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CHAPTER 1 

INTRODUCTION 

1.1 CANCER: AN OVERVIEW 

Cancer is a group of disease caused by unrestrained evolution of cells due to malfunctioning of 

the genes responsible for cell growth and division [1]. This unrestricted phenomenon, if not 

controlled, could lead to death. It is not a new disease. Paleopathological findings indicate that 

tumors existed in animals since prehistoric times, long before man appeared on Earth. The 

earliest evidences of cancer were found in mummies in ancient Egypt, which were scripted in 

ancient manuscripts that are as old as 1600 B.C. [2]. The term ‘Cancer’ originates from a Greek 

word “Karkinos” to describe carcinoma tumors. It was discovered in 460-370 B.C. by 

physician Hippocrates. Egyptians attempted to treat tumors and cancer with cautery, knives and 

salts, and introduce arsenic paste that remained in use as ‘‘Egyptian ointment’’ until the 19
th 

century [3]. With the development in the understandings of the human body from 15
th

 to 17
th
 

century, John Hunter the Scottish surgeon (1728-1793) suggested surgery as a way to cure 

cancers [4]. With the birth of modern microscope in the 19
th

 century, the study of oncology 

flourished. Since 20
th

 century, cancer is known as a leading cause of deaths in both the 

developed and underdeveloped countries [5]. Both external factors (like, drug intake such as 

tobacco and alcohol and exposure to harmful chemicals and radiations) and internal factors 

(imbalanced hormones, inherited mutations, poor diet, physical inactivity and reproductive 

changes) are the main causes of cancer [6]. 

Based on GLOBOCON estimates, 14.1 million new cancer cases and 8.2 million 

deaths occurred worldwide in 2012 [7]. With more than 10 million new cases every year, 

cancer has become the most devastating disease worldwide. With the advancement in cancer 

diagnosis and treatment in the developed countries, 65 % deaths worldwide due to were 

reported from the developing countries. Lung cancer is the leading cause of cancer deaths 

among male in both the developed and developing countries and has surpassed the breast 

cancer which is the leading cause of cancer death among females in developed countries 

(Fig. 1.1). Breast cancer remains the leading cause of cancer deaths among females in 

developing countries. Other leading causes of cancer deaths in developed countries include 
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colorectal cancer and prostate cancer among males. In developing countries, liver and 

stomach cancer among males and cervical cancer among females are also the leading causes 

of cancer deaths (Fig. 1.1).  

 

Fig. 1.1 Estimated new cancer cases worldwide by sex and level of economic development [1]. 
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Although incidence rates for all cancer combined are nearly twice as high in developed 

countries as compared to developing countries in both the males and the females, mortality 

rates are only 8-15% higher in developed countries [8]. This disparity is due to regional 

differences in risk factors and detection practices and/or the availability of treatment.  

Advanced treatment methods are required in most of the cases and ongoing research 

initiatives are not sufficient for the complete understanding of disease and its control. 

Technological advances and the ever increasing understanding of cancer make this field one 

of the rapidly evolving areas of modern medicine. 

1.2 CANCER THERAPY 

1.2.1 Conventional Treatments 

The kind of a treatment that a patient will receive depends upon the type and the stage of 

cancer. Conventional therapies for cancer treatment include surgery, radiation therapy, and 

chemotherapy or combined strategies for these treatments. Other than these, targeted therapy, 

hormonal therapy, immunotherapy therapy and photodynamic therapies have also been 

attempted. 

Surgery is the ancient form of cancer treatment [9]. Most solid tumors are cured with 

this treatment. Taking into account the tumor size, extent of spread, and other characteristics, 

it can be entirely removed by surgery. It is a primary treatment for many types of cancer. If 

the cancer has metastasized in the body prior to surgery, complete surgical excision is usually 

impossible. The other limitation of surgery is patient loses the organ and there are strong 

chances of reoccurrence of cancer. 

Second most widely used treatment method for cancer is radiation therapy [10]. In 

this therapy, cancerous tumors are burnt by radiations like gamma rays, X-rays and high-

energy particle like neutrons or pi-mesons [10]. Radiation therapy is a local treatment, as it 

only affects the part of the body which is infected with cancer. In many cases radioisotopes 

are implanted in tumors [11]. When high energy radiations interact with tumor, they ionize 

the water or proteins or other molecules in the tumor cells’ cytoplasm or DNA. This 

passivates the bioactivities of the cell, thus inhibiting the cell mutation resulting into the cell 

death. The goals of the radiation therapy include, shrinking of the tumor size before the 

surgery, minimizing the possibility of cancer reoccurrence after surgery, eliminating cancer 
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cells in other parts of the body, and pain management. Side effects from radiation therapy 

may include fatigue, mild skin reactions, upset stomach, and loose bowel movements. 

Internal radiation therapy may cause bleeding, infection or irritation after the implant is 

removed. The major limitation of radiation therapy is: it can damage healthy cells too in the 

vicinity of tumor. In addition, burning of cancerous cells’ is non uniform and the burnt part 

may become nonfunctional. 

Chemotherapy is the third modality of cancer treatment [12]. It is used to treat 

cancers that can no longer be treated with localized methods such as surgery and radiation 

therapy. It works by slowing or stopping the growth of cancer cells by drug’s toxic effects or 

by stopping them from getting nutrients needed to divide or by inhibiting the mechanism 

responsible for cell division. Taxol and doxorubicin or daunorubicin adversely affects the 

process of cell division, thus are expected to destroy aggressive cancers. Side effects of 

chemotherapy include fatigue, risk of infection, nausea and vomiting, loss of appetite and 

diarrhea. These side effects usually go away once the treatment is over. The limitation of this 

approach is that the chemotherapeutic drugs do not distinguish between healthy and 

cancerous cells and hence damage them too. This approach is rarely successful if the cancer 

is in the advance stage. 

Over the past 25 years, chemotherapy has improved significantly but still it is far 

from eliminating cancer from the globe. Specialized therapies, such as targeted therapy [13] 

use specific monoclonal antibodies or small molecule inhibitors to interfere with the specific 

molecules which are necessary for tumor growth and progression. This treatment modality 

can be applied for certain malignancies, such as, breast cancer, lung and pancreatic cancers, 

leukemia, lymphoma and multiple myeloma [13]. The toxicity of targeted therapies to 

healthy cells is quite low as compared to traditional chemotherapy.  

Several types of cancer only grow and spread in the presence of hormones. Hormonal 

therapy therefore treats cancer by lowering the amounts of androgen levels necessary for 

tumor growth in the body [14]. It is generally used to treat cancers of the prostate, breast, 

thyroid and reproductive system. As like any other treatments hormonal therapy has severe 

side-effects and most of these vanish once the patient finishes the treatment. Side effects of 

the hormonal therapy depend on the drug used and often affects male and female differently. 
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Immunotherapy improves body’s self-defense against cancer [15]. It is a treatment for 

specific cancers that affect the immune system; like cancer of lymphatic tissues (lymphoma) 

and cancer of leukocytes (leukemia). Administration of cytokines or monoclonal antibodies 

stimulates the patient’s immune system. Cytokines binds to the cancer cells. It enhances the 

activity of the immune cells and increases the natural ability of the body to repair cells that 

are damaged by radiations or chemotherapy.  

Photodynamic therapy (PDT) also known as photo-radiation therapy, phototherapy, 

or photo-chemotherapy is a treatment modality that uses photosensitizing agents along with 

light to kill cancer cells [16]. Photosensitizer drugs have toxic effects only after they have 

been exposed to visible radiation. Depending on the part of the body being treated, 

photosensitizer is either being put into the bloodstream or implanted below the skin. It is then 

absorbed by the cancer cells. Following this the tissue to be treated is exposed to light. It 

excites the photosensitizer drug which then reacts with the oxygen and releases the toxic 

singlet oxygen which irreversibly kills the cancer cells [16]. PDT also works by destroying 

the blood veins that feed the cancer cells and by stimulating the immune system against 

cancer cells. This therapy has no long-term side effects. It is less invasive as compared to 

surgery. Unlike radiation therapy, PDT can be repeated many times at the same site, if 

needed. There is little or no scarring after the site heals. It often cost less than the other 

cancer treatment modalities. PDT has some serious limitations, too. It can only treat tissues 

or organs where light can reach. This means that it can be used to treat tumors on or just 

under the skin, or in the lining of internal organs such as melanomas, head and neck cancer 

and tumors of the bladder [17, 18]. The patient remain highly sensitive to light after the 

treatment, hence special precautions are required once the drug is injected into the body. 

Hyperthermia is a treatment modality in which cancerous cells/tissues are exposed to 

temperature in the range of 41–47°C [19]. Tumors are destroyed in this temperature range 

because of their reduced heat tolerance as compared to healthy tissues. Hyperthermia can be 

achieved by different means of heating such as, radiofrequency [20], high-intensity focused 

ultrasound [21], microwaves and photothermal [22, 23]. These conventional means of 

hyperthermia is not much popular as it causes extensive damage to surrounding healthy 

tissues. A revolution in cancer therapy can be achieved if controlled and confined thermal 

damage in the tumor tissue can be produced with laser light and photosensitive materials 
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[24]. The photo absorbing materials can be natural chromophores already present in the 

tissues or externally added dye molecules, like neocyanine green [25], porphyrins [26] and 

naphthalocyanines [27] synchronized with transition metals. The major problem with these 

dye molecules is their photobleaching under laser irradiation. Thus there is a need for 

exogenous photothermal agents that has high optical absorption cross-section, as well as 

being efficient at converting incident light into heat, making the therapy less invasive due to 

lower incident laser powers. Innovation in nanoscience has led to nanostructures with various 

shapes that exhibit novel optical and photonic properties [28]. These nanoparticles can be 

used in hyperthermia for localized treatment of cancer. At present two different variants of 

nanoparticles based hyperthermia is under active clinical trials. One of them uses AC 

magnetic field to induce hyperthermia through magnetic nanoparticles while the other one 

uses visible and NIR radiations to induce optical hyperthermia with plasmonic 

nanostructures.   

1.2.2. Nanomaterials in Cancer Therapy 

Delivery of chemotherapeutic drugs only to the infected tissues within the body is a major 

challenge to the clinicians. Chemotherapeutic drugs when injected intravenously results into 

non-specific distribution in the body thus affecting both the cancerous and the normal cells. 

Only part of the drug reaches to the cancerous cells resulting into suboptimal treatment and 

unnecessary toxicity to normal cells [29]. Preferential and specific delivery of drugs to their 

biological targets can be improved by means of metal nanoparticles [30]. Due to their small 

size, high colloidal stability, optical activity and ability to conjugate with the tumor specific 

ligands, metal nanoparticles are widely exploited in optical hyperthermia [31]. They can be 

used in active and passive therapy of cancer hyperthermia.  

In active targeting, surface of the nanoparticle is modified by monoclonal antibodies, 

aptamers, ligands or folates and peptides in order to interact with the receptors at the surface 

of cancer cells [32]. In passive targeting, nanoparticles travel into the tumors due to large 

interstitial spacing between their vasculatures [32]. This leads to localization of nanoparticles 

in tumors due to their high permeability and retention. This effect is known as enhanced 

permeability and retention (EPR) [33].  

Growth of tumor is accompanied by angiogenesis i.e. formation of new blood vessel 

in order to fulfill the increasing demand of nutrition and oxygen by growing tumor [33]. This 
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neovasculature thus formed in tumor cells is different from those of normal cells. Vessels in 

tumors are leaky, irregular, defective and poorly aligned with large fenestrations. Tumor 

vessels have wide lumen whereas tumor tissues have poor lymphatic drainage. Due to 

structural defectiveness and functional abnormalities within the tumors, there is an excessive 

leakage of blood plasma components, like, macromolecules, lipidic particles and 

nanoparticles [34]. Poor lymphatic drainage retains these components into the tumors for 

longer time, whereas extravasation into tumors continues. EPR effect thus differentiates 

normal tissues from cancerous cells. This phenomenon of EPR effect is the basis of effective 

targeting of drugs to tumor sites by means of functionalized nanoparticle. The schematic 

representation of functioning of EPR effect is shown in Fig. 1.2. Thus considerate use of 

nanoparticles that can exploit the EPR effect and targeting moieties which can guide the 

drugs to the cells, can serve as worthy recipe for improved cancer therapy. 

 

Fig. 1.2 Cartoon representations of enhanced permeability and retention (EPR) effect in tumors [34]. 

In magnetic hyperthermia [35] tissues are heated by alternating magnetic field in the 

presence of magnetic nanoparticles. The goal of this approach is to heat specifically and 

exclusively the local tumour region by means of the magnetic losses of nanoparticles in an 

external, alternating magnetic field. In an alternating magnetic field, magnetic nanoparticles 
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dissipate heat in response to the alternating field by means of Brownian or Neel rotation. 

Heat is generated through hysteresis and relaxation losses.  

Optical hyperthermia also known as photothermal therapy [PTT] is a therapeutic 

process in which PTT agents absorb electromagnetic radiation and excites electrons [30]. 

This electronic excitation energy subsequently relaxes through non-radiative decay channels 

leading to heating of the local environment around the PTT agents. Metal nanoparticles can 

be used as PTT agents because of their enhanced absorption cross sections, which are four to 

five orders of magnitude higher than those offered by conventional photo absorbing dyes. 

