation of spherical AuNPs. From the 

study it could be concluded that characteristics of AuNPs were dependent upon two main factors, 

one “nucleation”, in which a new phase of discrete particles is being generated in a single-phase 

system and second “growth” which is defined as a process in which additional material deposits 

on these particles leading to increase in their size [32].  
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Frens et al., (1973) modified the TM, however, the basic principle was kept same. Frens studied 

the effect of reactants concentration (sodium citrate and HAuCl4) on nucleation and growth 

formation of particles. From the experiment, it was concluded that size of NPs depends upon 

number of nuclei which grows into NPs and also reported that reduction of HAuCl4 using sodium 

citrate is a promising step for formation of monodispersed AuNPs having different particle size 

[33]. 

Ojea-Jimenez et al., 2011 reported an experimental method to determine the effect of 

decarboxyacetone (DCA) as a stabilizer on the synthesis of AuNPs. This method led to 

formation of AuNPs with better size distribution and uniform shape by changing the sequence of 

reagent addition. It was observed that change in the sequence of reagent addition led to red shift 

of the Plasmon band from 518 nm to 527 nm [34]. 

Zhao et al., (2013) also reported in-situ synthesis (in the reaction mixture) of AuNPs using 

sodium citrate as reducing as well as stabilizing agent [35]. The synthesized NPs were 

functionalized with drugs and used further for various diagnostic applications [36]. More 

spherical shaped particles were synthesized when a slight modification was made in TM [37]. It 

was also noted that upon reduction of temperature, the shape of the particles became irregular 

[38]. 

Spherical shaped citrate stabilized AuNPs with core diameter of 5 nm were reported by Piella et 

al [38], 13 nm were reported by Schulz et al. [39] 18 nm and between 19 nm to 100 nm were 

prepared and reported by Bastus et al. [40]. Citrate stabilized AuNPs of 5 nm core diameter were 

synthesized by reacting 2.2 mM sodium citrate, 0.1 mL of 2.5 mM tannic acid (used for 

homogeneous growth of seeds) and 1 mL of 150 mM potassium carbonate in a 250 mL three 

necked round bottom flask connected with the condenser to prevent the evaporation of the 
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solvent. The solution was heated on a heating mantle with vigorous stirring. Upon temperature of 

solution reaching to 70°C, 25 mM HAuCl4 (1 mL) was quickly injected. Within 2 minutes the 

colour of solution changed to purple and then to red. The solution was kept heated for 5 min 

more at 70°C for complete reduction of gold ions [38]. The reaction is shown in Fig.2. 

 

Fig.2. Synthesis of Cit-Au NPs in water with 5 nm core diameter. Reprinted with permission from [32] Copyright 

2017, American Chemical Society. 

 

Citrate stabilized spherical AuNPs with a core diameter equal to 13 nm were synthesized by 

reacting 3.5 mL of 60 mM sodium citrate and 1.5 mL of 60 mM citric acid in 100 mL of boiling 

water in a three necked round bottom flask connected with the condenser on a heating mantle 

stirred at 450 rpm for 30 min. In order to get narrow size distribution, the pH of solution was 

kept constant by the addition of citrate buffer and heating time was kept 30 min. To the above 

prepared solution, 0.1 mL of ethylene diamine tetra-acetic acid was injected rapidly. This was 

followed by addition of 1 mL of 25 mM aqueous solution of hydrogen tetrachloroaurate (III). A 

wine-red solution of citrate stabilized AuNPs were obtained. After cooling down the reaction 
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mixture to 95°C, the flask containing citrate AuNPs was immersed in ice to stop the reaction. 

This yielded spherical AuNPs of 13 nm core diameter [39]. 

Spherical citrate stabilized AuNPs with core diameter 18 nm were prepared by boiling the 

reaction mixture containing 150 mL of a 1.32 mM sodium citrate solution and 1.5 mL of 25 mM 

of HAuCl4 in a three necked round bottom flak connected with condenser. Red colour citrate 

AuNPs of 18 nm core diameter were obtained [40]. These 18 nm spherical citrate AuNPs were 

used as seed solution to prepare nanoparticles above 18 nm and between 100 nm core diameter. 

To the seed solution, 25 Mm HAuCl4 (1 mL) was injected and the solution was stirred for 30 

min. This process was repeated thrice (total three injections of gold salts per growth step). The 

temperature of reaction mixture was kept to 90°C during the entire process. This solution (55 

mL) was diluted using 53 mL of Milli-Q water. To this, 2 mL of 60 mM sodium citrate was 

added. The solution was stirred at 90°C for another 15 min. By three consecutive gold additions 

(0.025 mM, 1 equivalent each) separated by 30 min interval, citrate gold nanoparticles with 25 

nm core diameter were obtained. Later they were grown to 50 nm and 100 nm using the 

aforementioned steps [32, 40].  

3.1.2. Brust-Schiffrin method- The two phase Brust-Schiffrin method, reported in 1994, was 

the first method where thiol-stabilized AuNPs were prepared via in situ synthesis [29]. The 

method is advantageous due to facile synthesis of AuNPs at ambient condition, relatively high 

thermal stability, easy functionalization and modification by ligands. Synthesis using this method 

led to formation of thermally stable AuNPs having size range of 1.5-5.2 nm. In this method, 

HAuCl4 aqueous solution was transferred to organic phase (toluene) using phase transfer catalyst 

tetra octyl ammonium bromide (TOAB). Further reduction was done using sodium borohydride 

(NaBH4) in the presence of thiol group derivative such as alkanethiol or dodecanethiol which 
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resulted in change in color of the solution from orange to deep brown and this confirmed the 

formation of AuNPs. The method of Brust-Schiffrin is described in detail by Perala and Kumar [ 

19, 41]. It was reported that under invariable conditions of synthesis, the continuous nucleation 

of synthesis, the continuous nucleation-growth process leads to complete coating of equally sized 

particles by a thio ligand. The scheme for synthesis of gold nanoparticles coated by the thio 

ligand according to Brust-Schiffrin is shown in Fig.3. This method was further modified in 1995. 

Synthesis of stable gold nanoparticles was reported using p-mercaptophenol. The preparation of 

the p-mercaptophenol-derivatized material was carried out in a single-phase system to avoid the 

extraction of p-mercaptophenol into the alkaline aqueous phase. Hydrogen tetrachloroaurate 

trihydrate and p-mercaptophenol were dissolved in methanol in presence of acetic acid and 

aqueous sodium borohydride. The role of acetic acid was to prevent the deprotonation of p-

mercaptophenol.  Brown colour gold clusters of size 2 nm were obtained. The solution was 

stirred for 30 minutes below 50°C under reduced pressure to remove solvent. The residue was 

washed thoroughly with diethyl ether to remove excess p-mercaptophenol followed by water to 

remove borates and acetates. The solvent was removed under reduced pressure to give the pure 

product as a dark-brown solid [42]. 
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Fig.3. Burst-Schiffrin method to prepare thio stabilized AU-NPs. Reprinted with permission from [41]. Copyright 

2017, American Chemical Society. 

3.1.3. Synthesis of Dodecanethiol-Stabilized Hydrophobic Au NPs (≈4 or 7 nm core 

diameter) 

This method is also a modification of Brust-Schiffrin method. Initially, 0.9 mM aqueous solution 

of HAuCl4 was prepared by dissolving 300 mg of HAuCl4 in 25 mL of water. The organic phase 

was prepared by dissolving 2.17g (3.9 mM) of TOAB in 80 mL of toluene. Both the solutions 

were transferred in the separating funnel and shaken for 5 min. This caused the migration of 

AuCl4
- ions into the organic phase of toluene, causing formation of TOAB ion pairs. The aqueous 

solution was discarded and organic phase was transferred to a 250 mL round flask. Parallel to 

this, aqueous solution of sodium borohydride (NaBH4) was prepared. The AuNPs were obtained 

by dropwise addition of sodium borohydride solution for 1 min. with vigorous stirring to the 

organic phase containing precursor of gold. Thus, reduction of Au (III) to Au (O) forming 

AuNPs took place. After few seconds of addition of sodium borohydride, the colour changed was 

observed from deep orange (Au (III) precursor) to red violet indicating formation of TOAB 

conjugated AuNPs (TOAB-AuNPs). The stirring was continued for complete reduction of 

remaining gold ions. The aqueous phase was discarded and organic phase was separated out 

using separating funnel and washed with 10 mM HCl (aq.), 10 mM NaOH (aq.), and three times 

with 25 mL Milli-Q water to dissolve residual precursors and salts. Once again, the entire 

solutions i.e. organic phase and combined aqueous solutions of washings (i.e. HCl, NaOH and 

water) were added to the separating funnel and organic phase was collected, whereas, aqueous 

phase was discarded. A deep-red organic solution was transferred to the round bottom flask and 

stirred overnight to get thermodynamically stable nanoparticles (TOAB-AuNPs). The scheme for 

preparation of TOAB-AuNPs is shown in Fig.4. These TOAB-AuNPs were further stabilized 
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using dodecanethiol (DDT) through ligand exchange procedure. To carry out this, 1-DDT (10 

mL) was added to TOAB-AuNPs (80 mL) in toluene. The solution was heated to 65°C and 

stirred for 2h in order to displace TOAB by the mercapto group of DDT molecule to get DDT-

stabilized AuNPs (DDT-AuNPs). The solution was centrifuged and supernatant was collected. 

The precipitate was discarded. The supernatant was the uniform suspension of DDT-AuNPs. 

This was precipitated using methanol as a non-solvent and the solution was centrifuged to get the 

precipitate of DDT-AuNPs and the supernatant was discarded. The collected precipitate was 

resuspended in chloroform and precipitated using methanol and recentrifuged. Finally, the 

precipitate was resuspended in chloroform to obtain final solution of DDT-AuNPs [32]. The 

entire scheme for synthesis of DDT-AuNPs is shown in Fig.4. 

3.1.4. Seed growth method-The seed growth method is another popular technique for synthesis 

of AuNPs that has been used for more than a century. Seed growth method causes enlargement 

of the particles step by step and it is easier to control size and shapes of formed AuNPs. Using 

TM and Brust’s method, only spherical AuNPs were synthesized but using seeded growth 

method, different shapes of NPs (sphere, oval and rod) were produced. In first step, seeds of Au 

salts were produced by reducing HAuCl4 with strong reducing agent such as NaBH4. Then the 

seeds produced were added to the solution of Au salt in the presence of ascorbic acid. In addition 

to that the structure directing agents were also added to prevent aggregation and nucleation 

(phase transformation from solute in solution to crystal lattice). The reducing agents used in the 

second step were always mild ones that reduce Au (III) to Au (0) only in the presence of Au 

seeds as catalyst. Thus, the reduced Au (0) were only assembled on the surface of the Au seeds, 

and no new nucleation occurred in solution. The first step of this reaction was faster than the 
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second step. In seed growth method, the ratio of stabilizer and reducing agent controlled the 

surface properties, size and shape of the AuNPs [43]. 

Jana et al. (2001), reported wet chemical synthesis of cylindrical gold nanorods with high aspect 

ratio of 4.6 ± 1.2, 13 ± 2, and 18 ± 2.5 using citrate-capped AuNPs (3.5 nm diameter) as seed in 

presence of an aqueous micellar template. The AuNPs seed was prepared by reduction of 

HAuCl4 with borohydride. The ratio of seed to metal salt was varied to control the aspect ratio of 

the nanorods [44]. 
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Add methanol to 
supernatant 

Centrifugation at 

900 rcf, 5 min 

 

AuNPs precipitates 

Transfer into 
centrifugation tube  

 

Fig.4. Scheme for synthesis of DDT-AuNPs. Reprinted with permission from [32]. Copyright 2017, American 

Chemical Society. 

 

Resuspend in chloroform 

DDT stabilized AuNPs 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

19 
 

3.1.4.1. Synthesis of CTAB stabilized gold nanorods 

Gold nanorods having various longitudinal surface plasmon resonance have been prepared 

using seed-mediated wet synthesis method [32].  At first stage a seed solution was prepared 

in presence of cationic surfactant hexadecyl trimethyl ammonium bromide (CTAB) and silver 

ions (silver nitrate). The reported core diameter of these seed AuNPs was about 4 nm. This 

seed solution was further injected to the growth solution that contains more gold ions, silver 

ions and CTAB. These gold ions in the growth solution were partially reduced to Au (I) to 

allow complete reduction to Au (O) at the surface of the added seeds only to promote growth 

of gold nanorods and for preventing undesired nucleation and formation of nanospheres as 

side product. It is important to note that the shape yield and length to width ratio of nanorods 

is controlled by concentration of silver ions in solution. CTAB acts as shape directing agent 

as well as capping agent to form CTAB-capped gold nanorods [45]. The unidirectional 

growth of nanorods was controlled by CTAB. However, apart from concentration of silver 

nitrate and CTAB, other reaction conditions were also responsible for yielding nanorods 

having different surface plasmon resonance. These reaction conditions include volume of 

hydrochloric acid, pH, and volume of acetic acid solution. [32] 

It has been reported that traditional protocol that has been used to prepare gold nanoparticles 

using high concentration of CTAB (upto 0.1M) were cytotoxic. Hence, they could not find 

their potential for biomedical applications. Attempts have been made by researchers to reduce 

the concentrations of CTAB.  

Nikoobakht and El-Sayed (2003), prepared gold nanorods with aspect ratios ranging from 1.5 

to 10. The surface plasmon absorption maxima of these nano rods were observed between 

600 and 1300 nm using hexadecyltrimethylammonium bromide (CTAB)-capped seed. The 

formation of reproducible gold nanorods having aspect ratios ranging from 1.5 to 4.5 took 

place using CTAB alone. Whereas a binary mixture of benzyl dimethyl hexadecyl 
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ammonium chloride (BDAC) and CTAB were used to produce longer gold nanorods having 

aspect ratios ranging from 4.6 to 10 [46]. 

In 2012, Murray and co-workers reported that presence of aromatic additives such as 5-

bromosalicylic acid (5-BS). Using 5-BS the amount of CTAB required to control shape of 

gold nanorods reduced to half [45]. In 2013, Murray and co-workers prepared gold nanorods 

using a mixture of CTAB and sodium oleate. The amount of CTAB required in this synthesis 

was 0.037M, which was very less than the traditional method [47]. 

3.1.4.2. Synthesis of ascorbic acid stabilized gold nanostars 

This is another example for seed growth method.  The gold nanostars were prepared using 

spherical gold nanoparticles as seeds and using silver ions as blocking facet agents. The silver 

ions acted as growth promotor of spherical nanoparticles. The reduction of gold salt using 

ascorbic acid promotes the seed growth rather than independent nucleation.  

The Au nanostars were prepared by mixing 20 mL of aqueous solution of HAuCl4 (5µM), 

0.03 mL of aqueous solution of 1M HCl (0.03mM) and 1.5 mL of AuNPs of 13 nm diameter 

(as seed solution). To the above solution, 0.15 mL of 1 mM silver nitrate solution and 0.15 

mL of 66.67 mM ascorbic acid were added. This was followed by simultaneous addition of 

aqueous solution of 10 mg/mL α-metoxy-ω-thiolpoly (ethylene glycol) and 0.05 mL of 2 M 

sodium hydroxide (Fig.5). Afterwards, the solution was immersed in ice to terminate the 

reaction. This yielded ascorbic acid stabilized nano stars. [32] 

3.1.5. Synthesis of hexanoic acid stabilized AuNPs  (≈4 nm core diameter) 

Hexanoic acid stabilized AuNPs (HA-AuNPs) were prepared by reacting 231 nM solution of 

HA (HA solution was prepared in toluene) with 97.2 mM solution of tetra butyl ammonium 

borohydride (TBAB) at room temperature in a 25 mL round bottom flask. TBAB solution 

was prepared in didodecyl dimethyl ammonium bromide (DDAB). To the above reaction 

mixture, 25 µM solution of AuCl4 prepared in DDAB stock and 2 mL solution of DDAB 
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stock prepared in toluene were added vigorously. The flask was shaken vigorously for 1h at 

room temperature to yield HA-AuNPs [32]. 

 

 

 

 

Fig.5.  (A) Synthesis process of PEG-coated star-shaped Au NPs. After addition of AgNO3 and AA, the 

solution color changed from soft red to light blue in a few seconds and then to dark blue, which is indicating the 

formation of gold nanostars. (B) The cartoon demonstrates the seed mediated growth of spherical gold NPs 

(seeds) into star-shaped Au NPs. The final surface functionalization of the resulting NPs is PEG-SH, as 

mediated by displacement of physically adsorbed citrate ions by chemically assembled PEG-S−molecules via 

the strong S−Au bond.  Reprinted with permission from [32]. Copyright 2017, American Chemical Society. 

3.1.6. Synthesis of decanoic acid stabilized AuNPs  (≈7 nm core diameter) 

Decanoic acid stabilized AuNPs (DA-AuNPs) were prepared by reacting 250 µM solution of 

DA (DA solution was prepared in toluene) with 97.2 mM solution of tetra butyl ammonium 

borohydride (TBAB) at room temperature in a 25 mL round bottom flask. TBAB solution 

was prepared in didodecyl dimethyl ammonium bromide (DDAB). To the above reaction 

mixture, 25 µM solution of AuCl4 prepared in DDAB stock and 2 mL solution of DDAB 
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stock prepared in toluene were added vigorously. The flask was shaken vigorously for 1h at 

room temperature to yield DA-AuNPs [32]. 

3.2. Green method of synthesis of AuNPs using plant extracts and microbes- Chemical 

method employs use of toxic chemical and solvents for synthesis. These chemicals have 

adverse effect on the environment and social health. They may also lead to cytotoxicity as 

they get adsorbed on the surface of NPs using synthesis. Hence, to overcome all these 

limitations, researchers have developed a new method known as green method which 

employs use of plant extracts (Fig.6) [48] and microorganisms for the synthesis of AuNPs 

(Fig.7) [49]. Although such type of synthesis also involved chemical reaction (reduction) but 

due to use of natural products the synthesis is called as green synthesis. Phytoconstituents 

present in plant and microorganisms are responsible for the reduction and stabilization of 

NPs. In addition to that AuNPs synthesized using green method do not require 

functionalization agent to become active [50]. List of various plant sources used by different 

researchers for the synthesis of AuNPs are listed in Table 1.  

3.3. Synthesis of AuNPs using synthetic polymers 

AuNPs are also synthesized by the reduction of HAuCl4 with low-molecular-mass 

compounds and the subsequent adsorption of biopolymers [60]. These biopolymers include, 

PVP (reduction with potassium bitartrate, ascorbic acid, sodium diphenylaminosulfonate, 

sodium borohydride or, sodium citrate [61], polyacrylamide (reduction with sodium 

borohydride) [62], polyethylene glycol (PEG) (reduction with hydroxylamine) [63], styrene-

vinylpyridine copolymer (reduction with hydrazine) [60], polyethyleneimine (PEI) or 

poly(vinyl alcohol) (reduction with sodium borohydride or ascorbic acid), polydithiafulvene 

[64], sodium polyacrylate [65], poly(ethylene oxide) - poly(pro-pylene oxide) block 

copolymer [66], polyacrylamide [67], poly-allylamine [68], polyphenols [69], poly(L-lysine) 

[70] and  polydi-methylaminoethyl methacrylate [71]. In addition, surfactants such as 
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acetylene glycol [72], oleylamine [73], oxyethylene-diamine [74], Tween 80 and organic 

compounds such as disulfanylsuccinic acid [75] or cycloketones [76]. In these cases, the 

stability of AuNPs greatly depends upon the molecular mass. Higher molecular mass yielded 

more stable AuNPs. For example, in case of PEG the stability of AuNPs follows the given 

order:  

PEG 20000 > PEG 8000 > PEG 3350 > PEG 1450 
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Fig. 6.  Synthesis of AuNPs using green method. 
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Fig.7. List of various microorganisms involved in the synthesis of AuNPs. 

 

Microorganism 

Bacteria 

Pseudomonas 

deceptionensis 

 Extracellular 

 Silver NPs 

 Spherical in shape within size 

range of 10-30 nm 

 Show antimicrobial and 

antiobiofilm activity 

Weissellaoryzae 
 Intracellular 

 Silver NPs  

 Spherical in shape with in size 

range of 10-30nm 

 Show antimicrobial and 

antibiofilm activity 

Fungus Neurospora crassa 

 Intra and extra cellular 

 Silver, gold bimettalic NPs 

 Quasi-shaped with >100nm 

Actinomyctes 
Streptomyces 

species LK3 

 Silver NPs 

 Spherical in shape  

 Show acaricidal acitivity 

Yeast Extremophilic yeast 

 Extracellular 

 Silver and gold NPs 

 Irregular in shape within range 

of is 20 nm (silver) and is 30-100 

nm (gold) 
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Table 1: Plant sources used by different researchers for the synthesis of AuNPs. 

S. N. Biological Source Type of extract Reducing/ stabilizing agent Outcomes Reference 

1. Aloe Vera Aqueous extract 

OH            

CH3

CH3

CH3

OH

 

 

 

Size: 4.4nm 

Shape: Spherical 

λ max: 540nm 

[51] 

    2. Turbinaria conoides 

 (Sea weeds) 

 

 

 

 

 

Aqueous extract 

OOH

OH

OH

OH

OH

                      
 

 

 

Size: 6-10nm 

Shape: spherical, 

pseudo spherical 

λ max: 520nm 

[52] 

3. Citrus limon 

Citrus sinensis 

Citrus reticulata 

 

Citrus extract 

 
O

O

OHOH

OH

OH

         

 

Size: 15-80 nm 

Shape: variable 

 

[53] 

 

 

 

 

 

 

 

 

 

 

Citronellal 

Sterol 

Mannose 

Xylose 

O

OH

OH

OH

OH  

Citric acid 

Ascorbic acid 
O

OH

OH

OH

O

O

OH
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4. 

Malva crispa, Curbita 

pepo 

Aqueous extract 

 

O

CH3

CH3

CH3

O

O

CH3

OH

H

CH3

O OH

H

OH

CH3

CH3

CH3

CH3

 

Size :10-100nm 

Shape: spherical 

[54] 

     5. Garcinia mangostana 

fruit peels 

Aqueous extract 

O

O OH CH3

CH3

OHOH

O
CH3

CH3CH3

 

 

 

Size: 32.96-5.25nm 

Shape: spherical 

λmax: 520nm 

[55] 

 

 

 

     6. Hibiscus rosa seniesis Aqueous extract  

 

Size:16-30nm 

Shape: spherical 

λmax: 530nm 

[56] 

 

α-mangostin 

Flavonoids 

O

 

Cucurbitacin E 
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     7. Eclipta alba Aqueous extract 

O

O

OH

OH

O

OH

OMe  

Size: 10-25nm 

Shape: spherical, 

hexagonal 

λmax: 530nm 

[57] 

 

 

8. Nyctanthes arbortristis 

flower 

Ethanolic extract 

OH

CH3

 

Size: 19.8nm 

Shape: spherical  

[58] 

 

 

 

9. Zizyphus mauritiana Leaf extract 

O

O CH3 CH3

CH3
CH3

OH

OH

OH

O

CH3

CH2

CH3

 

Size: 20-40nm 

Shape: spherical 

[59] 

  

Wedeloacetone 

Ethanol 

3-O-trans-p-coumaroyl-alphitolic acid 

(3OTPCA) 
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Using PEG, the AuNPs of 15-20 nm core diameter can be produced with the help of ultrasonic 

treatment. The reduction of HAuCl4 was carried out at room temperature with vigorous stirring. 

In the case of PEG with molecular weight of 20,000, the solution colour changed after 8 min, and 

the process was completed in 8 h. The reaction mixture first assumed a pale pink colour, which 

then turned into bright red [60]. 

3.4. Preparation of AuNPs using biomolecules 

The AuNPs have also been reported to be prepared by using small biopolymers alone or in 

combination with other reducing agents [61]. The biopolymers include, chitosan, dextran, 

aminodextran, gum arabic, pectins, starch, glucose, proteins, oligopeptides, bovin serum albumin 

(BSA), gelatine, collagen, casein, tryptone, trypsin, alpha-amylase, aspartic acid, tyrosine, 

tryptophan, glutamic acid, glycyl-L-tyrosine, sodium glutamate, cystine, L-leucine etc [60]. 