This strong absorption ensures effective laser therapy at relatively lower impact energies 

rendering the therapy method minimally invasive. In addition, metal nanostructures have 

higher photostability and they do not undergo photobleaching [30]. 

 Amongst metal nanoparticles, gold is a potential candidate as PTT agent in 

photothermal therapy of cancer. Various gold nanoparticle shapes like nanospheres [36], rods 

[37], plates [38], shells [39], cubes [40] cages [41] have been explored as PTT agents in 

literature. Amongst these nanostructures gold nanorods (GNRs) and gold nanoplates (GNPs) 

are highly promising because of ease of preparation, surface functionalization and tunable 

optical properties.  Photothermal therapy when performed with plasmonic gold nanoparticles. 

It is known as plasmonic photothermal therapy (PPTT) [30]. When gold nanoparticles are 

irritated with electromagnetic radiation, strong surface fields are induced due to the coherent 

excitation of the electrons which is known as surface plasmon resonance (SPR) [37]. Rapid 

relaxation of these excited electrons produces strong localized heat which is capable of 

destroying surrounding cancerous cells.  

 There are two decay channels for the optical excitation in the nanoparticles: radiation 

damping which involves transformation of the plasmons into photons (scattering) and non-

radiative decay into electron-hole excitations (absorption). The non-radiative decay occurs 

via excitation of electron-hole pairs either within the conduction band (intraband excitation) 

or between the d band and the conduction band (interband excitation) (Fig. 1.3) [42]. 

Metal nanostructures when excited with incident light of resonant frequency, it results 

in the formation of electron clouds which subsequently relaxes through decay channels 

rapidly within ~1 ps by exchanging energy with the nanoparticle lattice [43]. These 

electronic excitations within the nanoparticles’ lattice generate heat energy. Nanoparticles’ 
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lattice cools by phonon-phonon interactions by exchanging energy with the surrounding 

medium in a time scale of 100 ps. Thus low rate dissipation of heat as compared to its 

generation can be used for localized heating in tumor environment. Temperatures up to few 

thousand kelvins can be easily reached in nanoparticles with laser power as low as 100 nJ 

[30]. This high flux of heat generation by gold nanoparticles by absorbing light of resonant 

frequency makes them a promising candidate for plasmonic photothermal therapy (PPTT) of 

cancer.  

 

Fig. 1.3 Radiative and non-radiative decay channels in noble-metal nanoparticles [42]. 

 

SPR of gold nanoparticles strongly depend on the size, shape as well as dielectric 

constant of the surrounding medium, thus allowing unique optical tunability of plasmon 

resonance band of these nanoparticles [44]. With increase in the size of spherical gold 

nanoparticle, SPR band undergoes a red-shift [37]. On changing the shape of nanoparticles 

from sphere to rods or plates, SPR band of spherical gold nanoparticles splits into two bands: 

strong long-wavelength band into the NIR region due to the longitudinal oscillations of the 

electrons and a week short-wavelength band in the visible region due to the transverse 
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oscillations of the electrons [45]. The longitudinal absorbance of the nanorods is highly 

sensitive to the aspect ratio of these anisotropic nanostructures. With increase in the aspect 

ratio, the longitudinal band red-shift to the NIR region. GNRs and GNPs, can absorb 

radiation heavily in the NIR region. Light penetration is optimal in the NIR region due to 

minimal absorption by tissues, water and blood in this window [45]. This makes NIR 

responsive gold nanostructures highly promising for clinical therapies of tumors that are 

located deep within the body tissues.   

  

1.3 SPR IN GOLD NANOPARTICLES 

1.3.1 SPR in Spherical Gold Nanoparticles 

Metal nanoparticles with small sizes (< 100 nm) exhibit complex optical and physical 

properties due to confinement of the electrons in small size. The conduction band electrons 

of metal nanoparticles undergo collective coherent oscillations with the incident 

electromagnetic light of resonant frequency. This phenomenon is known as surface plasmon 

resonance (SPR) [46.]. Gold nanoparticles of sub-wavelength size show strong absorption, in 

the presence of oscillating electromagnetic field. This is known as localized surface plasmon 

resonance [47]. As a consequence, nanoparticles exhibit bright colors both in transmitted and 

reflected light due to resonance enhanced absorption and scattering.  A charge separation is 

induced between the free electrons and the ionic metal due to these oscillations, which in turn 

exerts a restoring Coulomb force that makes electrons oscillate back and forth on the 

nanoparticle surface resulting in the dipole oscillations (Fig. 1.4) [48]. Interaction of the 

nanoparticles with the electric field results in polarization of electrons with respect to the 

ionic core of the nanoparticle. The polarizability α, of the spherical metal nanoparticles is 

[48] 

                                                               α =4πa3 
𝜖𝑀−𝜖0

𝜖𝑀+𝜖0
                                                    1.1 

Where ‘a’ is the radius of the nanoparticle; 𝜖𝑀 is dielectric constant of isotropic and non-

absorbing medium and 𝜖0is the dielectric constant on nanoparticles surface. The SPR of 

spherical nanoparticles induce strong absorption of electromagnetic radiations at ~520 nm 

(Fig. 1.5) [49].  
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Mie explained the SPR in spherical metal nanoparticles by using Maxwell’s 

equations. For small metal nanoparticles, only the dipole oscillations contribute to the 

extinction cross section. According to Mie’s theory extinction cross section (Cext) can be 

defined as:  

                                   Cext = 9
𝜔

𝑐
V

𝜖

[𝜖1+𝜖2]2+𝜖2
2                                                 1.2     

Where V is the volume of colloidal solution containing nanoparticles, ω is the angular 

frequency of the incident light, c is the speed of light, and ϵ0 is the dielectric constant of the 

surrounding medium and ϵ = ϵ1 + iϵ2, is the dielectric constant of the metal. The resonance 

condition is fulfilled when ϵ1(ω) = -2ϵ0,  if ϵ2 is small or weakly dependent on ω [50]. 

 

 

Fig. 1.4 Surface plasmon resonance in spherical gold nanoparticles, showing the 

displacement of the conduction band electron cloud relative to the ion core resulting in the 

dipole surface oscillations of plasmons [48].  

For larger size nanoparticles (d>100 nm), the light is not able to polarize the 

nanoparticles homogeneously and the retardation effect leads to the extinction of higher-

order modes [51]. From equation (1.2), it can be seen that the peak intensity and position of 

the SPR absorption band is dependent on the size and shape of the metal nanoparticles as 

well as on the dielectric constant of the metal and the medium surrounding the nanoparticles. 

As the size of the nanoparticle increases, the absorption maximum undergoes a red shift (Fig. 

1.6 (a)). Band width too is affected (Fig. 1.6 (b)) [52].  
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Link and El-Sayed have shown that the band width decrease with the increase in the 

nanoparticle size when the nanoparticle are less than 20 nm and it increases with the increase 

in the nanoparticle size when the size of nanoparticles are greater than 20 nm [50]. It is also 

observed that the absorption coefficient is linearly depending on the volume of the 

nanoparticles, which is also in agreement with the Mie theory (Fig.1.6 (c)) [50]. Spherical 

nanoparticles of gold, silver and copper have their SPR in the visible region. Amongst these 

metal nanoparticles silver has highest absorption coefficient, followed by gold. The 

absorption coefficient of copper is quite low as compared to the gold and silver [52].  

 

Fig. 1.5 UV-Visible spectra of spherical gold nanoparticles. A surface plasmon absorption 

band centered at 520 nm is due to the collective coherent oscillations of electrons on the 

surface of nanoparticles. 
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Fig 1.6 Effect of size on the surface plasmon absorption band of spherical gold nanoparticles. 

(a) UV-Visible absorption spectra of gold nanoparticles with diameters ranging between 9 

and 99 nm. It shows that with increase in particle size, the absorption maximum red-shifts 

towards higher wavelength. (b) The bandwidth increases as the nanoparticles size decreases 

in the intrinsic size region and increases with increase in radius of nanoparticles in the 

extrinsic size region. (c) The extinction coefficients have a linear dependency on particle 

volume [50]. 

1.3.2 SPR of Anisotropic Gold Nanoparticles 

Anisotropic metal nanostructures, such as triangles [53], branched [54], rods and plates have 

SPR band which is red shifted as compared to their spherical analogs. For metal nanorods 

and plates, electron cloud can oscillate either along the short axis or along the long-axis (Fig 

1.7). 

SPR along the short axis, known as transverse oscillations absorbs in the visible 

region. This plasmon resonance band is similar to those observed for gold nanospheres. The 

optical excitation along the long axis provides a stronger absorption in the higher wavelength 

region. This is referred as the longitudinal oscillations [55]. While the transverse band is 
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insensitive to the size of the nanorods, the longitudinal band undergoes a red-shift into the 

near infrared (NIR) region as the size/aspect ratio of GNRs increases. This shape dependence 

was explained by Gans theory which is based on discrete dipole approximation [56]. 

According to discrete dipole approximation (DDA), the SPR absorption maximum (λmax) 

corresponding to oscillations along the long axis is linearly proportional to the aspect ratio 

(R) [57]: 

                                                       λmax = 95R + 420                                                             1.3 

thus, SPR band corresponding to the longitudinal oscillations can be tuned into the tissue 

transparent window of NIR region by appropriately tuning the aspect ratio of GNRs 

modeling synthesis protocols in wet-chemical synthesis. 

 

Fig. 1.7. Schematic representation of the interaction of polarized light in nanorods that form 

coherent SPR along the long and short axis of nanorods [55]. 

1.4 BIOCOMPATABILITY OF GOLD NANOPARTICLES 

Gold metal in its bulk form is biocompatible [58]. However, gold at nanoscale could be toxic. 

Although successive studies are carried out to evaluate the biocompatibility of gold 

nanoparticles in-vitro they remain inconclusive. Spherical gold nanoparticles and GNRs are 

being widely investigated in photothermal therapy due to their plasmonic properties. 

Colloidal gold nanoparticles contain gold metal bound with capping and stabilizing agents 
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and many left-over chemicals [59]. Toxicity could arise from any of these components from 

the colloid. Thus evaluating the contribution of each component is essential to understand the 

origin of toxicity. Goodman et al. have observed that 2 nm cationic-gold nanoparticles are 

about seven times cytotoxic than their anionic counterparts [60]. Pernodet et al. studied the 

concentration dependent toxicity of gold nanoparticles that in turn depends on the number of 

particles inside the cells [61]. It is found that 10 nm and 50 nm citrate-capped gold 

nanoparticles are non-toxic to embryo fibroblast cells, but they cause adverse effect on 

cellular proliferation [61]. Patra et al. found that toxicity of nanoparticles is cell type 

dependent. 33 nm gold nanoparticles were non-toxic to hamster kidney cells HepG2 but toxic 

to human carcinoma cell line A549 [62].  

Surface coating of the GNRs drastically affects the biocompatibility and toxicity and 

their cellular uptake [63-66]. GNRs are synthesized using cetyltrimethlyammonium bromide 

(CTAB). Excess CTAB is toxic can cause cell death [67]. Functionalization of GNRs with 

biocompatible polymers improves their biocompatibility [68]. For example, coating CTAB-

capped GNRs with polyelectrolytes [69], replacing or exchanging surface-bound CTAB with 

biocompatible phospholipids or polyethylene glycol [70], free-radical polymerization of 

CTAB-bound nanorods [65] can effectively improve their biocompatibility. Although rich 

data of toxicity studies of gold nanoparticles is available, still we lag in successive clinical 

trials of these nanostructures due to criticism on the prevailing data. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 INTRODUCTION 

The primitive realizations in the practice of gold for curative and soothing purposes 

originated over 5000 years ago in Alexandria in Egypt [1]. Egyptians consumed gold for 

mental and biological refining. Gold was generally used in medication for its spiritual powers 

until late Middle Age. Around 1300 AD, Geber dissolved gold by preparing aqua regia, a 

mixture of hydrochloric and nitric acid. With the dissolution of gold, it began to be used 

medicines. In the early 17
th

 century gold entered the approved drug compendia. Mid 18
th

 and 

early 19
th

 century is known for gold’s progression in medicine [1]. The modern synthesis of 

colloidal gold discovered in 1850’s, when Michael Faraday reduced gold chloride to prepare 

colloidal gold using phosphorus [2]. He recognized that the color of the colloid was due to 

the small size of the particles. In 1890, Robert Koch discovered the bacteriostatic properties 

of colloidal gold [1]. In the mid-19
th

 century gold was used in curing many diseases like 

breast and venereal diseases, dysentery, epilepsy, tumors and syphilis [3]. Gold has also been 

used in several other fields of medicine like dentistry, gene delivery and renal stents etc. [1, 

3].  

 After several decades of intense research nanoparticles of, gold now can be 

synthesized in variety of shapes and sizes with functionalizable surfaces [4]. Spherical gold 

nanoparticles are commonly prepared by citrate reduction introduced by Turkevich and Frens 

[5, 6]. By varying the concentration of gold and citrate, spherical nanoparticles with varying 

size can be prepared. Control over size and shape could be achieved by carefully varying the 

experimental conditions such as reduction rate, reaction temperature and time, capping 

agents, gold precursor, etc. [7, 8]. Spherical gold nanoparticles exhibit surface plasmon band 

at 520 nm [7]. By changing the shape and size of gold nanoparticles this band can be tuned 

into tissue transparent NIR region [9]. Recent success in wet-chemistry has allowed 

significant progress in the synthesis of non-spherical gold nanoparticles [10, 11]. Out of 

various non-spherical gold nanoparticles (like, triangles, stars, cube, rods, plates, branched 

etc.) gold nanorods (GNRs) and gold nanoplates (GNPs) are of particular interests to material 
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chemist due to their ease of synthesis, unique optical properties that could be tuned to NIR 

region by carefully controlling the reaction parameters [12-14]. 