Some organic compounds such as amino alcohols [77] glycerol [78], oxocarboxylic acid [79], 

luminol [80], nitriloacetic acid [81], nicotinamide adenine dinucleotide [82] and sodium 

rhodizonate [60], have been reported to prepare AuNPs by reducing HAuCl4. AuNPs of 6 to 16 

nm core diameter have been prepared by reduction of HAuCl4 by chitosan and sodium 

borohydride [83]. Chitosan coated AuNPs conjugated to ampicillin have shown very good 

antibacterial activity [84]. Chitosan-AuNPs complex conjugated to insulin have been reported for 

trans-mucosal drug delivery [85]. AuNPs of 18-40 nm core diameter have been prepared by 

reducing HAuCl4 by amino dextrin [60]. The size of AuNPs was controlled by controlling 

parameters such as temperature, pH of solution and Au3+ to aminodextran ratio. A combination 

of sodium borohydride, haemoglobin and BSA as reducing agent have been reported to yield 

very stable AuNPs [86] 

3.5. Role of therapeutic agents in preparation of AuNPs 
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Targeted delivery of drugs can be achieved by conjugating therapeutic agents with AuNPs. In 

such cases the therapeutic agents play a dual role. They act reducing agents in the formation of 

AuNPs and act as therapeutic agents because of conjugation with the NPs, get delivered to the 

target sites [60].  They can be used alone or in combination with other reducing agents. The 

drugs that have been reported in the preparation of  AuNPs include, dopamine hydrochloride 

(neurotransmitter used for treating neurological disease), insulin, silymarin (hepatoprotective 

agent), 5-aminolevulinic acid (anti-atherosclerotic), epigallocatechin 3-gallate (anti-

atherosclerotic), folic acid (vitamin B9), 3-hydroxymethylindole (antitumor agent), antibiotics 

(ampicillin, amoxicillin, streptomycin and kanamycin) [60]. AuNPs of 3 nm core diameter have 

been produced by reduction of HAuCl4 using dopamine hydrochloride and Triton X-100 [87]. 

AuNPs of 20 nm core diameter were prepared using silymarin as reducing and stabilizing agent 

[83].  Folic acid stabilized AuNPs of 18 nm core diameter have been reported to yield very good 

nutraceutical activity [88]. Cephalosporin conjugated AuNPs of 20-50 nm core diameter have 

been reported to provide very good antimicrobial activity [89]. Insulin conjugated AuNPs along 

with chondroitin sulfate have shown good reduction in blood glucose level [90]. 

4. Characterization of AuNPs using different techniques 

Two main properties of AuNPs such as core size and protecting ligands influence their character. 

While uncapped AuNPs have a core diameter range between 2 and 150 nm whereas, thiolate- 

stabilized AuNPs have diameter less than 10 nm. Smallest AuNPs having discreate size and 

structures are known as monolayer-protected gold clusters (MPCs). These MPCs have quantum 

properties like tunable band gaps, optical absorbance bands and quantized charging. Larger 

particles exhibit properties of bulk gold like SPB having wavelength of 520 nm. Therefore, 

characterization of AuNPs core size and capping agents has great advantage for AuNPs-based 
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applications. Various techniques used for characterization of AuNPs are shown in Fig.8 [91]. 

UV-vis spectroscopy is employed for measuring size depending upon the presence or absence of 

SPB, transmission electron microscopy (TEM) is used for imaging of the gold core, whereas, 

NMR or IR allows characterization of protecting ligands and TGA is used to find the amount of 

gold and ligand present in NPs. Mass spectrometry is unique as it is capable of performing the 

entire task (core size measurement, characterization of ligands and calculating molecular 

formula) [92]. 

4.1. UV-visible spectroscopy 

UV-visible spectroscopy is a very helpful technique, which can be used to estimate size, 

concentration and aggregation level of AuNPs. The extermination spectra of AuNPs analyzed by 

UV-visible spectroscopy can be determined using Mie theory. According to Mie theory, AuNPs 

have potential effect on SPR and correspondent extinction spectra. Plasmons are formed due to 

coherent displacement of negatively charged clouds of electrons from their equilibrium position 

around a lattice made of positively charged ions. The external electric field of the 

electromagnetic radiation excites the surface of real materials that causes formation of specific 

plasmon modes. Thus, the electron gas with respect to their equilibrium position around 

positively charged ions gets displaced. This causes formation of propagating surface plasmon 

polaritons (PSPP). In case of metallic NPs, the electric field of incident light can penetrate the 

metal and polarize the conduction electrons. Localized surface plasmons (LSPs) is observed in 

NPs with size much smaller than photon wavelength. LSPs are non-propagating excitations 

because the resulting plasmon oscillation is distributed over the whole particle volume. Hence, 

the LSPs in a NP can be considered as a mass-spring harmonic oscillator driven by the energy 

resonant light wave, where the electron cloud oscillates like a simple dipole in parallel direction 
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to the electric field of the electromagnetic radiation. Only light with frequency in resonance with 

the oscillation is able to excite the LSP [93] 

The Localized Surface Plasmon Resonance (LSPR) spectrum depends upon the size and shape of 

AuNPs. The peak absorbance SPR wavelength increases with particle diameter because the 

distance between particles decreases due to aggregation [94]. Enhanced SPR peak intensity for 

smaller nanoparticles (40 nm) compared to larger ones (80 nm) has been reported by Zeng and 

co-workers [95]. Zuber et al. [94] reported shift in SPR maximum towards longer wavelength 

with increase in size of AuNPs due to the differences in the frequency of surface plasmon 

oscillations of the free electrons. The absorbance was also found to be increased with increase in 

size of NPs due to the enhanced mean free path of the electrons in the larger NPs. The SPR peak 

maximum shifted from 514 nm for 5 nm NPs, through 519 nm for 20 nm NPs to 526 nm for 50 

nm NPs.  

The shape of the Au NPs influences the width, position, and number of SPRs [96]. AuNPs of 

different shapes such as nanorods [97], nanospheres [98], porous nanospheres [99], nanoshells 

and nanorices [100], nanocorals [101], nanotriangles [102], nanostars/nanourchins [103],  

nanocages [104], nanocubes and nanododecahedra [105] of varying sizes have been reported by 

different authors that showed different optical extinction (transmission) or scattering (dark-field) 

spectra. It is important to note the number, position, and intensity of SPR can be modified by 

reduction in symmetry of NPs [96]. It is reported that porous nanospheres and nanocorals of 25 

nm showed only one SPR band near to 520 nm (Fig.9A and 9B), whereas, the porous 

nanospheres of size 50 nm showed two SPR bands between 800 to 820 nm (Fig.9C) [98, 99, 

101]. 
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Zijlstra et al. [97]reported red shift of SPR wavelength of nanorods with increase in their 

dimension from 37×19 nm (aspect ratio 2±1), 50×12 nm (aspect ratio 4.2±1), and 50×8 nm 

(aspect ratio 6±2), as shown in Fig. 9D.  

Barbosa et al [102], investigated of HAuCl4 concentration to Au seed concentration (R) on 

morphology and tip plasmon resonance frequency of Au nanostars prepared in concentrated 

solutions of poly(vinylpyrrolidone) in N, N-dimethylformamide. The size of nanostars was also 

varied from 2 to 30 nm and it was observed that the size significantly influenced the dimensions 

and number of spikes of nanostars. A bathochromic shift was observed in the UV-visible spectra 

of nanostars with increase in R value (Fig.10).  

Nanoshell plasmon resonances is caused due to interaction between the essentially fixed 

frequency plasmon response of a sphere and that of a cavity. The sphere and cavity plasmons are 

electromagnetic excitations at the outer and inner interfaces of the metal shell, respectively. Due 

to the finite thickness of the shell layer, the sphere and cavity plasmons interact with each other 

and hybridize in a way analogous to the hybridization between atomic orbitals. This interaction 

results in the splitting of the plasmon resonances into two new resonances, the lower energy 

symmetric or “bonding” plasmon and the higher energy antisymmetric or “antibonding” 

plasmon. The strength of the interaction between the sphere and cavity plasmons is controlled by 

the thickness of the metal shell layer [106]. The corresponding optical extinction (transmission) 

or scattering (dark-field) spectra of nanoshells and nanorice are shown in Fig 11. Soares et al. 

[102] reported the visible extinction spectrum of gold nanotriangles (prepared by catalytic 

method using CTAB as capping agent and tin porphyrin as catalyst) two peaks, one at 520 nm 

and other at 730 nm (Fig.12). Wu et al [105] synthesized seed mediated gold nanocrystals of 

cubic and dodecahedral shape in the size range of 30-75 nm using cetyltrimethylammonium 
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chloride (CTAC) surfactant and sodium bromide. In both the cases, red-shift was observed with 

increase in the size of nanocrystals (Figs.13). Luan et al [104] reported the vis-NIR spectrum of 

aqueous suspension of gold Nano rattles (nanocages) at 700 nm (Fig. 14). 

Silva et al., 2010 reported influence of UV visible light on photocatalytic activity of titania 

containing AuNPs. Samples containing AuNPs were found to exhibit photocatalytic activity 

(generation of O2 from water) when exposed to both UV and visible light [107]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Various techniques used for characterization of AuNPs.
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Fig.9. AuNPs with different shape resembling different SPR A. nanosphere [98](Copyright (2013) American Chemical Society) B. Nanocorals [101](Copyright 

The Royal Society of Chemistry), C. Porous nanospheres [99] (Copyright The Royal Society of Chemistry.), and D. nanorods [97]. 
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Fig.10. (A) Vis-NIR spectra of Au colloids obtained using 30 nm Au nanoparticles as seeds. In the graph, the ratio of Au salt concentration t o Au seed 

concentration (R) is displayed. (B-D) corresponding TEM images of samples prepared at R values of 1.67, 11.25, and 20, respectively. (E) Vis-NIR spectra of Au 

nanostars obtained for different R values, using 2.5 nm Au nanoparticles as seeds. (F-H) Corresponding TEM images of samples with R values of 67.5 (F), 270 

(G), and 808 (H) [103] Copyright (2010) American Chemical Society.  
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Fig.11. Optical extinction (transmission) or scattering (dark-field) spectra of nanoshells (A) and nanorice (B). [100] (Copyright (2007) American Chemical Society. 
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Fig.12. (A) TEM image of CTAB-AuNTs. (B) Visible extinction spectrum of a sample of CTAB-AuNTs in aqueous solution. [102] (Copyright The Royal Society of 
Chemistry). 
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Fig. 13. (a-c) SEM images of gold nanocubes synthesized with average sizes of 72, 53, and 40 nm. (d-f) SEM images of rhombic dodecahedral gold nanocrystals with average sizes of 74, 55, and 
45 nm. (g). UV-vis absorption spectra of gold nanocubes (h) gold rhombic dodecahedra [105]  (Copyright (2010) American Chemical Society. 
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Fig.14. TEM image of (A) Au nanorattles. (b) Vis-NIR extinction spectra of aqueous suspension of Au nanorattles. [104](Copyright (2016) American Chemical Society.) 
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4.2. Dynamic light scattering (DLS) 

DLS is another technique used for characterizing size of NPs. The principle of DLS involves 

measurement of scattered light from a laser passing through the colloid. The intensity of 

scattered light modulation is studied on the basis of time and it gives us the estimate of 

hydrodynamic particle size. This technique operates easily and is a faster technique for 

characterization of particles especially colloidal suspensions. Various advantages of DLS 

include sensitivity, less measurements time, selectivity of NPs, simplicity of operation and 

auto calibration which makes it more useful for industrial and scientific research. It also has 

some limitations when involved in sample measurements having multimodal or large size 

distribution. Its accuracy for evaluating polydispersed colloids becomes doubtful because 

small materials might be screened in presence of bigger materials during DLS measurement 

[108] 

4.3. Nuclear magnetic resonance (NMR) 

NMR spectroscopy is a transitional molecular characterization tool that needs little 

perturbation of analyzed system, and gives extensive information regarding chemical nature 

of atomic nuclei. These properties of NMR make it well-suited for in-situ analysis of 

reactions and chemical structures of metallic NPs. In the synthesis of NPs, analytical target 

ranges from detecting molecular precursor to recognition of particle surface. In NPs 

synthesis, presence of interface between particle surface and ligands depends upon various 

features like ligand shell composition and ligand shell structure. These features are difficult to 

resolve using electron microscopy or spectroscopy technique; hence, NMR can be used to 

identify these features. In raw metals, hyperfine coupling of unpaired electrons in the metal 

leads to change in frequency of NMR known as “Knight shift”. The electronic environment 

around the nucleus has effect on Knight shift. Extent of shift depends on electronic structure 

of metals. Examining the change from molecular to metallic structure in NPs is feasible using 
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NMR techniques. In addition, metallic properties can be determined by evaluating 

“Korringa” behavior of NPs by NMR measurements. Nuclear magnetic relaxation of material 

is described as Korringa behavior as it was described by Jan Korringa in 1950. Korringa’s 

equation (k) is related to temperature (T). NMR nuclei that show this temperature relation 

with longitudinal relaxation time constant (T1) exhibit the electronic structure within the 

material analyzed. Both the slope of T1 as well as extent of “Knight shift” can give detailed 

information about particle size, shape, composition and surface chemistry [109]. NPs 

synthesized by chemical method are capped with organic molecules. Investigation of these 

capping agents using NMR can provide detail information about nature of particle core (like 

electronic structure and composition of atom) [109]. Huhn et al. [32] explored the use of 

NMR to identify the formation of DDT stabilized AuNPs. They analyzed the NMR spectra of 

poly (isobutylene-alt-maleic anhydride (PMA) before and after the coating of DDT-Au NPs 

(≈4 nm). The 1H NMR spectrum of PMA showed non-resolved broad bands due to size 

distribution of the starting poly (isobutylene-alt-maleic anhydride)-graft-dodecyl and the 

random distribution of dodecylamine moieties along the polymer chain (Figure 15A). The 13C 

NMR spectrum of PMA showed good resolution for nonquaternary carbon atoms due to their 

higher signal intensity compared to quaternary ones such as C=O, (Fig. 15B). 1H NMR of 

PMA coated Au NPs (≈ 4 nm core diameter) was measured (Fig. 15C). In PMA coated 

AuNPs, cyclic anhydrides were no longer present and two separate peaks were observed for 

−CH protons. One proton was linked to amide groups and kept inside the hydrophobic core 

while the other was linked to carboxylic groups and exposed to the water phase. When this 

spectrum was compared with that of PMA treated with NaOH different pattern was noted. 

The –CH peak was barely visible, and only the CH2 and CH3 peaks were clearly visible (Fig. 

15D). 

4.4. Electron microscopy (EM) techniques 
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EM techniques have gained their wide application for visualizing the AuNPs due to their 

intrinsic sub-nanometer scale resolution. Scanning electron microscopy (SEM) provides 

surface (or near surface) image of a sample, while in TEM, the electron beam passes through 

the sample. Although they have wide application, they fail to analyse non-perturbed samples. 

Spatial resolution, artefact generation, polydispersion, and disturbances during sample 

preparation are the major limitations in the characterization of AuNPs using electron 

microscopy. A suitable spatial resolution is required for ensuring that a significant portion of 

the sample is imaged. The spatial resolution for SEM is in the range 5–100 nm [110], 

whereas for TEM it can be < 1 nm [111]. 

The primary difference in data output between SEM and TEM is the way in which the 

nanoparticle images are resolved. SEM produces accurate 3D images of particles in the 

dispersion while TEM produces 2D images that require further interpretation. The images 

rendered by TEM are two dimensional, but these systems have capacity of delivering much 

greater resolution. Moreover, internal composition details, such as a particle’s crystallinity 

and lattice structure can be derived by TEM by monitoring electrons as they transmit from 

the sample. Such information is also provided by SEM, but it is well suited only for analyzing 

surface characteristics of nanoparticles. Moreover, longer time is required to prepare sample 

in TEM as compared to SEM, as particles need to be thinly sliced. Furthermore, TEM covers 

only a very small sample selection. This narrow range combined with longer sample 

preparation times may result in the presence of aggregates during analysis. Aggregated 

particulates may result in size distribution measurements being generated from single runs 

that are unrepresented of the bulk sample. In contrast to this larger amount of sample can be 

measured at one time using SEM. This improves both the statistical reliability and efficiency 

of nanoparticle size and shape distribution measurements [112]. 
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Annamalai 2013 et al. reported the characterization as well as antimicrobial activity of 

AuNPs by green method using Euphorbia hirta L. leaf extract. TEM imaging revealed that 

biosynthesized AuNPs were having crystalline nature and spherical shape within a size range 

of 10-50 nm [113]. As an example, the SEM image of gold nanocubes and rhombic 

dodecahedral gold nanocrystals is shown in Fig. 13 while TEM images of nanoparticles of 

different shapes are shown in Figs. 9-12, 14 and 16. 

4.5. Atomic force microscopy (AFM)  

AFM is an example of Scanning Probe Microscopy (SPM). In AFM a cantilever scans the 

sample and allows imaging of AuNPs in their natural environment. AFM can also be applied 

to non-conductive samples [112]. It is used for 3D characterization of AuNPs. A distinct 

property of AFM is that it can generate AuNPs images having size between 0.5 nm and 50+ 

nm. Size distributions of NPs are also calculated from AFM. AFM imaging is based on 

vibrating tip to explore surface scanning having significant transformation which allows them 

to go for nanometer-resolution imaging. AFM is a sensitive tool for investigating tip-sample 

interactions to sub-nm resolution. Therefore, there is a need to develop quantitative method to 

study different properties of material with better resolution without causing any effect to 

more soft samples. For any sample to undergo AFM measurements pre-treatment of the 

sample is not required thus overcoming the limitations involved in electron microscopy. 

AFM imaging can also be used for characterizing particulate matter depending on organic 

materials having high spatial resolution. AFM scanning exhibit a good accuracy for obtaining 

size distributions of NPs as compared to DLS techniques. AFM topography imaging is used 

for obtaining information on growth mechanism of nanocrystals [114, 115]. Darwich et al. 

[115] reported Manipulation of gold colloidal nanoparticles with atomic force microscopy in 

dynamic mode: influence of particle–substrate chemistry and morphology, and of operating 

conditions. Various AFM images of AuNPs reported by them are shown in Fig. 17. 
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4.6. Mass spectroscopy (MS) 

Use of MS for analysis of small AuNPs is increasing day by day. From mass spectra, the 

amount of gold atoms can be analyzed. Uses of matrix-assisted laser desorption/ionization 

(MALDI) provides means to measure the core of ligand stabilized AuNPs. Although these 

matrices do not affect fragmentation of extensive ligand with the potential to determine intact 

MPCs, it is now easy to find variations in stoichiometry of different ligands depending upon 

the mass.  

Inductively coupled plasma-mass spectrometry (ICP-MS) is used for elemental 

characterization of AuNPs. ICP-MS analysis of NPs can be used in biomolecules assays. For 

characterization of colloidal NPs for bioanalytical applications, there are other extra 

parameters to be considered like aggregation state, solubility and dissolved metal fractions 

which could influence ICP-MS measurement. It is one of the most flexible and sensitive 

technique used for elemental analysis. Detection of very low concentration in picogram range 

and effective signal are two of its salient features of ICP-MS. Elemental composition of 

metallic NPs and extraordinary analytical features of ICP-MS for multielemental analysis at 

very low limits make it suitable for characterization of NPs. It gives information regarding 

size distribution, composition and chemical state of NPs. Two type of ICP-MS is being used 

a) Direct ICP-MS b) ICP-MS hyphenated techniques. In case of direct ICP-MS, it provides 

elemental analysis of both ionic and colloidal solutions. ICP can atomize, vaporize and ionize 

AuNPs [116]. 

4.7. X-ray diffraction (XRD) 

XRD is an important role as a powerful nondestructive technique in characterization of 

metallic NPs. XRD pattern is the fingerprint of periodic atomic arrangements in a given 

material. The characteristics spectra of X-ray are created when electrons have sufficient 

energy to dislocate inner shell electrons of target material [117]. Yan et al. [117] reported 
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successful deposition of ultra-small gold nanoparticles (0.8–1 nm) on titania-modified SBA-

15 via a deposition–precipitation method and the deposition was confirmed by comparison of 

experimental X-ray diffraction (XRD) patterns with theoretical ones. The results showed that 

gold existed as Au3+ and Au0 in the as-synthesized and reduced catalyst, respectively. The 

XRD analyses also suggested that Au nanoparticles were more developed along the <111> 

direction forming a raft-type structure (Fig.18). Bathrinarayanan et al. [118] reported the 

synthesis and characteristics of intracellular AuNPs prepared by green method using 

Aspergillus fumigates. XRD image of the sample after the addition of HAuCl4 showed a 

strong signal was observed at 31·9° that could have been generated from some biomass or 

media components, while in case of gold nanoparticles, peak position at 37·8° represented the 

presence of gold and the value was consistent. Moreover, the XRD results also indicated that 

the produced gold nanoparticles exhibited irregular morphology. XRD patterns clearly 

showed that both the nanoparticles were crystalline in nature [118]. 

4.8. Energy dispersive spectroscopy (EDS) 

The energy dispersive spectroscopic analysis is done to get an indication of the amount of 

gold nanoparticles present in the biomass. Bathrinarayanan et al. [118] reported characterized 

intracellular AuNPs prepared using Aspergillus fumigates. ED spectrum showed a thin film 

of fungal biomass showing strong signals for gold atoms along with weak signals from 

oxygen and potassium (Fig.19). The weak signals appearing in the figure indicate the 

presence of macromolecules like proteins/enzymes and salts of fungal biomass and presence 

of Au signal indicated gold nanoparticles. 

4.9. Thermogravimetric analysis (TGA) 

In TGA, mass of sample is noted with continuous increase in temperature. The sample mass 

decreases upon its decomposition which allows for analyzing the composition of the sample. 

Huhn et al utilized TGA for analyzing formation of DDT-Au NPs (≈ 4 nm core diameter). 
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The TGA curve corresponding to the dodecanethiol-capped Au NPs (Fig. 20A) showed a 

very slight loss (<1%) in the 25−150 °C range, as expected from metallic NPs. An abrupt loss 

(around 18%) took place between 150 and 300 °C, which could be due to the decomposition 

of the DDT. No changes in the mass were observed at higher temperatures. The TGA curve 

of the DDT-Au NPs overcoated with PMA showed a slight weight loss (around 5%) in the 

25−150°C range, which can be due to the release of absorbed water (Fig.20B). Almost no 

changes in the mass were observed at higher temperatures [32]. 

4.10. Fourier Transform infra-red spectroscopy (FTIR) 

The chemical structure of the organic shell around core of NP nanoparticles can be analyzed 

through FTIR based on the specific vibrational fingerprint for specific functional groups. 

Hence, FTIR can be used for qualitative evaluation of the organic shell around NPs and can 

be employed for following up surface functionalization or ligand exchange. Moreover, 

deviations in typical vibrational features of adsorbing functional groups on the surface of NPs 

can be used to describe the type and orientation of organic ligand core interaction. Huhn et al. 

[32] reported FTIR analysis of DDT-Au NPs (≈4 nm core diameter) before and after 

overcoating with PMA, as well as for free PMA as control. The DDT-Au NPs exhibited only 

three significant peaks, two strong peaks at 2923 and 2853 cm−1 (corresponding to the 

asymmetric and symmetric C−H stretching of the alkyl chain) and one peak at 1460 cm−1 

(bending vibrations of C−H) (Fig.21). In contrast, the PMA polymer presented more peaks. 

The strong peaks at 2925 and 2854 cm−1 (corresponding to the asymmetric and symmetric 

C−H stretching of the alkyl chains), the broad and weak adsorption peak from 3200−3600 

cm−1 (corresponding to the presence of the O−H stretching resonance of the carboxylic acids 

formed after the anhydride opening) and the two peaks at 1780 and 1705 cm−1 (corresponding 

to the cyclic anhydride with 5-membered rings). Symmetric stretching vibrations of C=O 

from the carboxylic groups were overlapped at 1705 cm−1. The N-C=O symmetric stretching 
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vibrations of the amide groups appeared at 1583 cm−1. Angular deformation of CH2 and CH3 

was also observed at 1468 and 1375 cm−1. The DDT-Au NPs overcoated with the 

amphiphilic PMA polymer showed vibrational peaks of both, DDT-Au NPs and PMA. These 

results indicated the surface modification (overcoating) of DDT-Au NPs with PMA. 
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Fig.15. (A) 
1
H NMR spectrum of PMA in CDCl3. (B) 

13
C NMR spectrum of PMA in CDCl3; the zoomed area shows the peaks for the carbonyl groups. (C) 

1
H NMR 

spectrum of PMA coated Au NPs of ≈4 nm core diameter in 15% D2O/H2O mixture. (D) 
1
H NMR of PMA in 15% D2O/H2O mixture after treatment with base to open all 

anhydride groups. Reprinted with permission from [32]. Copyright 2017, American Chemical Society. 
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Fig. 16. TEM images of gold nanospheres (a); gold nanorods (b); gold nanoshells on silica cores (c); gold nanostars (d ); silver nanoc ubes (e) used as templates for the synthesis of gold 

nanocages ( f ); nanocuboids composed of gold nanorods coated by a silver shell (g); anisotropic gold nanocages obtained from nanocuboids (h); gold nanorods (i ), nanostars ( j ) and 

nanocages (k) coated by a mesoporous silica shell; gold nanorods (l) and nanocages (m) coated by a conventional and mesoporous silica shell and doped  with photodynamic agents; 

fluorescent atomic gold nanoclusters Au25 stabilized by bovine serum albumin (BSA) molecules (n); human serum albumin (HSA) nanoparticles doped with fluorescent atomic clusters 

(o); surface enhanced Raman scattering (SERS) gold labels with benzene-1,4-dithiol molecules embedded into a  nanometre hollow (p) or bridged (q) gap between the spherical (p) or 

polygonal (q) core and the shell; anisotropic labels with a gold nanorod as the core and benzene -1,4-dithiol or nitrobenzene-1,4-dithiol embedded into the 1-nm gap between the core and 

the gold shell (r); SERS labels based on gold nanorods functionalized by 4-aminothiophenol and 4-nitrobenzenethiol molecules coated by a silver shell (s); water-soluble powders of gold 

nanospheres, nanorods, nanostars and nanocages (t) (powder particles coated by thiolated mPEG-SH molecules, Mw=5000). [60]© 2019 Uspekhi Khimii, Russian Academy of Sciences. 
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Fig.17. AFM images of nanocluster movement during their manipulation (A) gold nanorods deposited onto silicon 

wafer, scan size: 12 μm; (B) antimony islands on HOPG, scan size: 1.5 μm; (C) Au nanotriangles on silicon wafer. 