Research activities and number of publications on synthesis of anisotropic gold 

nanostructures have increased dramatically since 2001 when a simple solution synthesis was 

developed yielding GNRs with aspect ratios between 1.5 and 5 [15]. The position of LSPR 

band depends on the aspect ratio of GNRs and hence control of LSPR band position which is 

essential for biomedical applications of GNRs assumes a special significance in the synthesis 

of GNRs and GNPs [15-18].  

Another important aspect of these gold nanoparticles viz-z-viz their biomedical 

applications is their shelf-life [19]. One of the major limitations of gold nanoparticles is their 

poor colloidal stability and limited shelf-life. The cytotoxicity of nanoparticles also assumes 

special significance, especially when they are designed for in-vivo biomedical use [20]. In 

this chapter, existing literature on various aspects of synthesis of GNRs and GNPs have been 

summarized. It also covers the literature related to the studies on colloidal stability and shelf-

life of GNRs. In the last section, the literature on biocompatibility and cytotoxicity of GNRs 

and GNPs has been reviewed.   

2.2 SYNTHESIS OF GOLD NANORODS (GNRs)  

This section reviews literature on the prevailing synthesis processes for GNRs. This review 

covers all the synthesis techniques from the electrochemical synthesis introduced by Wang et 

al. in 1997 [21] to seed-mediated synthesis introduced by Jana and Murphy in 2001[15] to 

seedless synthesis introduced by Min Gu et al. in 2006 [22]. Further developments in Jana 

and Min Gu’s methodologies have resulted into the improvement on size and shape control.  

Wang et al. in 1997 [21] have used electrochemical route for the synthesis of GNRs 

in reverse micelles. In this method, ionic surfactant acts as both the supporting electrolyte 

and the main constituent for the micellar framework. However its complex chemistry limits 

its utility and the method was not explained further. Martin and co-workers in 1998 [23] 

introduced template method for the synthesis of GNRs. In this method gold is deposited 

electrochemically within the pores of the nonporous polycarbonate and alumina template 

membranes. The widths of the GNRs depend upon the pore diameter of the membrane 

template and length is varied by the amount of Au deposited within the pores of membrane. 
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Thus aspect ratio of GNRs can be tuned. This method is time consuming and cumbersome as 

template needs to be replaced for the synthesis of different aspect ratio GNRs.  

Jana and Murphy in 2001[15] reported size-controlled synthesis of GNRs. They have 

used small spherical citrate-capped gold nanospheres as seeds. GNRs were grown separately 

in cetyletrimethylammonium bromide (CTAB) surfactant micelles that act as templates for 

directional growth.  Rod-like gold nanoparticles with aspect ratios 1-5 were prepared. The 

same group has also introduced three-step seeded protocol for the synthesis of GNRs with 

aspect ratio >7 [24]. The drawback of this method is it produces large fraction of gold 

nanospheres, which requires time-consuming centrifugation steps to separate them from rods. 

Yield of GNRs by this method is also quite low (4%) [24] In 2003, Murphy had reported an 

improved methodology that produces GNRs with high aspect ratio, with improved yield 

(90%) [25]. It was achieved by changing the pH of the growth solution from 2.8 to 5.6, 

which resulted in the large aspect ratio of GNRs. The major limitation of this method is 

polydispersity of GNRs also increases rapidly with the increase in the aspect ratio of GNRs.  

Yang et al. in 2002 [26] have synthesized GNRs with controllable aspect ratio by 

using photochemistry in the presence of silver ions. The presence of silver ions improves the 

yield and increases the aspect ratio of GNRs. However, control on UV-irradiations play an 

important role in fabricating GNRs for a given silver ion concentration. Exposure to an UV-

irradiation for an excess period shortens the rod length. 

Nikoobhakat and El-Sayed in 2003 [27] replaced sodium citrate coated seeds with 

CTAB coated seeds in Jana’s seed mediated method and utilized silver ions to control the 

aspect ratio of GNRs. Silver nitrate is added to the growth solution before seed addition to 

facilitate the rod formation and to tune the aspect ratio of GNRs. This method produces small 

aspect ratio (1.5-4.5) GNRs with reasonable yield. Murphy et al. in 2004 [28] have evaluated 

the effect of seed size and its surface charge on the size and shape of GNRs. Negatively 

charged citrate-capped seeds and positively charged CTAB-capped seeds in the size range of 

3 to 18 nm were used to grow GNRs. Decrease in the aspect ratio of GNRs was observed on 

with the increase in the seed size irrespective of surface charge of seeds along with formation 

of triangles and hexagons. In another study Murphy et al. [29] have observed that with 

increase in seed concentration at constant concentration of Au (III) ions the length of GNRs 
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decreased. Synthesized GNRs have low aspect ratio with formation of spherical nanoparticles 

as byproduct. To verify the feasibility of use of other metals as seeds, Xu et al. have prepared 

GNRs with Ag seeds [30]. A shape transformation from rod to sphere was observed as the 

seed concentration is increased beyond 25 µL. Effect of seed aging on the shape and size of 

GNRs was firstly studied by Pileni et al. [31]. It was concluded that pseudo-spherical Au 

seeds are unstable and grows to spherical nanoparticles with aging owing to Ostwald 

repining. 2 h aged seeds results in the formation of well-defined GNRs with high yields (~90 

%). No GNRs were formed if seeds were aged beyond 30 days. Effect of seed reaction 

temperature was also evaluated by Huber et al., [32] in which gold seeds were grown at 

28°C, 37°C, and 40°C. Higher temperature during seeding increases the concentration of 

gold ions due to enhanced reduction reaction yielding spherical nanoparticles with large size. 

When these seeds were used for GNRs synthesis, the yield was low. 

Min Gu et al. in 2006 [22] proposed the high temperature seedless synthesis of GNRs 

by increasing the temperature of the reaction solution to 97 °C. In this method nucleation and 

growth proceed simultaneously. NaBH4 acts as a reducing agent in the absence of seed in 

order to enhance the reduction of Au
+
 to Au

0
. The growth rate of GNRs increases by 3 orders 

of magnitude when the temperature is raised above room temperature. Decrease in nanorod 

length was observed with increase in the temperature, while no change was observed in 

GNRs width. El-Sayed et al. [33] have also introduced seedless approach for the synthesis of 

small GNRs. They have studied the role of silver ions, pH and NaBH4 in the seedless 

synthesis of GNRs. pH plays the vital role and controls the polydispersity of the GNRs. 

GNRs with LSPR band upto 800 nm could be obtained with this improved method. 

Yi et al. in 2007 [34] added hydroxylamine to improve the yield of GNRs. Their 

results show an increase in the yield by varying the reaction temperature and hydroxylamine 

concentration. Aspect ratio up to 17 was obtained at 0 ºC which decreased to 4.5 when 

temperature was increased to 20 ºC. The process lags in its feasibility due to low 

temperatures involved. Large number of spherical and triangular plates also formed along 

with GNRs.  

Huang et al. in 2007 [35] have reported synthesis of monodispersed GNRs with 

addition of nitric acid in the growth solution in three-step seed-mediated synthesis. Nitric 
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acid addition substantially reduced the formation of gold nano triangles and increase the 

aspect ratio of GNRs. Tiwari et al. [36] has used KOH to adjust the pH of the growth 

solution. Reducing ability of ascorbic acid decreased with decreasing pH. With increase in 

KOH, LSPR band of synthesized nanoparticles undergo a blue shift. A similar study was also 

conducted by Hong et al. [37] by using sodium hydroxide. They have observed that the 

presence of nitrate ions reduce the formation of spherical and triangular shaped nanoplates. 

Aspect ratio of GNRs decreases with the increase in the pH of the growth solution.  

Role of halide ions in the GNRs’ formation was studied by Liz-Marzan et al. and 

Zheng et al. Liz-Marzan et al. [38] studied the effect of iodide ions on the morphological and 

optical properties in GNRs. LSPR band shifts by 250 nm with change in iodide ions 

concentration. Iodine addition into to the growth solution changes the shape of the 

nanoparticles form rod to dumbbell-like structure. Role of bromide ions on the formation of 

GNRs was also studied by Zheng et al. in 2013[39]. They have concluded that GNRs with 

tunable LSPR bands up to 850 nm can be prepared by using bromide-free binary surfactant 

mixture composed of alkyltrimethylammonium chloride and NaOL.  

2.3 SYNTHESIS OF GOLD NANOPLATES (GNPs) 

Very few methods have been developed for the synthesis of GNPs. This section of reviews 

the prevailing literatures on the methods for the synthesis of GNPs. GNPs were either 

prepared by biological routes or by polyamine process. Dong et al. in 2004 [40] described L-

amino acid-based one-pot synthesis of gold nanostructures. They have synthesized single 

crystal GNPs with thickness less than 30 nm. Among natural L-amino acids, aspartate shows 

a very distinct capability of shape control to produce GNPs. Asparate reduction of gold 

chloride forms hexagonal and truncated triangular shaped GNPs.  

Yun et al. in 2005 [41] reported synthesis of size-controlled GNPs by reduction of 

auric acid with sodium citrate, in the presence of PVP. Synthesized GNPs were single 

crystals with planar width of 80-500 nm and thickness of 10-40 nm, exhibiting strong SPR in 

the NIR region. Although this method produced GNPs with SPR tunable deep into NIR 

region, the relatively larger dimensions of GNPs limits their utility in biomedical 

applications.  
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Huang et al. in 2005 [42] prepared three different size ranges of triangular and 

hexagonal GNPs by the thermal reduction of HAuCl4 with trisodium citrate in the presence 

of CTAB. GNPs with width upto few microns are prepared by changing the reaction 

temperature. They propose that CTAB:HAuCl4 ratio of 6 forms well-defined GNPs. Ning Gu 

et al. in 2006 [43] synthesized single-crystalline, regular-edged GNPs through chemical 

reduction of HAuCl4 by a suitable amount of citrate at room temperature, without additional 

capping agents or surfactants. Hexagonal GNPs with few triangular GNPs were formed at 

suitable sodium citrate:HAuCl4 molar ratio accompanied by low reaction temperature. But 

the yield of GNPs was quite low. 

Wang et al. in 2005 [44] have synthesized single-crystalline GNPs by polyol process. 

GNPs were produced by heating a concentrated aqueous solution of polyethylenimine and 

HAuCl4 at 100 °C. GNPs in the size range of 40 µm were produced which is not use full for 

biomedical applications like hyperthermia. Wang et al. in 2007 [45] prepared single-

crystalline GNPs using HAuCl4 and serum albumin protein (BSA) at room temperature. BSA 

acts as reducing and shape directing agent leading to the anisotropic growth of Au (0) into 

plate-like structures. GNPs in a size range of few nanometers to 100 µm were prepared with 

broad size distribution. 

Lee et al. in 2009 [46] synthesized GNPs (icosahedra) by heating an aqueous solution 

of amphiphilic block copolymer, pluronic-123, HAuCl4 and sodium chloride at 60 °C. GNPs 

were accompanied by large fraction of irregular shaped icosahedral nanoparticles which are 

extremely difficult to isolate from GNRs.  

Shi et al. in 2010 [47] modified polyol process using binary surfactant system. They 

prepared hexagonal, triangular and truncated triangular GNPs in the size range from few 

nanometers to tens of micrometer by thermal reduction of HAuCl4 in a binary surfactant 

mixture of Poly(vinylpyrrolidone) (PVP) and CTAB in the presence of ethylene glycol. 

GNPs yield is high but size limits its applicability again in optical hyperthermia due to very 

broad size distribution. 

 Park et al. in 2014 [48] synthesized hexagonal, triangular, spherical and rod shaped 

nanoparticles by carefully controlling the reaction kinetics using iodide ions. They 

demonstrated that GNRs formed in the absence of iodide ions. In the presence of iodide ions 
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spherical nanoparticles, triangular and hexagonal plates have been formed. Control over 

morphology of nanoparticles is quite poor and secondary methods are required for isolation 

of nanoparticles with various shapes. 

Zhang et al. in 2014 [49] introduced the seedless synthesis of triangular GNPs with 

high morphological yield (>90%). They have demonstrated that iodide ions might have dual 

functionality in the formation of GNPs. It selectively binds to the Au {111} facets and 

remove other less stable shape through oxidative etching by forming tri-iodide ions (I
3−

), thus 

facilitating the formation of nuclei with dominant planar structure.  

Ni et al. in 2016 have [50] demonstrated reproducible production of micron sized 

single crystalline GNPs via seedless synthesis at 85 ºC. GNPs formed here were polydisperse 

with a broad SPR band centered at 520 nm to 1000 nm.   

 2.4 TUNABILITY OF GNRs AND GNPs  

El-Sayed et al. in 2003 [27] introduced binary-surfactant system of CTAB and 

benzyledimethylhexadecylammonium bromide (BDAC) to increase the aspect ratio GNRs. 

GNRs with aspect ratio upto 10 and LSPR band tunable upto 1100 nm was successfully 

synthesized by varying the Ag
+
 ions and successive addition of secondary growth solution to 

the as-synthesized GNRs. This method is quite time consuming as it requires successive 

additions of secondary growth solution to increase the aspect ratio GNRs. The polydispersity 

of GNRs was also high. 

Mosquera et al. in 2008 [51] synthesized GNPs using amphiphilic polyethylene 

oxide-polystyrene oxide block copolymers as both reductant and stabilizing agents. Varying 

the copolymer concentration and reaction temperature allows the tuning of surface plasmon 

band of GNPs from 850 nm to 1100 nm. 

Effect of pH on the tunability of GNRs’ aspect ratio was studied by several groups. 

Murray et al. in 2012 [52] have tuned the LSPR band of GNRs from 627 to 1246 nm by 

using aromatic additives and reducing the concentration of CTAB surfactant to ∼0.05 M as 

opposed to 0.1 M in seed-mediated protocols. Huang et al. in 2013 [53] have reported a 

systematic approach for the synthesis of ultralong GNRs and nanowires by using seed-

mediated method. They have investigated the effect of pH of the growth solution on the 
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dimensions of nanorods. GNRs and nanowires with average lengths from 580 to 2850 nm 

were prepared. 

  Tracy et al. in 2013 [54] discuss the role of continuous addition of ascorbic acid to 

the stirring solution of GNRs.  Slow addition of AA during the secondary growth provides 

improved control over the AR and size of GNRs. Their results indicate that LSPR band can 

be tuned between 700 and 880 nm during secondary growth by adjusting the rate of AA 

addition. Zubarev et al. in 2013 [55] have used hydroquinone in place of AA to tune LSPR 

band of GNRs in seed-mediated synthesis. LSPR bands of GNRs can be tuned up to 1230 nm 

with high degree of purity and reliability by using hydroquinone. These GNRs could not be 

used in medical applications due to high toxicity of hydroquinone. Liang et al. in 2014 [56] 

synthesized GNRs with a LSPR band larger than 1400 nm by seedless growth method. They 

have replaced AA with weaker reducing agent, paraoxydibenzene. Paradioxybenzene helps 

in increasing the aspect ratio and yield of GNRs. Tremiliosi-Filho et al. in 2015 [57] have 

tuned the LSPR band of GNRs from 620 to 1200 nm by varying the reaction conditions by 

seedless method by using glycerol as reducing agents. The aspect ratio and yield of GNRs is 

dependent on the pH and temperature of the reactants. High aspect ratio GNRs were prepared 

when pH was less than11. 

 Murray et al. in 2013 [58] have reported the synthesis of thin (width <25 nm), 

thickness (>30 nm) GNRs with tunable LSPR band by using seeded growth at reduced 

CTAB concentrations (0.037 M). The CTAB−NaOL binary surfactant system overcomes the 

difficulty of thickening of GNRs often associated with single-component CTAB based 

system. Khlebtsov et al. in 2014 [59] have introduced controlled overgrowth of GNRs in 

binary surfactant system of NaOL-CTAB. By controlling the GNRs as seeds to the molar 

ratio of gold in the growth solution it is possible to tune the length and LSPR band of 

overgrown nanoparticles in wide range.  

Gobin et al. in 2012 [60] have tuned the SPR band of GNPs in single-step reaction of 

HAuCl4 and Na2S2O3. They have demonstrated that their plasmon resonance bands are is 

controllable with increasing molar ratios of HAuCl4/Na2S2O3. Zhau et al in 2015 [61] have 

tuned plasmon resonance bands of GNPs by oxidative etching of gold by O3 gas. By 

controlling the experimental parameters like concentration of O3, exposure duration, 
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concentration of CTAB in suspensions and the reaction temperature, GNPs with plasmon 

bands tunable from 790 nm to 1004 nm can be synthesized. 

2.5 STABILITY OF GNRs and GNPs  

Anisotropic gold nanoparticles undergo shape deformation, which results into decrease in 

their aspect ratio. SPR band corresponding to the longer wavelength shifts towards shorter 

wavelength. For biomedical applications, gold nanoparticles need to be stabilized against 

aggregation and shape deformation of the nanoparticles [62]. This section reviews literature 

which is focused at enhancement of shelf-life and colloidal stability of GNRs and GNPs.  

Tae et al. in 2007 [63] have used binary surfactant system consisting of CTAB and 

Pluronic F-127 for the synthesis of stable GNRs. This binary surfactant system limits the 

blue-shift of the plasmon resonance bands of GNRs when stored. Hafner et al. in 2009 [64] 

have studied the effect of CTAB surfactant on the stability of GNRs. The ratio of CTAB to 

nanorod concentration is a critical parameter to maintain the stability of GNRs. Murphy et al. 

in 2010 [65] have synthesized GNRs by using seed-mediated approach with CTAB. The 

CTAB bilayers were exchanged with 11-(acryloyloxy) undecyltrimethyl ammonium bromide 

(p-CTAB). They have observed improvement in the stability of GNRs after ligand exchange. 

Yang et al. in 2010 [66] investigated the stability of the GNRs in aqueous medium. 

They have found that LSPR band of the GNRs gradually shifts to shorter wavelength due to 

decrease in their aspect ratios. They have demonstrated that this shape deformation can be 

inhibited by reducing the concentration of CTAB or coating them with poly(sodium 

styrenesulfonate).  

Hamad-Schifferli et al. in 2012 [67] have investigated the stability of GNRs coated 

with amphiphilic ligands. An aggregation index based on the LSPR peak broadening was 

used to measure the stability of the GNRs as a function of the number of washes, pH, ionic 

concentration and temperature. The aggregation index was also used to measure the stability 

of the GNRs under ultrafast laser irradiation and in the presence of proteins commonly used 

in cell culture. Difference in GNRs stability has been observed, which may be due to 

differences in the physical and chemical properties of the amphiphilic ligands.  
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Tebbe et al. in 2015 [68] investigated the stability of GNRs by ligand exchange of 

CTAB with bovine serum albumin (BSA). BSA-coated GNRs have improved colloidal 

stability. Haider et al. in 2016 [69] have encapsulated GNRs with mesoporous silica shell to 

improve their colloidal stability. These GNRs were stable in water for more than 5 months.  

2.6 BIOCOMPATIBILITY OF GNRs AND GNPs 

Evolution of biocompatibility of gold nanoparticles is essential before they are being used for 

biomedical applications. Various research groups have investigated the cytotoxicity of gold 

nanoparticles [70-73]. Toxicity of gold nanoparticles depends on the size, shape, and surface 

chemistry of nanoparticles. 

 Takahashi et al. 2006 [70], have improved the biocompatibility of GNRs by replacing 

CTAB from the surface of GNRs with biocompatible monomers like PEG or phospholipids. 

Takahashi et al. extracted the CTAB from aqueous solution of GNRs using a chloroform 

phase that contained phosphatidylcholine. This surface ligand replacement did not induce 

particle aggregation but did enhance the biocompatibility of the GNRs as compared to 

CTAB-capped nanoparticles.  

Niidome et al. in 2006 [71] developed a technique to modify toxic CTAB capped 

GNRs with polyethyleneglycol (PEG). PEG-modification was achieved by adding mPEG-SH 

in the CTAB solution and excess CTAB was removed by dialysis. PEG-modified GNRs have 

neutral surface and little cytotoxicity in-vitro.  

Chen et al. in 2006 [72] investigated the cytotoxicity of surface functionalized GNRs 

by MTT assays on the fibroblast and HeLa cell lines. They found that surface functionalized 

GNRs are readily internalized by these cells. Polarity on the surface of GNRs strongly affects 

the biocompatibility of GNRs. The positive amino group on the surface of nanorod was less 

cytotoxic as compared to negatively charged carboxylic acid group capped GNRs. 

 Chandra Ray et al. in 2008 [73] have reported the cytotoxicity of gold nanoparticles 

of various sizes and shapes using MTT assays. They have demonstrated that spherical gold 

nanoparticles are less toxic as compared to GNRs. This might be due to the difference in the 

coating of these two nanostructures. Kong et al. in 2008 [74] have evaluated toxicity of the 

GNRs coated with CTAB and polyethylene glycol (PEG). They have concluded that CTAB 
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capped GNRs were more toxic as compared to PEG-coated GNRs even at low concentration 

(0.5 nM). This might be because of presence CTAB residues in the solution. Hauck et al. in 

2008 [75] have reported coating of CTAB stabilized capped GNRs with polyelectrolyte. This 

secondary coating significantly reduce the toxicity of GNRs by hindering desorption of 

CTAB from the surface of nanorods. In a similar study, Alkilany and Murphy [76] have 

presented desorption of CTAB from the surface of GNRs by free radical polymerization and 

thus improve the biocompatibility of GNRs. 

Leeuwen et al. in 2010 [77] evaluated cellular response of polystyrene sulfonate 

(PSS) or polyethylene glycol (PEG) treated GNRs. Mitochondrial activity of GNRs on 

mouse myoblast (C2C12) and Human Leukemia (HL60) cell lines were evaluated using MTS 

assay. They found that PEGylated-GNRs have better biocompatibility as compared to PSS-

coated-GNRs, which show considerable cytotoxicity. Electron microscopy displayed no 

cellular uptake of PEGylated-GNRs compared to their PSS counterparts.  

Chen et al. in 2012 [78] have investigated the cytotoxicity of GNRs on human HEp-2 

and canine MDCK cells. Effect of encapsulation, charge on nanorod’s surface, their size and 

shape on the toxicity of GNRs were evaluated. CTAB-encapsulated GNRs have higher 

toxicity as compared to GNRs coated with polymers and citrate stabilized gold nanospheres. 

They also pointed out that the toxicity of CTAB-encapsulated GNRs was due to the CTAB 

which was on the surface of GNRs and was not due to free CTAB in the solution. Both 

positive and negative charges on the surface of polymer-coated GNRs have shown similar 

levels of cytotoxicity. They also could not find any correlation between cytotoxicity of GNRs 

and their aspect ratios. 

Chen et al. in 2013[79] have examined the effect of surface chemistry on the 

interaction of GNRs and cell membranes and the toxicity arising from them in a serum-free 

cell culture system. They have observed that polyelectrolyte-coated GNRs have better 

biocompatibity than CTAB-capped GNRs. They have concluded that the nature of surface 

molecules, especially their packing structure on the surface of GNRs rather than the surface 

charge plays a vital role in determining the cytotoxicity of nanostructures.    

In this study Wang et al. in 2014 [80] have evaluated cellular uptake and cytotoxicity 

of GNRs with various surface coatings, including organic CTAB, poly(sodium 4-
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styrenesulfonate) (PSS), and poly(ethylene glycol) (PEG), and inorganic mesoporous silica 

(mSiO2), dense silica (dSiO2) and titanium dioxide (TiO2). CTAB, PSS, and mSiO2 coated 

GNRs exhibit notable cytotoxicity, while PEG, dSiO2, and TiO2 coated GNRs do not induce 

cell injury. mSiO2, dSiO2, and TiO2 coated GNRs show significantly higher cellular uptake 

than the PSS and PEG coated GNRs.  

Gooding et al. in 2015 [81] developed one-step surface functionalization method that 

involves the use of Tween 20 to stabilize GNRs, bis(p-sulfonatophenyl)phenylphosphine 

(BSPP) to activate the GNR surface for the subsequent PEGylation, and NaCl to etch silver 

from the GNRs. This method allows complete removal of the surface bound CTAB and 

active surface silver from the GNRs. These GNRs have significantly lower toxicity as 

compared to PEGylate GNRs. 

Li et al. in 2015 [82] have investigated effect of aspect ratio and surface 

functionalization of GNRs on their cytotoxicity. Surface modification of CTAB-coated 

GNRs with polystyrene sulfonate (PSS), polyallylamine hydrochloride (PAH), or both 

(PSS/PAH) dramatically decreases toxicity of GNRs. CTAB-GNRs with various aspect 

ratios had similar abilities to induce cell apoptosis. GNRs coated with CTAB/PSS, 

CTAB/PAH, CTAB/PSS/PAH or CTAB/PAH/PSS displayed lower toxicity and did not 

induce cell death.  

From the literature surveys following gaps in the study have been identified: 

Gaps in the Study: 

1. GNRs and GNPs with desired optical properties can be prepared either through template 

synthesis or polyol processes. However, the yield of GNRs and GNPs obtained via these 

methods is very low. Apart from this, they are costly and involve complex chemistry. To 

overcome these drawbacks seed mediated synthesis of GNRs was proposed in 2001 

followed by seedless synthesis in 2005. Using these techniques good quality GNRs with 

tunable optical properties have been prepared by many researchers. Most of these reports 

are confined to GNRs synthesis having SPR in visible region. Limited work has been 

carried out towards tunability of SPR bands of GNRs and GNPs in NIR region by seed-

mediated and seedless methods. 
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2. GNRs and GNPs prepared by seed-mediated and seedless synthesis show degradation in 

their optical response over a period of time. Hence, shelf- life of these gold nanostructures 

is a major concern. Apart from this, the exact mechanism responsible for the decay of 

plasmonic properties is not known. Very little efforts have been made to enhance the 

stability of GNRs and GNPs prepared via wet chemical synthesis. 

3. For in-vivo biomedical applications, biocompatible gold nanoparticles are essential. 

However limited efforts have been devoted towards the evolution of toxicity of GNRs and 

GNPs, both in-vivo and in-vitro. How to improve biocompatibility of these gold 

nanostructures prepared via seed-mediated and seedless synthesis is a major challenge and 

need of the day to devise successful plasmonic photothermal therapy using these gold 

nanostructures.  