Middle triangles have been intentionally coloured in to illustrate the trajectory of the Au nanoparticles during 

manipulation, scan size: 5 μm. AFM images of 25 nm diameter gold nanoparticles deposited onto a silicon wafer. 

(D) Ordered organization as described in the Experimental section, (E) random distribution. Frame sizes: 3 μm and 1 

μm, respectively. Manipulation of as -synthesized Au nanoparticles on (a) a flat silicon wafer with a spacing of 9.7 

nm and (b) a nanopatterned one with a spacing 16 nm, and (c) a patterned wafer with a spacing of 3.9 nm. 

[115]copyright 2011 Darwich et al; licensee Beilstein-Institute. 
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Fig.18. A. Experimental powder diffraction spectra for pristine (support) and gold loaded titania-modified SBA-15. The difference between the two experimental 

spectra is given in the middle. Calculated diffraction spectra for nanocrystalline Au and Au2O3 are given in the upper part. The broken line running through the 

strongest Bragg peak of Au2O3 is a guide to the eye. B. Experimental powder diffraction spectra for pristine (support) and gold loaded titania-modified SBA-15 

reduced in H2 atmosphere. The difference between the two experimental spectra is given in the middle. Calculated diffraction spectra for nanocrystalline Au and 

Au2O3 are given in the upper part. First few Bragg peaks of Au are marked with arrows. Reprinted with permission from [117]copyright 2005 Elsevier B.V.
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Fig. 19. EDS pattern for A. fumigatus showing strong signals for gold nanoparticles at three different places. 

[118]copyright 2013 Indian Academy of Sciences. 
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Fig.20. TGA analyses of DDT-Au NPs (A) and DDT-Au NPs overcoated with PMA (B). Reprinted with permission from [32]. Copyright 2017, American Chemical 

Society. 
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Fig.21. FTIR spectrum of DDT-Au NPs (≈4 nm core diameter) before and after overcoating with PMA and 

spectrum of free PMA. Reprinted with permission from [32]. Copyright 2017, American Chemical Society. 

5. Application of AuNPs 

From past few decades, different forms of gold have been extensively used in the therapeutic 

treatment throughout the history of medicine. Gold has been described as the elixir of life. In 

1925, gold complexes were used for clinical trials to understand its efficacy against 

rheumatoid arthritis. In 1920s, it was introduced for treatment of tuberculosis as well as to 

treat the inflammatory skin diseases like urticaria and psoriasis. In recent times, have found a 
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new application in the form of theranostics. Various applications of AuNPs are discussed 

below. 

5.1. Application in delivery of therapeutics 

The unique optical, physicochemical properties, biocompatibility, functional flexibility, 

tunable monolayers, controlled dispersity, high surface area for loading the density of drugs, 

stability and nontoxicity make AuNPs an efficient nanocarrier in drug delivery systems 

(DDSs)[10, 119-122]. These are capable of transferring various drugs such as peptides [123], 

proteins [124] chemotherapeutic agents, small interfering RNAs (siRNAs), and plasmid 

DNAs (pDNAs) [125]. The drugs conjugated AuNPs due to their small size exhibit enhanced 

permeability and retention (EPR) in the tumour cells. These drug conjugated AuNPs, due to 

the leaky and irregular neo-vasculature of tumour tissues get accumulated within the tumour 

while larger particles move ahead [126, 127]. 

The PEGylation of gold nanorods conjugated with drugs helps them to avoid reticular-

endothelial system (RES) clearance. The targeting of cancer cells using biomolecules such as 

antibodies can be achieved by binding the cancer cell receptors to the surface of nanocages 

conjugated with bioactive molecule AuNPs conjugating other candidates are called gold 

nanocages. Verigene (FDA-approved) and Aurimmune (Phase-II) are gold based with 

application in very niche areas of therapeutics [128]. The specificity and selectivity of active 

analyte conjugated with AuNPs at the target site could be achieved by active targeting, which 

depends on a surface functional ligand that is designed for the particular drug to be targeted 

[129]. Utilizing the principles of site-specific targeting and delivery strategies, gold 

nanoparticles have been developed for therapeutic applications such as photothermal therapy 

(PTT) [130] genetic regulation [131], and drug treatment [132]. Use of spherical solid AuNPs 

(diameter > 50 nm) have been reported in plasmonic PTT due to strong near-infrared (NIR) 
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absorption of AuNPs [122]. The antibodies conjugated AuNPs have been applied for both 

diagnosis and PPTT (Fig. 22) [133]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.22. Scheme for a PTT employing active delivery of AuNPs to cancer cells. Reprinted with permission from 

[122]Copyright 2015 Elsevier. 

 

AuNPs play major role in photodynamic therapy (PDT) for the treatment of cancer and 

certain skin or infectious diseases due to the properties like effective fluorescence quenching 

and surface plasmon resonance (SPR) absorption. PDT employs photosensitizers as light-

sensitizing agents and a laser. Once it is incident on tumour cells, apoptosis or necrosis is 

induced in them by singlet oxygen and highly active free radicals generated via the energy of 

photosensitizers [133]. 

AuNPs scaffolds have been used for creation of transfection agents in gene therapy to cure 

cancer and genetic disorders. AuNP conjugated oligonucleotide complexes have been used as 

intracellular gene agents to control protein expression in cells [134]. RNA-conjugated gold 

nanoparticles have been utilized for knocking down luciferase expression [135]. Cationic 

amino acid based AuNPs have been utilized for DNA transfection. Lysine conjugated AuNPs 
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have been used as effective vectors for DNA delivery (about 28 times more effective) as 

compared to polylysine [136]. The drugs are loaded on AuNPs either through non-covalent 

interactions or, covalent conjugation (Fig. 23). Non-covalent conjugation of AuNPs with 

PEG has been reported to provide an amphiphilic environment for capturing silicon 

phthalocyanine 4 (Pc 4) which is a PDT drug (Fig 24 A and 24 B) for cancer therapy [137]. 

The Pc 4 conjugated AuNP was observed through passive mechanism. The conjugation 

yielded deep penetration and rapid release of Pc 4 into tumour cells within few hours [138]. 

The release of drug covalently bound to AuNPs occurs either through displacement of 

glutathione (GSH) [139] or through cleavable linkers [140]. For example, enhancement in 

anti-proliferative effect against K-562 leukaemia cells was observed with GSH-mediated 

release of 6-mercaptopurine-9-b-D-ribofuranoside functionalized AuNPs as compared to the 

free drug [141]. Similarly, GSH-mediated movement of AuNPs carrying either fluorescein or 

doxorubicin molecules in a tumour model was investigated and the results indicated better 

efficacy of cationic AuNPs in delivering payloads to the majority of tumour cells while 

anionic AuNPs are able to deliver drug deep into tissues [142]. Apart from GSH and 

cleavable linkers, light controlled external release strategy using photocleavable ligands, pH 

mediated release strategies and release strategy using reduction of disulfides bonds have also 

been reported to deliver drugs such as 5-fluorouracil, covalently attached to AuNPs [141, 

143-145]. Various applications of AuNPs as theranostic agents is shown in Table 2. 

Au salts such as potassium cyanide (AuK(CN)2), aurous sodium thiosulfate (Na3[Au(S203)2]), 

aurous sodium thiopropanolsulfonate (Na[Autps]), aurous sodium thiomalate (Na2[Autm]), 

aurous thioglucose (Autg), and auranofin (Et3PAupg) have been reported for the treatment of 

arthritis and other rheumatic diseases due to their anti-inflammatory (by inhibition of release 

of lysosomal enzymes by phagocytic cells and modulation of some prostaglandins and 

antiangiogenic properties (by inhibition of proliferation of synovial cells, as well as synthesis 
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of collagen) [146]. The anti-inflammatory and anti-angiogenic properties of AuNPs with their 

possible mechanism are shown in Table 3. 

 
 

 

 

Fig.23. Demonstration of covalent and noncovalent conjugation in AuNPs. Reprinted with permission from [10] 

Copyright 2012 The Royal Society of Chemistry. 
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Fig.24. PEG functionalized AuNPs with loading of PDT cancer drug. (B) Chemical structure of the PDT drug 

Pc 4. (C) In vivo fluorescence imaging of AuNP-Pc 4 conjugates injected mouse at various time points within 

24 h. Arrows indicate the tumour location. Reprinted with permission from [138]. Copyright 2015 Elsevier. 
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5.2. AuNPs as sensors 

AuNPs have been used as efficient sensors for the detection of different analytes such as metal 

ions, anions, and molecules like, saccharides, nucleotides, proteins and toxins [122]. Table 4 

shows various nano biosensors based on AuNPs features and their application. The sensors are 

designed based on the intent of detection and various properties of AuNPs. These include 

colorimetric, fluorescence-based, electrical and electrochemical, surface plasmon resonance, 

surface enhanced Raman scattering (SERS)-based, quartz crystal microbalance based and Bio-

Barcode assay sensors [147]. Colorimetric sensing is based on visible color change due to the 

aggregation of AuNPs, fluorescence-based sensing is based on the fluorescence quenching 

feature of AuNPs. On the other hand, electrical and electrochemical sensors conductivity is 

based on high surface area and catalytic properties of AuNPs. Au NP-based SPR sensors are 

based on the optical properties (SPR) of AuNPs [122]. Surface-enhanced Raman scattering 

(SERS)-based sensors are based on the inelastic scattering of photons by AuNPs due to 

quantized vibrational level/signature. Au NPs in Quartz crystal microbalance-based sensing is 

based on the high surface area of AuNPs for enhancing detection sensitivity. Au NP-Based Bio-

Barcode Assay (AuNP BBBA) is based on strong binding affinity of AuNPs to thiols and visible 

color change due to aggregation of AuNPs. AuNP BBBA is an ultrasensitive method for 

detecting target proteins and nucleic acids. The basic principle involved in AuNP BBBA is 

conjugation of AuNPs with both barcode oligonucleotides and target-specific antibodies, as well 

as magnetic microparticles (MMPs) functionalized with monoclonal antibodies for the target 

moiety [118]. A sandwich complex is produced upon detection of the target molecule which 

releases a large amount of barcode oligonucleotides, providing both identification and 

quantification of the target (Fig.25). This technique was used to detect prostate specific antigen 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

62 
 

(PSA) [10, 148]. High resolution multicolour AuNPs containing a silver alloy (gold nanoshells 

rods) have also been used as for visual observation of alkaline phosphatase (ALP) activity 

through naked-eyes (Fig.26). The method is based on enzymatic reaction, assisted silver 

deposition on gold nanorods to produce colour change, which was dependent on ALP activity. 