Based on these gaps, following objectives have been proposed for the doctoral thesis:  

Objectives:  

1. Synthesis of NIR responsive gold nanostructures with tunable aspect ratio.  

2. Investigations of as-synthesized gold nanostructures by UV-visible and photon 

correlation spectroscopy, transmission electron microscopy, etc.  

3. Investigation of the stability of biocompatible gold nanostructures and development of 

synthesis protocols to enhance the shelf life of gold nanostructures.  
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CHAPTER 3 

 SYNTHESIS AND CHARACTERIZATIONS OF GOLD NANOSTRUCTURES 

3.1 INTRODUCTION 

Development of consistent protocols for synthesis of materials at nanoscale is an important 

aspect of nanotechnology. Through careful control of experimental parameters, different 

nanoparticle shapes can be prepared. Use of anisotropic gold nanoparticles in biomedical 

imaging and therapy applications have renowned interest in size and shape controlled wet-

chemical synthesis of gold nanostructures [1]. The property that governs their use in these 

applications is the localized surface plasmon resonance [1]. This property of metal 

nanoparticles is tunable. It depends on the physical size, size distribution, shape and surface 

passivation of nanostructures [1, 2]. These features of nanomaterials can be controlled by 

choosing an appropriate technique for nanoparticles synthesis and optimizing reaction 

parameters by fine tuning synthesis variables [2]. This chapter describes development of 

protocols for wet-chemical synthesis of gold nanorods (GNRs) and gold nanoplates (GNPs) 

with desired physical, chemical, structural, optical and surface properties.  

 Synthesis of GNRs by seed-mediated and seedless methods in the presence of rod-

directing surfactant is a promising approach to achieve moderate quality GNRs without 

deteriorating their physical and surface properties [2-4]. This method has an advantage of 

yielding GNRs with desired optical bands in the visible and near IR region [4]. In the first 

part of this chapter, synthesis of GNRs is carried out by seed-mediated method using 

cetyltrimethylammonium bromide (CTAB) as rod-directing and stabilizing surfactant [4]. It 

is a two-step process. In the first step, CTAB stabilized seeds are prepared by reducing 

HAuCl4 with strong reducing agent (NaBH4). In the second step, GNRs are grown in the 

growth medium containing reagents (CTAB, HAuCl4, AgNO3, ascorbic acid) and gold seeds. 

Effect of concentration of stabilizing cum growth directing agents and kinetic parameters like 

concentration of gold salt, reducing ability of reducing agent, effect of AgNO3 and aging of 

initially prepared gold seeds on the nanorod quantity and quality is evaluated in terms of 

changes in the size, size distribution, aspect ratio and morphology.  
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 Seedless synthesis of GNRs is a single-step process [5]. In this method NaBH4 is 

directly added to the growth solution. It is believed that NaBH4 addition in the growth 

solution results in the formation of small seeds which then acted as nucleation centers for the 

anisotropic growth of GNRs [5, 6]. Thus formation of seed and growth of GNRs takes place 

under ambient conditions simultaneously and batch to batch variation caused by the temporal 

instability of the seeds in seed-mediated method is avoided here. In this chapter GNRs are 

also prepared by the seedless approach. Effect of NaBH4 on the quality and quantity of GNRs 

synthesized by the seedless approach has also been evaluated by utilizing the optimized 

growth parameters obtained from the seed-mediated synthesis of GNRs.  

 Apart from nanorods, other anisotropic plasmonic nanostructures are also gaining 

increasing interest due to size and shape control tunability of their plasmon resonance band 

into the NIR region [7, 8]. Amongst them, pluronic F-127 stabilized gold nanoplates (GNPs) 

could be potential alternatives to CTAB stabilized GNRs due to their improved 

biocompatibility and tunability of surface plasmon bands to the near-infrared region of the 

electromagnetic spectrum [9]. GNPs are largely undermined because of the difficulty in 

reproducible synthesis of high-quality and stable GNPs in literature. The second most 

important aspect dealt-with in this chapter is the development of protocols for the synthesis 

of plasmonic GNPs. In this study, we have designed and executed seed-mediated and 

seedless synthesis protocols for GNPs. CTAB is replaced with biocompatible pluronic F-127 

which simultaneously acts as reducing, growth directing and stabilizing agent [10].  

Freshly prepared gold nanostructures are characterized by measuring their size and 

size distribution with photon correlation spectroscopy (PCS), plasmonic properties by UV-

Vis-NIR spectroscopy and morphological studies through Transmission Electron Microscopy 

(TEM). From the detailed investigation of as-synthesized nanoparticles by various 

characterization techniques, optimized conditions are being laid down for the synthesis of 

high yield, water dispersible GNRs and GNPs that are suitable as photothermal agents in 

plasmonic photothermal therapy. 
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3.2 SYNTHESIS OF GOLD NANORODS (GNRs) 

3.2.1 Seed-Mediated Synthesis of GNRs 

Detailed protocol followed for the synthesis of GNRs by seed-mediated method is explained 

in Annexure-I section A1. Pre-synthesized gold seeds (~3-4 nm) were used for the synthesis 

of GNRs [4].  The seeds were formed by the reduction of Au(III) with a strong reducing 

agent (NaBH4). The reduction of Au(II) into Au(0) by NaBH4 results in fast nucleation and 

subsequent growth leading to the formation of spherical gold seeds. These seeds are then 

combined with aqueous solution of Au(III) that is stabilized with excess surfactant (CTAB). 

Subsequently, the rod formation is facilitated by reduction of Au(III) with a weak reducing 

agent (ascorbic acid). GNR growth does not take place in the absence of gold seeds as seeds 

act as sites for nucleation [11]. CTAB forms rod shape micelles above the critical micelle 

concentration (∼ 1.0 mM) [12]. It gets adsorbed as-bilayer on the surface of the GNRs and 

directs the growth by preferentially binding to the crystal faces along the length of the 

nanorods [13, 14].  

By controlling the growth conditions in aqueous medium, it is possible to synthesize 

GNRs with tunable aspect ratios. AgNO3 helps in regulating the growth of the nanoparticles 

along various crystallographic planes and role of AgNO3 in the synthesis of GNRs has been 

well documented [2, 4]. Ascorbic acid acts as a week reducing agent and it cannot reduce 

gold salt if seeds are not present in the growth medium [15]. To understand the effects of 

reactants and kinetic variables on the size and shape of gold nanostructures, a sequential 

seed-mediated growth procedure was followed (Fig. 3.1). Detailed protocols followed for the 

synthesis of GNRs are documented in Annexure-I section A1. 

3.2.2 Sequential Growth Process 

3.2.2.1 Effect of Surfactant 

The role of surfactant in GNRs growth is critical as both the size and the shape of the nano 

particles are controlled by surfactant type and their relative concentration viz-a-viz metal salt. 

The choice of CTAB as a surfactant for the preparation of GNRs in this study is inspired 

from the existing literature [3-5]. CTAB is known to form rod-shape micelles at suitable 

concentration. Because of this CTAB is widely used for the synthesis of GNRs. In literature, 
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it was proposed that the rod-like micelles formed by the CTAB provides soft template for the 

nanorod growth [4]. In recent literature many researchers have proposed that surfactant 

monomer adsorption on preferential facets restrict the growth along the diameter and 

promotes growth along the length, resulting in the formation of anisotropic rod-like structure 

[13].  

 

Fig. 3.1 Schematic diagram representing seed-mediated synthesis of GNRs. 

Concentration of CTAB determines the shape of the nanostructures. If the 

concentration of CTAB is below its CMC (1.0 mM), the reduction of gold salt results in the 

formation of isotropic spherical nanoparticles [16]. Below CMC, the counter ion has minute 

effect on the structure of the adsorbed layer [16]. Above CMC, anisotropic shape develops as 

the major product. Above CMC, the surface excess concentration of CTAB is 60% more, 

making the structure of the adsorbed surfactant as densely packed “wormlike micelle” [16]. 

CTAB forms a bilayer on surface of growing nanoparticle. This selective adsorption of 

CTAB on the surface of growing nanoparticles promotes the directional growth of 

nanoparticles resulting into the rod shape. 

To understand the effect of concentration of CTAB on the size and shape of 

nanoparticles, CTAB concentration is varied from 0.01 M to 0.2 M in the synthesis protocol 

presented in Fig 3.1 and explained in Annexure-I section A1. To evaluate the effect of 
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CTAB concentration on the size and shape and hence on the plasmonic properties of as-

synthesized nanoparticles, UV-Visible spectroscopy of as-synthesized gold nanoparticles was 

recorded (Fig. 3.2). Two plasmon bands are observed in the UV-Visible spectrum of each 

sample, indication the formation of anisotropic nanoparticles. Size and size distribution of 

gold nanoparticles obtained from transmission electron microscopy and photon correlation 

spectroscopy are shown in Fig. 3.3, 3.4 and 3.6 respectively.  

High aspect ratio GNRs have been prepared with 0.01 M CTAB at 0 ºC [17]. 

However, CTAB precipitates under these conditions. CTAB crystallizes below 25 °C [18]. 

CTAB exhibits triple point at 0.1 M and at 25 °C where crystals, individually dissolved 

molecules, and spherical micelles coexist. Koeppl et al. reported formation of spherical gold 

nanoparticles at 33 °C with 0.01 M CTAB [19]. Increase in the CTAB concentration from 0.1 

M to 0.25 M did not lead to any significant change in the aspect ratio or yield of gold 

nanoparticles [19]. In this study, CTAB concentration of 0.01 M at temperatures above 27 

ºC, results in the formation of anisotropic GNRs. This is evidenced from two plasmon bands 

centered at 532 nm and 711 nm in the UV-Visible spectra of GNRs corresponding to the 

TSPR and LSPR bands, respectively (Fig 3.2 (a)). Rod like morphology is also observed in 

the TEM micrograph of GNRs when prepared with 0.01 M CTAB (Fig. 3.3).  

 

Fig. 3.2 (a) UV-Visible spectra of GNRs synthesized with 0.01-0.2 M CTAB. (b) Variation 

in the LSPR band position and (c) corresponding absorbance as a function of CTAB 

concentration. Trend lines are drawn for clear viewing.  
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With increase in CTAB concentration, LSPR band red shifts with corresponding 

increase in the absorbance. At 0.10 M CTAB both the LSPR band position and its 

absorbance are highest (837 nm and 0.54, respectively). Further increase in CTAB 

concentration, lead to the blue shift of LSPR band with the decrease in its absorption 

maximum (Fig. 3.2 (b, c)). To understand the effect of CTAB concentration on the physical 

size and morphology of gold nanoparticles, transmission electron microscopy is used. Fig 3.3 

shows TEM images of gold nanoparticles prepared with different CTAB concentrations.  

 

Fig. 3.3 TEM micrographs of as-synthesized gold nanoparticles prepared with 0.01-0.2 M 

CTAB. Rods are the major product with presence of few spherical and cubical shape 

nanoparticles as by product. 
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In each micrograph, anisotropic rod like structures is visible as major product with the 

presence of few isotropic gold spheres as byproduct. The size distribution histograms (Fig. 

3.4) were prepared by measuring the length and the width of the nanorods from TEM 

micrographs presented in Fig. 3.3. Histograms were fitted with the lognormal particle size 

distribution function [2], 

                                    P(D) =  
1

(Dσ√2π)
exp[−

(ln(
D

Do
))2

2σ2 ]                                             3.1 

Where 𝜎 is the standard deviation, D is the particle diameter and ln Do is the mean of ln D. 

Fig. 3.4 Size distribution histograms of GNRs obtained from transmission electron 

microscopy. Histograms are fitted with the lognormal particle size distribution. 

The average physical sizes obtained from the fits along with their aspect ratios are 

plotted as a function of CTAB concentration in Fig. 3.5 (a, b). Aspect ratio of GNRs can also 

be estimated from the discrete dipole approximation (DDA) [2], 
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                                             λLSPR = 96AR + 418                                                    (3.2) 

where, AR is the aspect ratio of GNRs. Aspect ratio of GNRs obtained from this 

approximation is also plotted in Fig. 3.5 (b) and results are summarized in Table 3.1. The 

aspect ratios determined from the DDA calculations and from the TEM images do not match. 

This is due to the fact that DDA calculations were performed on UV-Visible spectra of as-

synthesized GNRs while TEM microscopy was done on the centrifuged and purified samples 

of GNRs. 

 

Fig. 3.5 Variation in the (a) physical size and (b) aspect ratio of GNRs as a function of 

CTAB concentration. ARTEM is the aspect ratio determined from TEM and ARDDA is the 

aspect ratio obtained from DDA calculations. Trend lines are drawn for clear viewing.  
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Table 3.1 Average length (DLSPR), width (DTSPR) approximation and aspect ratio (A.R.) of 

GNRs obtained from TEM micrographs and aspect ratios calculated from DDA.  