Upon target incubation with the substrate, ascorbic acid 2-phosphate was hydrolysed to produce 

ascorbic acid, which in turn reduced silver ion to metallic silver coating  the gold nanorods, 

thereby resulting in a colour change [149]. Colorimetric AuNPs methods that have been 

developed for conducting plasmonic ELISA and immunoassays for understanding activities of 

PSA, Urease, Horse Radish, Peroxidase, Tyrosinase and matrix metallo proteinase [150]. Gold 

nanorods are elongated AuNPs that possess two plasmon resonance absorptions in the visible 

and NIR regions due to their anisotropic shape [151] that are produced by transverse (TSPR), 

short axis, and longitudinal (LSPR), long axis, oscillation of electrons [151, 152]. These unique 

optical and physiochemical properties play a key role in various biomedical applications of Au 

NRs such as photothermal therapy, and near-infrared imaging, X-ray computed tomography, 

photoacoustic imaging, biosensing, drug/gene delivery, and thermal therapy of tumour [152, 

153]. Some of the applications of gold nanorods as sensors are shown in Fig. 27. 
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Fig. 25. AuNP-based bio-barcode detection strategy. Reprinted with permission from [10] Copyright 2012 The 

Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26. High-resolution colorimetric assay for sensitive visual readout of phosphatase activity based on gold/silver 

core/shell nanorod. Reprinted with permission from reference [170]. Copyright (2014) American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
urnal P

re-proof

65 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3. AuNPs as diagnostic agents
 

B. Combined target molecular to antibody with AUNRs in SPR sensor; AU NRs were used to 

enhance the sensitivity of the biosensor for Escherichia coli O157:H7 in SPR system. 

 

A. The LSPR based Au NRs biosensor to detect the hepatitis B surface antigen (HBsAg) which indicates active 

viral replication of hepatitis B virus (HBV). 

C. Detection of DNA hybridization with Au NRs. Aggregation of AuNRs is induced by specific target recognition.  
D. Two probes (UCNPs-TBA15 and Au NRs-TBA29) were obtained by functionalization of the poly 
(acrylic acid) (PAA)-modified NaYF 4: Yb3+, Tm3+ UCNPs and the CTAB stabilized Au NRs with 

thrombin aptamers. 

Fig. 27. Application of Au nanorods as sensor. Reprinted with permission from [122] Copyright 2018 Elsevier. 
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5.3. AuNPs as diagnostic agents 

SPR, magnetic resonance and fluorescence properties of AuNPs lead to their application in 

clinical diagnosis and different biological studies (Fig.28). SPR of AuNPs is being utilized for 

measurement of real-time kinetics of ligand-receptor interactions, DNA hybridization, screening 

of lead compound in pharmaceutical drug development as well as in detection of small 

molecules, antibody characterization, studying antigen-antibody interaction, enzyme substrate 

interactions, characterization of antibody orientations, epitope mapping, label free immunoassays 

and protein conformational studies [137, 154]. The magnetic resonance properties of AuNPs is 

helpful in magnetic resonance imaging (MRI) measurement of biological processes at cellular 

and molecular level.  This helps in quantification of molecular changes associated with the onset 

and development of pathological states, thereby, providing early diagnosis and prognosis of 

diseases like cancer. The imaging of cells, cellular and subcellular structures, requires imaging 

agents of high relaxivity and density, endowed with targeting ability to specific cellular 

receptors. In the field of MRI, AuNPs can be used as a template agent in place of Gadolinium 

(Gd) chelates for use as MRI contrast agents due to their high sensitivity and also in clinical 

diagnosis. Several types of AuNPs such as coreshell structured iron-gold (Fe-Au) NPs (prepared 

by reverse micelle method having size 19 nm), PEG-coated iron oxide gold core-shell 

nanoparticles (measuring approximately 25 nm in diameter), and AuNPs coated with by Gd-

chelate, have been used as a potential CT/MRI Bimodal contrast agent to detect cancerous 

tumours [155-157]. The anti-photobleaching under the presence of strong light illumination 

causes AuNPs to exhibit strong native fluorescence under relatively high excitation energy state. 

AuNP stained cells illuminate strong fluorescent light on cell membrane or inside cells which 

helps in cell imaging [158]. Au nanoprobes immobilized with fluorescein-hyaluronic acid (HA) 
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conjugates have been utilized for monitoring intracellular reactive oxygen species (ROS) 

generation in live cells via NP surface energy transfer [159]. AuNPs as fluorescent labels have 

been found helpful for optical imaging and sensing for analytical genomics and proteomics, with 

particular emphasis on the outlook for different strategies of using NPs for bioimaging and 

quantitative bioanalytical applications [160]. Fluorescence resonance energy transfer (FRET) is a 

spectroscopic technique whereby the excitation energy of the donor electron is transferred to the 

acceptor via an induced-dipole movement interaction [6]. DNA hybridization, and cleavage of 

DNA by nucleobases after hybridization by varying the DNA length have been monitored using 

AuNP-based FRET. AuNPs (20 nm size) stabilized by Cy5.5-Gly-Po- Leu-Gly-Val-Arg-Gly-

Cys-(amide) were used to sense macromolecules such as proteins [161]. Using the principle of 

SPR, magnetic resonance and fluorescent properties AuNPs have been utilized for diagnosis of 

cancer (Fig.29) and HIV/AIDS. There are three basic approaches through which AuNPs are 

utilized as diagnostic agent. These include, (i) colorimetric sensing for specific DNA 

hybridization, depending upon inter-AuNP distance for the detection of specific nucleic acid 

sequences in biological samples, (ii) surface functionalization with different coating materials 

resulting in highly selective nanoprobes, and (iii) electrochemical-based methods for signal 

enhancement detection [162]. Immunotargeted AuNPs have been used for imaging of 

overexpression of transmembrane glycoprotein and epithelial growth factor (EGFR) in cancer 

cell lines (SiHa cells) to diagnose pericervical cancer [163]. PEGylated AuNPs conjugated with 

monoclonal antibody (Herceptin) enables the detection of breast cancer. Colloidal AuNPs 

conjugated to EGFR and self-assembled surface enhanced-Raman-Scattering (SERS) activated 

AuNPs have been used for imaging cancer cells [164]. AuNPs conjugated aptamer has been 

utilized for the detection of leukemia, liver cancer, lung cancer and lymphoma. In a study, 
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multifunctional oval shaped AuNPs were prepared by conjugating AuNPs with monoclonal 

antibody (Anti-HER2) and S6RNA aptamer. Upon mixing these functionalized AuNPs with SK-

BR-3 breast cancer cell lines, a distinct colour change with thirteen times increase in two-photon 

scattering intensity was observed (Fig.30a).  

AuNPs are used for optical imaging in biological studies by majorly using the three techniques 

1) Direct visualization of AuNPs inside the biosystems using i) dark field (DF) microscopy, ii) 

differential interference contrast (DIC) microscopy, iii) interferometric scattering (iSCAT) 

microscopy and photothermal imaging, iv). optical imaging methods in the rotational and 

orientation tracking of AuNPs. 2) Monitoring of biomolecular events and physiological pro-

cesses using i) surface-enhanced Raman spectroscopy (SERS) and ii) plasmon enhanced 

fluorescence (PEF) for ultra-sensitive detection of biomolecules, including proteins, metabolites, 

DNA, RNA, etc. 3) In vivo deep tissue imaging using i) two-photon and/or multi-photon 

imaging, ii) optical coherence tomography (OCT), and iii) photoacoustic (PA) imaging for 

disease diagnoses, such as detecting tumors and other diseases in eye, brain, and bone [154]. As 

an example, the melanoma cells contain melanin that absorbs natural light and induces 

photoacoustic waves for tumor cell detection in non-pigmented prostate cancer cell line (PC-3). 

The non-pigmented tumor cells do not produce photoacoustic waves for their detection. The 

photoacoustic response over wavelengths (470-570 nm) was recorded by tagging PC-3 cell lines 

with functionalized AuNPs. SER tagged AuNPs conjugated with EGF peptides have been 

reported for direct measurement of targeted circulating tumor cells (Fig.30b) present in blood of 

patients with squamous cell carcinoma of head and neck (SCCHN) [165]. Dark field microscopy 

(DFM) has been used to track the intracellular locations and behavior of AuNPs inside cells, 

such as the examination of AuNP uptake [166]. The color change in cells indicated the evolution 
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of AuNP clusters in live cells, that was dependent upon size and cellular location of cluster and 

the endocytosis followed by their transport along the microtubules [Fig.31A] [167]. The tracking 

of trafficking of AuNPs along microtubules was reported by Nan et al., who developed a novel 

strategy to track AuNPs in 2D with 1.5 nm spatial precision and 25 µs time resolution through 

utilization of a quadrant photodiode to record the positions of the AuNPs [168]. DFM 

incorporated AuNPs can be used for understanding biological processes. For example, AuNP 

functionalized nanospheres have been used for imaging cell division [169]. AuNPs localized in 

the nuclear region were tracked in real time during the mitosis of the HSC-3 cancer cell 

(Fig.31B). The real time tracking of virus-cell interactions were assisted by AuNPs in order to 

understand the respiratory syncytial virus infection of Hep-2 cells (Fig.31C). Different optical 

imaging techniques and their application is shown in Fig.32.  
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Fig.28. Unique properties of AuNPs and their application in diagnosis [137]. 
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Fig.29. Application of AuNPs in diagnosis of cancer. 
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Fig.30 (A). Synthesis of monoclonal anti-HER2 antibody and S6 RNA aptamer-conjugated oval-shaped AuNPs 

(steps one and two). Third step shows multifunctional oval-shaped AuNP-based sensing of the breast cancer cell 

lines. Schematic design of EGF-SERS NPs for labelling and detection of CTCs [137]; (B) Raman-encoded, PEG-

stabilized, and EGF-peptide functionalized SERS nanoparticle. (C) Assay principle of CTC detection from whole 

blood using EGF-SERS nanoparticles [165] © 2011 American Association for Cancer Research. 
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Fig. 31. (A) Dark field (DF) microscopy showing the evolution of AuNP color in HeLa cells at the different durations (0.5–24 h) of incubation [167]. (B) 

Human oral squamous cell carcinoma (HSC-3) cell division process (prophase to cytokinesis) visualized by the AuNPs [169] (C) Real-time tracking (0–100 s) 

of AuNPs labeled respiratory syncytial virus (indicated by blue and red arrows) infecting HEp -2 cells [171]. Reprinted with permission from [154] 

Copyright 2019 Elsevier. 
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Fig.32. Various types of AuNPs tagged optical imaging techniques and their applications. Reprinted with permission from [154] copyright 2019, Elsevier 
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Table 2. Theranostic applications of AuNPs 

Types of AuNPs Size and Shape Therapeutic  Diagnostic References 

Therapeutic based AuNPs 

5-flurourouracil conjugated AuNPs 2nm, spherical Photo cleavable ligand used for 

conjugation of AuNPs which gets 

dissociates when exposed to UV 

rays and releases drug to the 

targeted site 

For SERS imaging of pH in living 

NIH 3T3 cells 

[172] 

P-mercaptobenzoicacid-conjugated 

Au nano aggregates 

Spherical - For SERS imaging of pH in living 

NIH 3T3 cells 

[173] 

Cisplatin-glucose conjugated 

AuNPs 

20 nm - . Bio-imaging and Cell labelling  

.  bypass surgeries  

. Theranostic agent for head and 

neck cancer  

[174] 

Polymer based AuNPs 

PEG-modified AuNPs 26nm, spherical - Delivery of anticancer drug 

paclitaxel 

[175] 

PEG-modified AuNPs conjugated 

with herceptin 

Spherical Treatment of breast cancer                               - [176] 

 Biopolymers and Sugars as 

Reducing Agent based AuNPs 

1-40nm - immobilization of enzymes (in 

biosensor) for the detection of 

pathogens, virus and bacteria 

[177] 

Doxorubicin conjugated AuNPs 12.1 nm Cytotoxic effect on Cancer cells . Bio-imaging 

. Bio-sensors 

[178] 
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Pacitaxel conjugated AuNPs 50nm Photo-thermal activity  Bio-imaging [179] 

PEG-b-P 63nm As a multicarrier in cancer 

treatment 

.Bio-imaging 

.Cell labelling 

[180] 

Polypyrrole and gold shell 65nm As a photo thermal agent Cell labelling [181] 

Biomolecules based AuNPs 

Antibody conjugated AuNPs 35nm, spherical - For imaging anatomic location and 

molecular sensing 

[182] 

Anti-EGFR conjugated AuNPs 25nm, spherical For paracervical cancer                                 - [176] 

Hollow Au nanospheres 

conjugated with antibodies 

45 ±12nm, spherical - . Used for MCF7 cells 

. quantitative immune analysis of 

cancer biomarkers 

[183] 

AuNPs functionalized with 

peptides 

7-13 nm, spherical Induction of cancer cell apoptosis - [184] 

TNF- α conjugated PEG coated 

gold nanoparticle 

- Enhance the activity of anticancer 

activity  

Bio-imaging [153] 