CTAB 

(M) 

DLSPR 

(nm) 

DTSPR 

(nm) 
A.R.TEM A.R.DDA 

0.01 53.25 18.50 2.80 3.05 

0.05 57.57 16.50 3.40 3.70 

0.10 60.97 14.25 4.20 4.30 

0.15 49.26 12.25 4.01 4.07 

0.20 49.70 12.51 3.90 4.03 

 

The hydrodynamic size distributions of GNRs dispersed in DI water are also 

determined by photon-correlation spectroscopy. Size distribution histograms are fitted with 

lognormal particle size distribution function and the mean hydrodynamic size corresponding 

to the length and the width of GNRs are determined (Fig. 3.6). Results are summarized in 

Table 3.2. Hydrodynamic size corresponding to the length increases when the concentration 

of CTAB increases from 0.01 M to 0.1 M and decreases when the CTAB concentration is 

>0.1 M (Table 3.2). Hydrodynamic size of GNRs corresponding to the length is maximum at 

0.1 M CTAB. Hydrodynamic size of GNRs corresponding to the width decreases 

continuously upto 0.15 M and then increases slightly at 0.2 M concentration of CTAB. The 

mean hydrodynamic size obtained for each concentration of CTAB is greater than that of its 

physical size.  This is quite obvious as hydrodynamic size also take the CTAB bilayer into 

the consideration while the TEM considers only the bare nanoparticles. 

Table 3.2 Hydrodynamic size of length (DLSPR), width (DTSPR) and aspect ratios of GNRs 

synthesized at different molar concentrations of CTAB. 

CTAB 

(M) 

DLSPR 

(nm) 

DTSPR 

(nm) 
Aspect ratio 

0.01 52.25 18.30 2.8 

0.05 57.75 16.15 3.5 

0.10 60.97 14.83 4.1 

0.15 49.26 11.93 4.1 

0.20 48.71 13.12 3.7 

It is observed that the rod formation did not occur at low CTAB concentrations 

assuming that the equilibrium constant in these cases is too low for an effective adsorption of 

CTAB at the crystal faces [16]. On the other hand, at higher CTAB concentration the 

formation of cylindrical micelles might compete with the CTAB adsorption at the crystal 
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facets, i.e. fewer number of CTAB molecules are available for the adsorption on the 

nanoparticles surface which then could lead to isotropic spherical particle growth [19]. 

 

Fig 3.6 Hydrodynamic size distribution fitted with lognormal particle size distribution 

function of histograms of GNRs prepared at different CTAB concentrations.   

3.2.2.2 The Gold Precursor 

Tetrachloroauric acid (HAuCl4) is generally used as a gold source for GNRs synthesis [4-6]. 

It passes through three different oxidation states during the synthesis: Au(III) in the 

precursor, Au(I) as an intermediate, and Au(0) in the nanoparticles [20]. Au(III) forms a 

square-planar complex in its d
8
 electronic state. From the Ligand Field Theory, the binding of 

Au(III) with halide ions follows the series I
− 

> Br
− 

> Cl
−
. Consequently, bromide ions replace 

the four chloride ions from AuCl4
−
 in the presence of CTAB as [21] 
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                  [AuCl4]
 −

 ↔ [AuCl3Br]
 −

 ↔ [AuCl2Br2]
 −

 ↔ [AuClBr3]
 − 

↔ [AuBr4]
 −

           (3.3) 

This replacement is revealed by a color change from pale-yellow to dark orange. 

AuBr4
−
 ion forms an ion pair with the quaternary ammonium surfactant monomers. These 

monomers require a surfactant concentration with a 60:1 ratio to ensure dissolution in water 

[22]. Exchange of ligands from AuCl4
−
 to AuBr4

−
 and the formation of AuBr4

−
CTA

+
 

complex influences the redox potential [22]. Variation in the redox potential affects the 

growth kinetics. It is important to ensure that the gold salt has been completely dissolved and 

ligand exchange complete. Additionally, equilibrium is essential to be maintained amongst 

all the three oxidation states of Au, which can be pushed toward coproportionation or 

disproportionation reactions, depending on the relative stability of each species as [21] 

                                                    Au
3+

 + 2 [Au
0
] ↔ 3Au

+
                                                    (3.4) 

In the growth solution, the most stable species are Au(I); meaning that the 

equilibrium is placed toward the coproportionation between Au(III) and Au(0), i.e., Au 

nanorods (or other Au nanoparticles) will be oxidized in the presence of Au(III) [21, 22]. In 

this scenario, a central role is played by the reducing agent which will be discussed later in 

this chapter. 

To understand the effect of gold precursor concentration on the quality and quantity 

of GNRs, HAuCl4 concentration was varied from 0.1 mM to 2 mM while keeping the CTAB 

concentration constant at 0.1 M. Rest of the parameters i.e. AgNO3, ascorbic acid and seed 

concentration were also kept constant. The experimental protocol is otherwise same as 

explained in Annexure-I (section A1). 

 It is observed that rod dimensions strongly depend on the total amount of gold ions 

(Au
+
) present in the solution. The correlation between GNRs dimensions, their yield and 

Au
3+

 ion concentration can be obtained from UV-Visible spectroscopy (Fig. 3.7) and 

transmission electron microscopy (Fig. 3.8) of as-synthesized GNRs. Formation of rod-

shaped particles also depends on the HAuCl4 concentration. HAuCl4 concentration was 

varied from 0.1 mM to 2.0 mM. Well-defined nanorods are formed for 0.5 mM and 1.0 mM 

of HAuCl4. For 2.0 mM HAuCl4, very few nanorods are formed (Fig. 3.8). The color of the 

growth solution was also fade yellow at this concentration. On adding seed solution it took 
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longer than normal for the growth of GNRs.  Thicker GNRs are formed and aspect ratio of 

GNRs is also low (Table 3.3). The roles of the gold precursor source and the weak reducing 

agent (ascorbic acid (AA)) are intertwined [23]. Ascorbic acid reduces the gold ions which 

then crystalize on the rod tips leading to growth [21]. Too much concentration of reduced 

gold Au
0
 can overpower this process leading to other shapes, while too little reduced gold 

allows the “catalyst” silver to dominate, limiting the growth of the rods along the long axis 

[23]. 

 

Fig. 3.7 (a) UV-Visible spectra of GNRs synthesized with 0.1–2.0 mM HAuCl4. Variation in 

the (b) LSPR band position (c) corresponding absorbance as a function of HAuCl4 

concentration. Trend lines are drawn for clear viewing. 

Fig. 3.7 (b) and (c) shows the effect of HAuCl4 concentration on the LSPR band 

position and corresponding absorbance. GNRs synthesized with 1.0 mM HAuCl4 have highest 

red-shift of LSPR band with maximum absorbance (Fig. 3.7). Aspect ratio at this concentration 

is also maximum (Table 3.3).  The GNRs yield also increases with increase in HAuCl4 

concentration and it is highest for 1mM of HAuCl4 as evidenced from the absorbance maximum 

of LSPR band (Fig. 3.7 (c)).  Spectral bands corresponding to 0.1 and 0.2 mM concentrations 

show very weak absorption signals in their UV-Visible-NIR spectra. Very few rod-shaped 

nanoparticles might have been formed at these concentrations of HAuCl4. Thus, 1.0 mM 

HAuCl4 may be the optimum concentration for the synthesis of GNRs with well-defined 

morphology and better yield. 
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Effect of HAuCl4 concentration on the morphology of gold nanoparticles synthesized 

with 0.1-2.0 mM HAuCl4 is shown in Fig. 3.8. Well-defined GNRs are formed with 1.0 mM 

HAuCl4. Only few GNRs are formed at 0.2 mM HAuCl4. No GNRs are observed in the TEM 

image at 0.1 mM HAuCl4. Higher concentration of HAuCl4 (2.0 mM) yield GNRs with short 

aspect ratio. Size distribution histograms of as-synthesized GNRs fitted with the lognormal 

particle size distribution function are shown in Fig. 3.9. Size distribution histograms of 

GNRs corresponding to 0.1 mM HAuCl4 could not be recorded due to very low 

concentration of nanoparticles. Hence size-distribution histogram corresponding to this 

concentration is not shown in Fig. 3.9. 

 

Fig. 3.8 TEM micrographs of GNRs synthesized at different concentrations of HAuCl4. 
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Fig. 3.9 Size distribution histograms fitted with lognormal particle size distribution of GNRs 

prepared with different concentration of HAuCl4 obtained from TEM. 

 The average physical size obtained from the fit along with their aspect ratios are 

plotted as a function of HAuCl4 concentration in Fig. 3.10. Aspect ratios of GNRs are also 

calculated from discrete dipole approximation (DDA). Aspect ratios obtained from TEM and 

DDA calculations are plotted in Fig. 3.10 (b).  

The hydrodynamic size distribution histograms of GNRs fitted with lognormal particle 

size distribution synthesized with different concentration of HAuCl4 is shown in Fig. 3.11. 

Multimodal size distributions are observed corresponding to the length and the width of 

GNRs. Average hydrodynamic size corresponding to length and width of GNRs are 

summarized in Table 3.4.  
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Fig. 3.10 Variation in the (a) size and (b) aspect ratio of GNRs. ARTEM is the aspect ratio 

determined from TEM and ARDDA is the aspect ratio obtained from DDA calculations. Trend 

lines are drawn for clear viewing. 

Table 3.3 Average length (DLSPR), width (DTSPR) and aspect ratio (A.R.TEM) of GNRs 

obtained from TEM micrographs. A.R.DDA is the aspect ratio calculated from DDA 

calculations. 

HAuCl4 

(mM) 

DLSPR 

(nm) 

DTSPR 

(nm) 
A.R.TEM A.R.DDA 

0.1 00.0 00.0 0.0 0.0 

0.2 73.2 26.5 2.7 3.1 

0.5 62.6 21.9 2.8 3.0 

1.0 53.8 15.5 3.4 3.8 

2.0 64.4 35.2 1.8 2.0 
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Fig. 3.11 Hydrodynamic size distribution histogram of GNRs fitted with lognormal particle 

size distributions which are prepared with 0.1-2.0 mM HAuCl4. 

 

Table 3.4 Hydrodynamic size of GNRs synthesized with 0.1-2.0 mM HAuCl4. 

HAuCl4 

(mM) 

DLSPR 

(nm) 

DTSPR 

(nm) 

0.1 - - 

0.2 89.2 29.3 

0.5 64.7 20.1 

1.0 70.1 19.8 

2.0 92.4 28.7 

 

3.2.2.3 The Reducing Agent: Ascorbic Acid 

Growth of GNRs in the seed-mediated method occurs when Au(III) is reduced to Au(0) 

primarily by weak reducing agent and secondarily by Au seeds [23]. Ascorbic acid (AA) is 

used as weak reducing agent so that reduction of gold salt proceeds slowly. Slower growth 

rates are desirable for anisotropic growths of nanoparticles [24]. To understand the effect of 

type of reducing agent, AA was replaced by various other reducing agents in literature [24, 

25]. The most persistent choice is still the ascorbic acid. NaBH4 − the strong reducing agent 



51 
 

is also used for the synthesis of gold seeds. On replacing AA with NaBH4 in the growth 

solution, it reduces the Au(III) and forms deep red color colloid on adding gold seeds, thus 

resulting in the formation of spherical gold nanoparticles. This is also evident from a single 

SPR peak (black line) shouldered at 520 nm in the UV visible spectrum of these 

nanoparticles (Fig. 3.12).  

 When AA alone is used as reducing agent without the addition of seeds no color 

change was observed in the growth solution for 24 h. The solution remained colorless and no 

signature of nanoparticles formation was observed in the UV-Visible-NIR spectrum. These 

nanoparticles have an identical UV-Visible-NIR spectra to that observed for gold seeds 

(redline). It is only when the seeds are added to the growth solution, formation of nanorods 

takes place (blue line) (Fig. 3.12). Formation of GNRs can also be confirmed from two 

plasmon resonance bands in the UV-Visible-NIR spectrum of these nanoparticles. Thus it is 

concluded that weak reducing agent AA is essential for the anisotropic growth in the form of 

GNRs. 

 

Fig. 3.12 UV-Visible spectra of gold nanoparticles prepared with NaBH4, AA and gold seeds. 

 The growth solution containing (HAuCl4 + AgNO3 + CTAB) is of deep orange color 

prior to the addition of AA. This color is because of the metal-to-ligand charge-transfer 
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bands with maxima at 255, 294, 381, 452, and 546 nm [26]. These bands are observed due to 

the absorption by [AuBr4]
 −

 ions formed as a result of ligand substitution of [AuCl4]
 −

 in the 

presence of Br
−
 ions [26, 27] 

                                           [AuCl4]
−
 + 4Br

−
 → [AuBr4]

 −
 + 4Cl

−
                                           3.5 

When AA is added to the growth solution, the orange color of the solution disappears. The 

disappearance of the orange color is due to the reduction of [AuBr4]
 −

 to Au
0
,  

First reduction: Au
3+

→Au
1+ 

                         CTA−AuBr4 + C6H8O6 → CTA−AuBr2 +C6H6O6 + 2H
+
 + 2Br

−
                  3.6 

Second reduction: Au
1+

→Au
0
 

                       2 CTA−AuBr2 + C6H8O6 →2Au
0
 + C6H6O6 + 2CTA

+
 + 2H

+
 + 4Br

−
             3.7 

The first reduction is confined in the metallomicelles. The second reduction begins only after 

the seed is added. The overall reaction is 

                 2CTA
−
AuBr4 + 3C6H8O6 → 2Au

0
 + 3C6H6O6 + 2CTA

+
 + 6H

+
 + 8Br

−
              3.8 

As discussed in the previous section, the roles of Au
+
 and AA in the growth solution 

are intertwined. Effect of the concentration of AA on the optical bands of GNRs has been 

studied. The molar ratio of Au
+
: AA was changed from 0.9 to 1.5.  