AuNPs coated with phospholipids 30nm, spherical - Used as a delivery vehicle for 

nucleic acid cargoes 

[186] 

CYT-6091 27nm Enhanced the activity of anticancer 

drugs 

Bio-imaging [187] 

Plant based AuNPs 

Plumbago zeylanica > 100nm,spherical, triangles, 

hexagons 

Antibacterial activity against 

Gram-negative and Gram-positive 

bacteria 

- [188]  
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Abelmoschus esculentus 45–75nm,spherical Antifungal activity against 

Puccinia graminis tritci, 

Aspergillus flavus, Aspergillus 

niger and Candida albicans 

- [172] 

Eucommia ulmoides ~20nm,spherical - Excellent catalytic activity  [189] 

Terminalia arjuna 20-50nm,spherical Enhance the mitotic cell division 

and pollen germination activity  

                                   - [190] 

Mentha piperita > 100nm,spherical Antibacterial activity against 

clinically isolated pathogens  
 [191] 

Rosa hybrida 10nm,cubic - High potential for use in biological 

applications 
[192] 

Microbes based AuNPs 

Bacteria 

Klebsiella pneumoniae (MTCC- 

4030) 

10-15nm, spherical Antibacterial activity against 

Escherichia coli 

- [193] 

Klebsiella pneumoniae 35-65nm, spherical - Medical and pharmaceutical 

applications 

[194] 

Bacillus stearothermophilus 5–30 nm, spherical, triangular - Detect toxin A (TOA) of 

Clostridium difficile based on an 

aptamer 

[195] 

Bacillus Subtilis 10-15nm, cubic Antimicrobial agents in packaging 

applications 

- [196] 

Fungi 

Penicillium citrinum 60–80 nm, spherical Antioxidant activity in 

pharmaceutical and cosmetic 

industries 

- [197] 
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Algae 

Sargassum swartzii 35nm, spherical Anticancer for HeLa cells - [198] 

Cystoseira baccata (CB) 8.4 ± 2.2nm, spherical Activity in colon cancer cells 

(cytotoxic effect against colon 

cancer cells) 

- [199] 

Yeast     

Instant high-sugar dry yeasts Dependent on PH, triangle, 

truncated triangle, hexagon Nano 

- Plasmonic Properties [200] 

Baker’s yeast (Saccharomyces 

cerevisiae) 

~5.0 ± 2.0nm, spherical Anticancer evaluation against 

Ehrlich ascites carcinoma cells 

- [201] 
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Nanogold Size 

(nm) 

Biological 

system 

Route of 

administration 

Dose and 

Exposure time 

Outcome Mechanism of action 

Anti-inflammatory effect of nanogold 

AuNPa 5,15,an

d 35  

Male 

C57BL/6 

mice at 4 wk 

Intraperitoneal 100 nmol 

Au/kg 

,Acute(evaluati

on 

after 4 h) 

Downregulat

ion of 

cellular 

responses 

induced by 

IL-1β 

Decreased expression of HIF-1α, 

and decreased levels of TNF-α and 

PI3 K in blood cells  

AuNPa 10–50 Jurkat cell 

line 

In-vitro Au-Gal 

(containing 40 

μg of galectin-

1 and 360 μg 

of Au),  

Acute(evaluati

on 

after 48 h) 

Amelioratio

n of 

clinical 

symptoms of 

arthritis 

Apoptosis of CD4+ T cells and 

reduced IFN-γ, IL-4, IL-17 and 

TNF-α levels in the ankle joints  

AuNP and 

PEG coated 

AuNP 

(both 

spherical) 

13 CIA male 

Sprague- 

Dawley rats 

at 8 wk 

Intra-articular 27 μg AuNP, 

Acute (on d 7 

after CIA; 

evaluation 

within the 9 

subsequent d) 

Attenuation 

of CIA 

Decreased edema, levels of TNF-α, 

ILβ1. and macrophage 

infiltration in the ankle joint 

Galectin-1 

AuNP 

(Au-Gal) 

(spherical) 

Spherical 

AuNP 

13 and 

50 

CIA male 

Wistar rats 

at 10 wk 

Intra-articular 20 μl of 50 μg 

Au/ml solution 

(13 nm; 1 μg of 

Au) and 180 

μg 

Au/ml solution 

(50 nm; 3.76 

μg of Au), 5 

times/wk, 12 

injections(eval

uation 

14 d after CIA) 

 

Inflammatio

n, joint 

edema, and 

polyarthritis 

regression 

Less pathomorphological 

changes in internal organs and 

higher levels of catalase
b 

Spherical 

AuNP 

20 Male Wistar 

rats (250–

350g ) 

carragenan 

administered 

Subcutaneous 10, 25 and 50 

mg/kg AuNP, 

Acute 

(evaluation 4 h 

after 

Reversal of 

carrageenan-

induced 

inflammatio

Decreased levels of TNFα, IL-1β, 

and myeloperoxidase; 

reversal of redox state b 

Table 3: Overview of report on anti-inflammatory and angiogenic potential of nanogold [146]. 
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in pleural 

cavity 

administration 

of carragenan) 

n and 

oxidative 

stress 

Anti-angiogenic effect of  nanogold 

Naked and 

positively 

charged 

AuNP
a 

5,10, 

and 20 

HUVEC and 

NIH3T3 

cells 

(preincubate

d with 

VEGF165 

and HB-

GF,respectiv

ely) 

In vitro 1 nmol/L, 24 h Antiangioge

nic potential 

due to a 

direct 

inhibitory 

effect of 

AuNP to 

binding with 

the 

of pro 

angiogenic 

cytokines 

probably 

leading to 

conformatio

nal changes 

in the 

proteins 

structure 

Inhibition of KDR phosphorylation 

and Ca2+ release due to blockage 

of VEGF165 by AuNP, in a 

concentration dependent manner; 

no effect considering positively 

charged AuNP 

Spherical 

AuNP and 

AuNP coated 

with PEG 

15 Human 

umbilical 

vein 

endothelial 

cells 

(HUVEC) 

In vitro 125 or250 nM 

AuNP, 24/48 h 

Anti-

angiogenesis 

(endothelial 

cell 

proliferation, 

migration, 

and tube 

formation) 

Inhibition of VEGF165-induced 

cell migration and tube formation 

by Akt pathway 

 

 

 

 

Spherical 

AuNP 

15 HUVEC 

cultured 

with 

conditioned 

medium 

(CM) 

from the 

HepG2 

In vitro 1–4 nM AuNP, 

24/48 h 

Inhibition of 

HUVECs 

proliferation 

and 

migration 

induced by 

HepG2-CM; 

obvious 

pseudopodia

, larger 

membrane 

particle sizes 

and much 

rougher 

Reduced levels of active VEGF 

due to direct inhibition by AuNP; 

inhibition of actin filaments 

disruption by AuNP 
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surface 

Spherical 

AuNP 

5 HUVEC 

(incubated 

with 

VEGF165) 

In vitro 670,335,and 67 

nM, 24 h 

Antiangioge

nic effect by 

binding to 

angiogenesis 

mediator 

Inhibited VEGF receptor-2 

phosphorylation, 

intracellular calcium release, cell 

migration 

and RhoA activation 

Spherical 

diaminopyridi

nyl 

(DAP)derivati

zed 

heparin (HP) 

polysaccharide

s 

conjugated 

AuNP 

and glucose 

conjugated 

AuNP 

10–25 Male mice 

(C57BL/6N

Cr) at 

6–8 wk 

injected with 

0.1 μg FGF-

2; 0.1 μg 

FGF-2 + 10 

μg Au-

DAPHP/Au 

glucose 

Subcutaneous 10 μg Au 

DAPHP 

10 μg Au 

glucose,  

3injections 

(evaluation on 

d 12 after last 

injection) 

More 

pronounced 

antiangiogen

ic and 

anticoagulan

t activity of 

Au-DAP-HP 

than Au 

glucose 

Inhibition of basic fibroblast 

growth factor induced 

angiogenesis 

Spherical 

biosynthesized 

Hamelia 

patens 

(HaP) leaf 

extract- 

Au NPs and 

AuNP coated 

with PEG 

25–50 HUVEC In vitro 5–20 μg/ml, 

4/24 h 

Pro-

angiogenic 

activity of 

HP-AuNP x 

antiangiogen

ic potential 

of AuNP 

PEG coated 

Formation of ROS and activation 

of p-Akt 

(for angiogenesis) 
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Table 4. AuNPs-Based Sensors [122]. 

S.No. Types Applications 

1. Colorimetric Sensing a. Detection of metal ions 

b. Detection of small organic molecules  

d. Detection of proteins  

e. Detection of oligonucleotides  

f. Detection of anions 

2. Fluorescence-Based Sensors a. Chemical Nose “Approach for the detection of  

cancerous and circulating tumor cells  

b. Proteins, Pathogens and Mammalian Cells  

c. Sensors based on FRET between QDs and 

AuNPs 

d. AuNP-based molecular beacons 

e. FRET-based detection of metal ions and small 

molecules 

3. Electrical And Electrochemical Sensors  a. AuNP-based electrochemical immunosensors  

b. AuNP-based electrochemical detection of   

oligonucleotides 

c. AuNP-based electrochemical enzymatic 

biosensors  

d. AuNPs as platforms for electrocatalytic and 

electrochemical sensors  

e. Electronic AuNP sensors employing 

macrocyclic complex at ion 

f. Vapor sensing 

4. Au NP-Based Surface Plasmon Resonance Sensors  a. Sensors based on AuNP plasmon scattering 

resonance 

b. AuNP-mediated SPR signal amplification 

c. Sensors based on change in LSPR AuNPs 

absorption of 

5. Surface Enhanced Raman Scattering (SERS)-Based 

Sensors 

a. Detection of proteins  

b. Detection of oligonucleotides  

c. Detection of small organic molecules  

6. Au NPs in Quartz Crystal Microbalance-Based Sensors a. Detection of proteins  

b. Detection of oligonucleotides  

7. Au NP-Based Bio-Barcode Assay Sensors                                 - 

 

6. Toxicity aspects of AuNPs 

Nanotoxicology refers to toxicological evaluation of structured nanomaterial and 

nanodevices. The need of investigation for this area became prominent after expansion of 

nanotechnology, which in past two decades has been used extensively in the area of 

medicine, pharmaceutical industry. Different nanoparticles may have different optical, 

structural and chemical properties and also have differential toxicity profiles [202]. Global 

demand of nanomaterials is increasing year by year, and it is related with penetration of NPs 

into the environment. As per the economic and social committee, monitoring the number of 

NPs in environment is a technical challenge. Toxicity of NPs would be specific to the 
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material type, shape, size and coatings. Due to their small size, nanoparticles have large 

surface area. These may result into better biological activity, due to their interactions with 

cells and its components. Nanoparticles favor the formation of oxidants upon exposure to day 

light, UV light or transition metals; thereby, destabilizing the balance between the production 

of reactive oxygen species (ROS) and biological system’s ability to detoxify or repair the 

system. Manufactured nanomaterials may enter into the environment through intentional or 

unintentional releases for e.g. atmospheric emission and solid or liquid waste releasing from 

industries. The size and shape of AuNPs has been suggested to influence their uptake and 

cytotoxicity profile [203, 204]. 