When the molar ratio of AA to gold ions (1:0.9) is less than the stoichiometric ratio 

(1:1), unreduced Au
+
 remain in the growth solution after the growth stops [28]. It is evident 

from the light yellow color of the growth solution. Growth in this case did not complete 

because of the presence of unreduced gold salt in the solution. No prominent peak in the UV-

Visible-NIR spectrum was observed in this case (Fig. 3.13).  When the molar ratio was at 

1:1; the solution becomes colorless on addition of AA, indicating 1:1 is the minimum molar 

ratio of Au
+
: AA for complete reduction of Au.  

Further increase in the molar ratio of Au
+
: AA results in red-shift of LSPR band (Fig. 

3.13). When this ratio is increased beyond 1:1.1 the LSPR band starts shifting towards the 

smaller wavelengths. This initial red-shift can be related to the apparent increase in length of 

GNRs resulting in the increase in their aspect ratios. Later the growth along the diameter 
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overtook the growth along the length resulting in the decrease in the aspect ratio of GNRs. 

Reduction of Au also depends on the concentration of the reducing agent. As the amount of 

AA increases, the rate of reduction of gold ions also increases [24]. Because of this, before 

the surfactants can confine the growth direction the reduction of Au
3+

 to Au
0
 takes place 

leading to isotropic growth in the form of spheres.  

 

Fig. 3.13 UV-Visible-NIR spectra of GNRs prepared at 1:0.9-1:1.5 molar ratios of Au
+
: AA. 

The hydrodynamic size distribution histograms of GNRs fitted with lognormal 

particle size distribution synthesized with different molar ratio of Au
+
: AA is shown in Fig. 

3.14. The average hydrodynamic size corresponding to the length and the width of GNRs are 

summarized in Table 3.5. Bimodal particle size distribution is observed for molar ratios ≥ 

1.1 indicating the formation of anisotropic nanoparticles. No particle size distribution is 

obtained in photon correlation spectroscopy of gold nanoparticles corresponding to 1:0.9 

molar ratio of Au
+
: AA. It is because of the lack of formation of nanoparticles at this 

concentration. 
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Table 3.5 Hydrodynamic size (DLSPR-length and DTSPR-width) of GNRs synthesized at 1:0.9-

1:1.5 molar ratios of Au
+
: AA. 

Au
+
: AA 

DLSPR 

(nm) 

DTSPR 

(nm) 

1:0.90 - - 

1:1.00 36.9                169.3 

1:1.10 13.4 41.6 

1:1.20 24.2 94.0 

1:1.50 9.60 37.5 

 

 

Fig. 3.14 Hydrodynamic size distribution histograms of GNRs fitted with lognormal particle 

size distribution synthesized with 1:0.9-1:1.5 molar ratio of Au
+
: AA. 

3.2.2.4 Silver Ions 

The importance of silver (Ag) ions in GNRs synthesis came from the electrochemical and 

photochemical synthesis whereby it was noticed that by increasing the silver-ion 

concentration there is an increase in the aspect ratio of GNRs [29, 30]. In seed-mediated 
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synthesis, silver nitrate is introduced in the gold solution before the seed addition to facilitate 

the rod formation and to tune the aspect ratio as well [30]. 

 It was found that addition of AgNO3 influences the yield and the aspect ratio of 

GNRs [29]. To understand the role of silver in GNRs elongation we have synthesized gold 

nanoparticles under identical conditions (as explained in Annexure-I section A1) with 0-

1000 µL of 4 mM AgNO3. When no silver (0 µL) was added into the growth solution, only 

spherical nanoparticles are formed as the end product. This is evident from the single 

plasmon resonance peak in the UV-Visible-NIR spectra (Fig 3.15 (a)). Gold nanoparticles 

formed in the presence of silver show two plasmon bands. The LSPR band red-shifts with 

increase in the AgNO3 volume from 70-300 µL. Further increase in the silver ions above 300 

µL results in the blue shift of LSPR band signaling the decrease in the aspect ratio of GNRs 

(Fig 3.15 (a)). This blue shift continues till LSPR and TSPR bands merges with each other 

indicating the shift in the morphology from anisotropic rods to isotropic spheres. The 

negative effect of silver ions on the growth of GNRs at higher concentrations may be because 

of their interaction with the bromide counter ions of the surfactant monomer [4]. Change in 

the LSPR band position with the volume of AgNO3 is shown in Fig. 3.15 (b). 

 

Fig 3.15 (a) UV-Visible spectra of GNRs prepared by varying AgNO3 volume (0 µL-1000 

µL). (b) Variations in LSPR band position as a function of AgNO3 volume. 

The hydrodynamic size distribution of GNRs was determined by the photon-

correlation spectroscopy. Size distribution histograms were fitted with lognormal particle 

size distribution function and the mean hydrodynamic size of the particles were determined 

(Fig. 3.16). Results are summarized in Table 3.6.  
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Fig. 3.16 Hydrodynamic particle size distributions of GNRs (prepared with 0-1000 µL 

AgNO3) obtained from photon co-relation spectroscopy. Each histogram is fitted with 

lognormal particle size distribution function 

Single size distribution is observed for samples that are prepared without AgNO3 (0 µL) 

indicating the formation of sphere like symmetric nanoparticles. This observation is consistent 

with the presence of single plasmon peak in the UV-Visible-NIR spectroscopy. Single size 

distribution is also observed for gold nanoparticles prepared with 30 µL of AgNO3. The mean 

hydrodynamic diameter of these gold nanoparticles is large (304.5 nm). It means that AgNO3 at 

lower volume resulted in the growth of spherical nanoparticles. On addition of AgNO3 volume ≥ 

50 µL; anisotropic nanoparticles are formed. Bimodal size distribution is observed in the 

histogram of these nanoparticles. When AgNO3 volume increases beyond 700 µL, a single size 
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distribution is again observed which corresponds to the spherical shape gold nanoparticles (Fig. 

3.16).  

3.2.2.5 The Seed: Effect of Seed Aging 

The aging of gold seeds before adding it into growth solution strongly affect the morphology 

and hence the plasmonic properties of gold nanoparticles. To evaluate the effect of aging of 

gold seed, gold nanoparticles are prepared under identical conditions (as explained in 

Annexure-I section A1) with gold seeds aged for 0-72 h. The UV-Visible-NIR spectra of the 

aged seeds indicate the change in seed size with aging (Fig. 3.17 (a)).  

Table 3.6 Hydrodynamic size of (DLSPR-length; DTSPR-diameters) gold nanoparticles 

synthesized with 0-1000 µL AgNO3. 

AgNO3 

(µL) 

DLSPR 

(nm) 

DTSPR 

(nm) 

0 48.4 - 

30 293.3 - 

50 27.3 108.2 

70 12.0 43.2 

100 11.2 46.3 

150 09.6 40.9 

200 15.3 46.1 

300 14.2 49.1 

400 06.6 95.5 

500 45.4 187.4 

700 30.7 219.9 

1000 47.7 - 

 

UV-Visible spectra of gold nanoparticles prepared with aged gold seeds are shown in Fig 

3.17 (b). Two distinct plasmon bands are observed here confirming the formation of GNRs. No 

significant effect of aging of gold seeds on the TSPR band position was observed. The LSPR band 

of GNRs undergoes a blue shift with increase in the seed aging. When seeds are aged for 72 h; only 

one plasmon resonance band is observed indicating the formation of spherical nanoparticles. 

Increase in the intensity of SPR band at 520 nm of gold seeds (Fig. 3.17(a)) indicates the growth of 

the spherical gold seeds. When the seed is aged for 72 h, this growth saturates. After 72 h of aging, 

the seed solution only contains spherical gold nanoparticles. These spherical nanoparticles when 

used as seeds, does not form any nanorods, Instead, spherical gold nanoparticles further grow 
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because of the ripening. This result indicates that only freshly prepared gold seeds should be used 

for the synthesis of GNRs. 

To understand the effect of seed aging on the size and shape of GNRs, photon correlation 

spectroscopy was also used. Fig. 3.18 shows the effect of seed aging on the size distribution of as-

synthesized gold nanoparticles. Two distinct size distributions are observed corresponding to the 

short and long axis of GNRs when seeds were aged for 0-48 h. This bimodal hydrodynamic size 

distribution of gold nanoparticles further confirms that the synthesized nanoparticles have 

asymmetric morphology like rods. Results of PCS measurements are summarized in Table 3.7. A 

single size distribution is observed for gold nanoparticles prepared with seeds aged for 72 h; 

indicating the formation of spherical gold nanoparticles. This observation is consistent with the 

UV-Visible-NIR spectroscopy results (Fig 3.17).  

 

Fig. 3.17 UV-Visible spectra of (a) gold seeds aged for 0-72 h and (b) GNRs prepared with 

seeds aged for 0-72 h. 
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Fig. 3.18 Hydrodynamic particle size distributions of GNRs (prepared with gold seeds aged 

for 0-72 h) obtained from photon co-relation spectroscopy. Each histogram is fitted with 

lognormal particle size distribution function. 

Table 3.7 Hydrodynamic size (DLSPR-length; DTSPR-diameters) of GNRs synthesized with 

gold seeds aged for 0-72 h. 

Aging time 

(h) 

DLSPR 

(nm) 

DTSPR 

(nm) 

0 18.7 53.2 

24 11.6 58.4 

48 07.8    60.1 

72 57.4 - 

 

3.2.3 Seedless Synthesis of GNRs 

As the name suggests, seedless synthesis of GNRs is carried out without adding any seeds 

during the synthesis. In seedless synthesis technique the nucleation and the growth is coupled 

into a single step, with anisotropic growth occurring at the very beginning [5]. In this a 

method, GNRs are synthesized by adding NaBH4 directly in to the growth solution 

containing gold precursor, silver ions, surfactant and the reducing agent [5, 31]. It is well-



60 
 

known that NaBH4 is a very strong reducing agent and can directly reduce Au(III) into Au(0) 

[32]. Addition of NaBH4 into the growth solution is expected to form very small gold seeds, 

which are simultaneously used for the growth of GNRs in the seedless synthesis. It requires 

fewer synthesis steps and batch to batch variation caused by the temporal instability of the 

seeds in seeded approach can also be avoided. Amount of NaBH4 added to the growth plays 

the similar role as that of seeds added to the growth solution in the seeded growth of GNRs.  

The flow diagram for the seedless synthesis of GNRs is shown in Fig. 3.19. Protocols 

followed for the seedless synthesis of GNRs are summarized in Annexure-I section A2. To 

understand the effect of NaBH4 on the synthesis of GNRs via seedless approach, optimized 

growth parameters obtained from seed-mediated synthesis of GNRs were used. To 

investigate the effect of NaBH4 on the morphology of gold nanoparticles, volume of NaBH4 

(0.01 M) was varied from 1 µL to 100 µL. 

 

Fig. 3.19 Flow diagram of synthesis protocol followed for the preparation of GNRs by 

seedless synthesis. 

UV-visible-NIR spectra of GNRs prepared with different volumes of NaBH4 are 

shown in Fig. 3.20. Irrespective of the NaBH4 volume, two surface plasmon bands are 

observed. LSPR band lies between 700 nm to 850 nm when NaBH4 volume is 1-20 µL. It 

blue shifts when NaBH4 volume is > 20 µL. No significant effect on TSPR band of GNRs is 

observed for NaBH4 upto 50 µL. On addition of 100 µL NaBH4; the growth solution 

immediately turned pink and then to ruby-red within 10-15 min. LSPR band disappeared and 

only single SPR band shouldered at 520 nm is observed (Fig. 3.20). This indicates that only 

spherical nanoparticles are formed when NaBH4 volume is 100 µL.  
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Fig. 3.20 UV-Visible spectra of GNRs prepared by seedless method with 1-100 µL NaBH4. 

 TEM micrographs corresponding to gold nanoparticles prepared with 15 µL and 100 

µL NaBH4 were shown in (Fig. 3.21). TEM micrographs confirm the rod-like morphology of 

nanoparticles synthesized with 15 µL NaBH4 (Fig. 3.21 (a)). This is consistent with the 

bimodal particle sized distribution obtained in photon-correlation spectroscopy (Fig. 3.22). 

TEM micrographs also confirm the formation of spherical nanoparticles (Fig 3.21 (b)) when 

100 µL NaBH4 is added to the growth solution as indicated by single SPR band in UV-

Visible-NIR spectroscopy (Fig. 3.20). Formation of spherical gold nanoparticles is also 

evident from by the single particle size distribution observed in photon-correlation 

spectroscopy (Fig 3.22). The variation in the hydrodynamic size of gold nanoparticles 

prepared with 1-100 µL NaBH4 are summarized in Table 3.8. 
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Fig. 3.21 TEM micrographs of gold nanoparticles prepared using (a) 15 µL and (b) 100 µL 

NaBH4. 

Table 3.8 Hydrodynamic size (DLSPR-length; DTSPR-diameter) of GNRs prepared with 1-100 

µL NaBH4. 