Connor et.al., investigated the uptake and toxicity of AuNPs in human leukemia cells. Results 

revealed that spherical AuNPs along with different surface modifiers are not toxic to human 

cells. Shape of AuNPs also influences the toxicity. Among all the shapes, AuNPs having rod 

shaped have been reported to show more toxicity as compared to spherical shape AuNPs 

[205]. Niidome et.al, reported that cetyl trimethyl ammonium bromide (CTAB) stabilized 

gold nanorods were toxic, as evaluated by MTT assay using HeLa cell line. Furthermore, it 

was found that toxicity can be decreased by coating AuNPs with polyethylene glycol (PEG), 

which reduces binding of biological molecules non-specifically to surfaces. Apart from 

shape, toxic potential of AuNPs rely on surface chemistry and charge [206]. Kim et al. [207], 

investigated the role of size and surface charge on toxicity of AuNPs using zebrafish 

embryonic model. This zebrafish model was exposed to 1.3 nm AuNPs and functionalized 

with cationic ligand. It was found toxic and caused lethality to embryos. Author reported that 

N,N,N-trimethylammonium ethanethiol (TMAT)-AuNPs caused significant increase in 

apoptotic cell death in the eye. Embryos exposed to TMAT-AuNPs exhibited hypo activity 

and inhibition of axonal growth. In order to understand the effect of size, shape, and capping 

ligand on toxicity of AuNPs, Carnovale et al [203] prepared eight different AuNPs. Four 
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AuNPs of different shapes viz. spherical (AuNS), cubical (AuNC), rod shaped (AuNR), and 

prismatic (AuNPr) particles were prepared using CTAB alone in order to understand the 

effect of shape on toxicity and cellular uptake. In order to understand the effect of size on 

toxicity and cellular uptake of AuNPs, citrate (Cit) stabilized CTAB-coated quasi-spherical 

AuNPS (CTAB/citrate-AuNS) were prepared. The size of CTAB/citrate-AuNS was smaller 

than CTAB-AuNS. In order to understand the effect of capping ligand another three AuNS 

were prepared. These were citrate capped-AuNS, tryptophan capped-AuNS (TRP-AuNS) and 

tyrosine capped AuNS (TYR-AuNS). The TEM images of all the eight AuNPs are shown in 

Fig. 33A. The study was carried out for 16 h using optical microscopy and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays on PC-3 cells. The 

cytotoxicity profiles (Fig.33B) for AuNS with different coating in different serum conditions 

showed no significant difference between citrate AuNS and tyrosine-AuNS at lower doses at 

different serum conditions. However, the difference in cytotoxicity was observed at their 

higher doses. In contrast to that, tryptophan-AuNS significant toxicity profile at different 

serum conditions i.e. 10 and 100 µM gold concentrations. For all the ligand capped AuNS, 

highest cell viability with no toxicity was found at 100 µM gold concentration. In contrast to 

the above observations, significantly different behavior was noted for citrate-AuNS 

functionalized with CTAB (CTAB/citrate-AuNS). The tolerance was observed for PC-3 cells 

only at a dose of 1 µM gold concentration. Above to this concentration, complete loss of 

cellular viability was observed. It is important to note that very little variation was observed 

in cellular toxicity for the four morphologically different AuNPs prepared and solely 

stabilized with CTAB (Fig.33C) as compared to the smaller spherical AuNPS stabilized using 

other reducing agents (Fig.33B). The results revealed that use of CTAB as capping agent 

superseded any potential effect caused by biological corona. This negligible influence of 
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serum proteins on the cytotoxicity of these AuNPs may be attributed to surfactant properties 

of CTAB. 
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Fig.33. A. TEM images representative of (a) AuNS(CTAB), (b) 

AuNC(CTAB), (c) AuNR(CTAB), (d) AuNPr(CTAB), (e) CTAB/citrate-

AuNS, (f) citrate-AuNS, (g) tryptophan-AuNS, and (h) tyrosine-AuNS. 

Scale bars correspond to 50 nm. 33B. Cytotoxicity profiles for chemically 

distinct AuNS with different urface coatings: (a) citrate-AuNS, (b) 

tyrosine-AuNS, (c) tryptophan-AuNS, and (d) CTAB/citrate-AuNS, as 

determined using MTT assay. 33C. Cytotoxicity profiles for 

morphologically distinct AuNPs of different shapes stabilized by CTAB: 

AuNS, AuNR, AuNPr, and AuNC, as determined using MTT assay [203]© 

2019 American Chemical Society 

A 

C 

B 
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The cellular uptake studies were also performed by Carnovale et al [203] for the same 

AuNPs, produced by different stabilizers (Figs. 34a, b) and using same stabilizer (CTAB) of 

different shapes (Figs.34c, d). It was observed that AuNPs were taken up in greater numbers 

[the mass of gold taken up per cell and average numbers of AuNPs (Figs.34a, c) and taken up 

by each cell (Figs.34b, d)] in serum free conditions as compared to serum supplemented 

media. No significant difference was observed between serum-free and serum pre-incubated 

conditions for citrate AuNS, trypotophan AuNS, CTAB/citrate AuNS, AuNC and AuNPr. 

Whereas, an intermediate uptake behavior was noted for tyrosine-AuNS and AuNS (CTAB). 

In terms of number of particles taken per cell, AuNR were most readily taken up, followed by 

AuNC, AuNS, and AuNPr. In contrast to this, the total gold accessible per cell was found 

highest for AuNS, followed by AuNC, AuNR, and AuNPr [203]. List of various in vivo and 

in vitro cytotoxicity studies of AuNPs are listed in Fig.35.
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Fig.34. Cellular uptake of (a,b) AuNS produced by employing various chemical stabilizers and (c,d) various shaped AuNPs stabilized solely with CTAB under 

different serum conditions. Data are presented both as (a,c) uptake of gold in picograms per cell and (b,d) number of AuNPs t aken up per cell. [203]© 2019 

American Chemical Society. 
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AuNPs 

Type : Au nanostars (AuNST) and nanospheres (AuNS) 
Size (nm): 33 (AuNST); 60 (AuNS) 
Dosing: 0.2 – 400 µg/mL (AuNST); 0.2 – 40 µg/mL 
(AuNST) 

Biological System: Fibroblast cells and rat fat pad model 
Route of exposure: In-Vitro 
Exposure time: 1-4 days 

O utcome: AuNS were lethal at 40 µg/mL whereas AuNST 
were less toxic at 400 µg/mL 
Mechanism Associated: Endocytes with subsequent 
residence in cytoplasm (AuNST) and endosomes (AuNS) 

with induction of dose-dependent cell death via mechanical 

damage. 

Type: Spherical AuNP 
Size (nm): 21 
Dosing: 7.85 µg of AuNP/g 

Biological System: Male C57BL/6 mice at 8 weeks 
Route of exposure: Intraperitoneal 
Exposure time: Single dose (evaluation at 1, 24, and 72 h) 

O utcome: Smaller fat mass and reduced TNF-α and IL-6 
mRNA levels in the fat 
Mechanism Associated: Inhibition of proinflammatory 
cytokines expression within the fat tissues – predominantly 

produced by adipose tissue macrophages 

Type : Spherical AuNP 

Size (nm): 50 
Dosing: 2.5 mg/kg 
Biological System: Male Wistar diabetic with autism 

spectrum disorder pups 
Route of exposure: Intraperitoneal 
Exposure time: 7 days 
O utcome: Reversal of oxidative stress, improvement in 

glucose and lipid profile levels, apparent reversibility of 
damage in pancreatic B cells 

Mechanism Associated: Not suggested 

Type : Spherical AuNP 

Size (nm): 5 and 15 nm 
Dosing: 10 to 300µM 
Biological System: BALB/3T3 Cells 

Route of exposure: In-vitro 
Exposure time: 2, 24, and 72 h 
O utcome: Cytotoxic effects only for AuNP 5 nm at 
concentration ≥ 50 µM 

Mechanism Associated: Disruption of action of 
cytoskeleton: higher uptake and cleavage of the clathrin 

heavy chain protein (involved in endocytosis) 

Type : AuNP negatively charged with 2- 
Mercaptoethanesulfonic acid (MES); neutral AuNP (2-(2-(2-mercaptoethoxy) 
ethoxy)ethanol (MEEE)) and AuNP positively charged with trimethyl 
ammoniumethanethiol (TMAT); (all spherical) 

Size (nm): 1.5 (AuN-PMES and AuNP-MEEE); 
Dosing: 50 μg/ml of AuNP-MES and AuNP-MEEE; 10 μg/ml of AuNP- TMAT 
Biological System: Zebrafish embryos 

Route of exposure: In vitro 
Exposure time: 6-120 h post fertilization 
O utcome: hypo-locomotor activity; abnormal startle behavior (MES and TMAT); 
abnormal adult behavior in the light and lower survivorship into adulthood (MES) 

Mechanism Associated: Impact on nervous system development and/or visual 

and/or neuromuscular system 

Type : Spherical AuNP citrate or functionalized with dihydrolipoic acid 

(Au@DHLA NP) 
Size (nm): 5.3 and 3.5, respectively 
Dosing: 5, 10, 20, and 30 nM 
Biological System: NR8383 rat alveolar macrophage cells 

Route of exposure: In vitro 
Exposure time: 0.2, 0.5, 2, 6 and 24 h  
O utcome: Citrate-stabilized AuNP were found to decrease the intracellular GSH 
level with no increase in ROS production. Both AuNP did not  

induce apoptosis and also did not activate gene expression related to 
oxidative stress (and inflammatory response) 
Mechanism Associated: Downregulation of genes implied in ROS generation 

after exposure to Au@DHLA NP 

Type : Spherical AuNP 
Size (nm): 17–23 

Dosing: 0.2 and 0.4 mg/kg 
Biological System: Male Swiss mice at 25–30 g 
Route of exposure: Oral 
Exposure time: 14 d 

O utcome: Increased reactive oxygen species, interleukin-6 and nitric oxide 
synthase, depletion of antioxidant enzymes, increased 8-hydroxy-20- 
deoxyguanosine levels 

Mechanism Associated: Oxidative stress 

Type : AuNPs 
Size (nm): 25 
Dosing: 0.362 mg/kg 

Biological System: Male Wistar rats at body weight range of 180-220 g 
Route of exposure: Oral and intravenous 
Exposure time: 3-10 days 
O utcome: Oral administration produces small AuNPs in tissues; for intravenous 

administration AuNP were seen accumulated in the liver > lungs > spleen 

Mechanism Associated: No mechanism suggested 

Type : Spherical AuNP; Spherical AuNP 
coated with hyaluronan; gold salt  
Size (nm): 12 
Dosing: 500 µg/mL (NPs); 5 µg/mL (salt) 

Biological System: Mouse BALB/ In vitro c 
373 fibroblast cells 
Route of exposure: In vitro 
Exposure time: 15 and 30 min (NPs); 4, 24, 

and 48 h (gold salts) 
O utcome: Cleavage of DNA strands 

Mechanism Associated: Oxidative stress 

Type : Spherical AuNPs; Au nanourchins 
(AuNU) and Au nanorods (AuNR); coated 
with CTAB or PEG 

Size (nm): 23 (AuNP); 77 (AuNU); 10×40 
(AuNR) 
Dosing: ≤ 109 NPs/mL 
Biological System: N9 microglial in vitro 

cells 
Route of exposure: In vitro 
Exposure time: 24h 
O utcome: Significant decrease in 

mitochondrial metabolic activity by AuNS; 
2.6 – (AuNu) and 1.5- (AuNR), respectively; 
higher levels of IL-1α (AuNu) 
Mechanism Associated: Activation of TLR-2 

clearance of pathological insults. 

Fig.35. Toxicity of gold nanoparticles in respect to their size and shape [146, 208-217]. 
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7. Conclusion  

With day to day, increase in the burden of chronic diseases which is 

rapidly increasing worldwide, there is a need for modification of conventional treatment 

strategies. Nanotechnology has gained innumerable advancements in theranostic field using 

nanomedicine approaches. Gold being a costly biomaterial, gained attention by the 

researchers as potential theranostic for the treatment of various diseases such as cancer and 

rheumatoid arthritis. It is being used as potential nano-carrier (AuNPs) to target various drugs 

to their site of action. Despite having various biomedical supplications of AuNPs, synthesis 

of stable NPs with desired size and charge is a consistent challenge. In the present review 

various synthetic, plant based and biological processes that are used to synthesize AuNPs 

along with their merits and limitations and different factors that affect shapes and size of 

AuNPs have been discussed. These include reaction conditions (temperature, time, pH, 

stirring speed), stoichiometry of reagents and addition of additives. Various advanced 

techniques that are used to characterize these AuNPs are also discussed. The role of AuNPs 

in biomedical applications and the effect of shape, size and capping ligand on their toxicity 

and cellular uptake are also highlighted. Taking all the aspects together, in order to make 

AuNPs as versatile nanomaterial for biomedical application it is important to understand the 

various factors that affect their size, shape and stability. A systematic understanding of these 

factors could offer better optimization of AuNPs and this will help in placing them to market 

potential theranostic for biomedical applications. 
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Precipitation, 

evaporation, 

diffusion, 

polymerization 

 

Overall scheme for synthesis of AuNPs involving top down and bottom up approaches  

 Inorganic 
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Article highlights 

 Turkevich, Brust-Schiffrin, seeded growth, sonochemical and green methods are 

mainly used to prepare AuNPs. 

 UV-Visible, NMR and mass spectroscopy are used for chemical characterization of 

AuNPs 

 Dynamic light scattering, TEM and AFM and X-ray diffraction studies are used for 

physical characterization. 

 Optical and physio-chemical properties of AuNPs offer their application in targeted 

therapies and imaging. 

 Toxicity of nanoparticles depends upon their size, shape and capping ligand. 
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