NaBH4 

(µL) 

DLSPR 

(nm) 

DTSPR 

(nm) 

1 28.2 202.7 

5 22.6 180.9 

10 30.0 228.0 

15 25.3 195.8 

20 37.1 206.1 

50 22.4 174.9 

100 118.5 - 

 

3.2.4 Growth Mechanism of GNRs 

Zipping Mechanism 

The growth of GNRs depends on the crystallographic facets of the gold seed, relative size of 

the gold seed to the surfactant micelle and kinetics of surfactant adsorption on the facets of 

growing GNRs [33-35]. Small seed particles have FCC structure with icosahedron, 

decahedron, cuboctahedron and octahedron morphologies [36, 37]. Further, seeds having 

{100}/ {110} and {111} facets are necessary for directional growth of GNRs. The smaller 

seeds exhibiting crystalline facets enriched in {100} and {111} lead to nanorod growth [34]. 

The surface of the rod consists of four large {100} and {110} facets oriented parallel to the 

rod axis. The ends of the rod have {001} facet and four small {111} facets connecting the 

{110} and the {001} facets (Fig 3.23). 
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Fig. 3.22 Hydrodynamic particle size distributions of GNRs (prepared with 1-100 µL 

NaBH4) obtained from photon co-relation spectroscopy. Each histogram is fitted with 

lognormal particle size distribution function. 
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Fig. 3.23 Crystallographic facets of GNR. 

According to the proposed zipping mechanism of GNRs growth, Ag
+
 cations and 

CTA
+
−Br

−
 pairs are present in the growth medium [38]. The electrostatic interactions 

between Ag
+
 cations and CTA

+
−Br

−
 pairs lead to the formation of CTA

+
−Br

−
−Ag

+ 
complex, 

which preferentially adsorb on the {100}/{110} facets as compared to the {111} facets. This 

is because of the large energy difference between the facets when considering the adsorption 

of group of surfactant micelles relative to a single micelle [34]. The surface adsorption 

energies of CTAB on Au crystal facets increase in the order of {110}, {100} and {111} [34, 

35]. As the area of the facet is comparable to the size of a CTAB micelle (~2.9 nm), they 

adsorb rapidly on the {100} facets than the {111} [34]. Once a {100} facet is confined by 

CTAB micelle, it becomes an active center to induce aggregation of other micelles, resulting 

in the formation of a circular band of surfactant groups around the particle surface [39]. 

Particle growth become anisotropic; i.e. it grows faster along the exposed {111} facets at the 

bottom and top of the nanorod (Fig. 3.24). Thus the nanorods grow along their length, 

leading to increase in their aspect ratios. Surfactant adsorption along the growing rod side 

will continue to coalesce to form a dense bilayer [37]. In parallel as the {100} end facet 

become sufficiently large, the micelle adsorption and bilayer reorganization will take place at 

the edge of the rod [34]. This results into suppression of width followed by a slowing down 

in the growth along the length. The overall growth rate also slows down due to the 

consumption of gold precursor and ascorbic acid in the growth medium. The CTAB micelles 

will continue to coalesce and rearrange on the GNR surface to form defect free flat bilayers 

which finally results in smoother faceted GNRs [34]. 
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Fig. 3.24 Schematic representation of zipping mechanism responsible for anisotropic 

nanorod growth. 

3.3 SYNTHESIS OF GOLD NANOPLATES (GNPs) 

3.3.1 Seed-Mediated Synthesis of GNPs 

Synthesis of GNPs was carried out by replacing CTAB surfactant with biocompatible tri-

block copolymer, pluronic F-127. Pluronic F-127 acts as reducing, growth directing and 

stabilizing agent [10]. Pluronic F-127 possesses excellent biocompatibility [40]. It binds to 

the surface of metal nanoparticles and forms a film by hydrophobic interactions through 

polypropylene oxide block of the copolymer and controls the growth of GNPs [41].  

 Seed-mediated synthesis designed for GNRs in the previous sections is employed in 

this study, too. In a typical synthesis of GNPs, molar concentrations and volumetric ratios of 

all the ingredients (gold source, AgNO3, ascorbic acid, seed) were optimized from those used 

in the synthesis of GNRs using CTAB. The only difference is the type of surfactant used. 

CTAB is replaced by equimolar concentration of pluronic F-127. Protocols followed for the 

seed-mediated synthesis of GNPs are summarized in Annexure-I section A3. 

 UV-Visible-NIR spectra of as-synthesized GNPs are shown in Fig. 3.25 (red line). 

Two distinct plasmon resonance bands are observed indicating the growth of anisotropic 

nanostructures of gold [35]. The first plasmon band at 526 nm corresponds to out-of-plane 

and second plasmon band at 810 nm corresponds to in-plane oscillations of electrons in 

GNPs. Black line in Fig. 3.25 indicates the UV-Visible-NIR spectra of gold seeds. A 

shoulder centered at 510 nm is a typical character of small Au seeds. Anisotropic 

morphology of as-synthesized GNPs is further confirmed by photon-correlation spectroscopy 

(Fig. 3.26). Two distinct size distributions are observed. The mean hydrodynamic size of 
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GNPs along their short axis is 15.1 nm and along their long axis is 73.9 nm. TEM images of 

these nanoparticles confirm their plate-like morphology (Fig. 3.27). 

 

Fig. 3.25 UV-Vis-NIR spectra of gold seeds and gold nanoparticles. Two distinct plasmon 

bands centered at 526 nm and 810 nm corresponds to the out-of-plane and in-plane 

oscillations indicating the formation of anisotropic GNPs. 

 

Fig. 3.26 Hydrodynamic particle size distribution fitted with log normal particle size 

distribution of GNPs.  
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Fig. 3.27 Representative TEM micrograph of GNPs prepared with 1 mM pluronic F-127. 

Well faceted hexagonal plates, triangular plates and truncated triangles are observed whose 

size ranges from 46.5 nm to 108 nm. 

3.3.2 Growth Mechanism of GNPs 

The growth mechanism of anisotropic gold nanostructures, specifically GNPs is of great 

concern as very limited information is available about this aspect. The growth mechanism of 

GNPs with pluronic as shape directing agents is yet to be established. The role of ‘seeds’ and 

the capping agents in the growth of gold nanoparticles is discussed in literature [34]. Many 

groups [4, 6, 10] have shown that by using growing seeds in solutions containing surfactant 

micelles, nanoparticles with well-defined shapes could be obtained. The growth rate of 

nanoparticles is often controlled kinetically rather than thermodynamically by different 

sticking probabilities of atoms on different crystallographic facets [42]. Being of lowest 

surface energy, the (111) face of the FCC metal has the lowest sticking probability as 

compared to other faces (γ (110) > γ (100) > γ (111)) [43]. Thus FCC metal has the highest 

energy to nucleate and grow into the nanoparticles with their surfaces bounded by (111) 

facets in wet chemical synthesis [43]. 

At a specific pluronic F-127/HAuCl4 molar ratio, the hydrophobic polypropylene 

oxide (PPO) preferentially adsorbed on {111} planes of FCC Au nuclei, inhibiting the 

growth on {111} crystallographic planes, and promotes anisotropic growth along the {110} 

facets [44]. Under ideal conditions, the nuclei grow uniformly along the six <110> directions 

if the growth environment is uniform, resulting in the formation of hexagonal plate 
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surrounded by three pairs of {110} lateral faces (Fig. 3.28). However, due to local 

fluctuations in the growth medium, the crystal growth deviate from uniform growth along 

<110> direction. Therefore, triangular and truncated triangular (Fig. 3.28) plates will be 

formed if the nuclei are grown along <110> directions at different rates [45]. TEM images of 

hexagonal nanoplates, triangular nanoplates and truncated triangular nanoplates are also 

shown in Fig. 3.27. 

 

Fig. 3.28 Schematic illustration of proposed growth mechanism of GNPs: (a) 

crystallographic facets with basal {111} plane and <110> side facet, (b) the formation of 

hexagonal plate, triangular plate and truncated triangular plate like structures along the 

<110> directions, (c) the expected particles shapes and (d) representative TEM images of 

hexagonal nanoparticles, triangular nanoparticles, and truncated triangular nanoparticles. 

3.3.3 Seedless Synthesis of GNPs 

Unlike seedless synthesis of GNRs, seedless synthesis of GNPs was also carried out by 

carefully varying the NaBH4 concentration in the growth solution. To investigate the effect of 

NaBH4 on the plasmonic properties and morphology of GNPs, volume of NaBH4 (0.01 M) 

was varied from 1 µL to 100 µL. Rest of the experimental conditions were kept unchanged as 

per seedless synthesis of GNRs. Protocols followed for the seedless synthesis of GNPs are 

summarized in Annexure-I section A4. 

 UV-Visible-NIR spectra of as-synthesized GNPs are shown in Fig. 3.29. Depending 

on the synthesis protocols two or more plasmon bands are expected for GNPs. Single SPR 
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band is observed in the UV-Visible-NIR spectra of the gold nanoparticles. It is centered at 

520 nm for 1, 5, 20, 50 and 100 µL NaBH4. This indicates that only spherical nanoparticles 

are formed in these cases. An additional broad band centered between 750 nm to 1100 nm is 

only observed in samples prepared with 10 µL and 15 µL NaBH4. Two distinct plasmon 

resonance bands indicate the growth of anisotropic nanostructures of gold [35]. The first 

plasmon band at 526 nm corresponds to out-of-plane and second broad plasmon band 

corresponds to in-plane oscillations of electrons in nanoplates. 

Anisotropic characteristics of as-synthesized GNPs corresponding to 10 µL and 15 

µL NaBH4 are further confirmed by their photon-correlation spectroscopy (Fig. 3.31). Two 

distinct size distributions are observed which are corresponds to the different diffusion 

coefficients of GNPs along their long and short axis. These bimodal hydrodynamic size 

distributions of GNPs further support our claim in UV-Vis-NIR spectroscopy that as-

synthesized gold nanoparticles have plate like asymmetric morphology. TEM micrograph of 

gold nanoparticles prepared with 15 µL NaBH4 show plate-like morphology (Fig. 3.30). 

Large number of spherical nanoparticles is also formed along with GNPs.  

 

Fig. 3.29 UV-Visible-NIR spectra of GNPs prepared with 1-100 µL NaBH4. 
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Fig. 3.30 TEM micrograph of gold nanoparticles prepared with 15 µL NaBH4 by seedless approach. 

 

Fig. 3.31 Hydrodynamic particle size distributions of GNPs obtained from photon co-relation 

spectroscopy. Each histogram is fitted with lognormal particle size distribution function. 
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CHAPTER 4   

TUNABILITY OF GOLD NANOSTRUCTURES 

4.1 INTRODUCTION 

Gold nanostructures can be used in applications like bio-imaging, chemical sensing, plasmon 

resonance spectroscopy, photonics, optoelectronics, therapeutics and diagnosis etc. due to 

their tuneable plasmonic properties [1, 2]. The extent to which the surface plasmon resonance 

(SPR) of gold nanostructures can be tuned depends on the size and shape of the nanoparticles 

as well as on the dielectric constant of the medium [2-4]. SPR band of gold nanostructures 

red shifts into the NIR region when their aspect ratio increases beyond one [5]. For in-vivo 

biomedical applications, metal nanoparticles with SPR band in the NIR region (750−1300 

nm) are desirable as the body tissues, blood and water are transparent to IR radiations [1-3]. 

They absorb heavily in the visible region of electromagnetic spectrum. 

Tunability of plasmonic properties of gold nanostructures can be obtained by various 

means both in the seed-mediated and seedless growth approaches.  Murphy and co-workers 

and El-Sayed and co-workers have pioneered a seed-mediated method for the synthesis of 

GNRs by using CTAB as growth directing agent [6, 7]. Several modifications in this protocol 

have been proposed by various groups to tailor their LSPR band [8, 9]. GNRs with tuneable 

LSPR band can be prepared either with co-surfactants or by following three-step seeded 

growth in silver-free system [6, 7]. Although seed-mediated method is simple and 

economical and produces GNRs with smooth morphology; it has several limitations: (i) 

Reproducibility is poor [10, 11], (ii) ripening of seeds over extended period does not form 

GNRs [11], (iii) aspect ratio of GNRs is low (between 2-5) with LSPR band < 850 nm in 

single surfactant system [6], (iv) poor quality and low yield in multi-surfactant system 

(formation of dog-bone or dumbbell shaped nanoparticles) [12, 13], etc.  

To control the growth of GNRs, variety of additives such as acetone [12], Na2S [14], 

hydrochloric acid [15], nitric acid [11], cyclohexane [12], iodide ions [16], copper ions [17], 

bromide ions [18], etc. have been introduced into the growth solution to regulate the aspect 

ratio and tune the LSPR band of GNRs. These approaches led to the formation of GNRs with 

corrugated surfaces. Several other strategies like replacing H2O with D2O and ascorbic acid 
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with hydroquinone [19], use of aromatic additives [20] and binary surfactant mixtures [21] 

have also been found effective in tuning the LSPR band of GNRs.  

Recently, a seedless growth technique has been developed where the nucleation and 

growth stages are coupled and proceeds simultaneously [22]. In this method, GNRs are 

synthesized by directly adding NaBH4 in the growth solution containing gold ion precursor, 

silver ions, CTAB and ascorbic acid [22]. El. Sayed et al. synthesized small GNRs by 

optimizing the NaBH4 and CTAB concentrations and pH of the growth solution [23]. Zhang 

et al. used various phenols as reducing agents and systematically varied the NaBH4 and 

CTAB concentrations to obtain GNRs with LSPR band tuned from 550 nm to 1000 nm [5]. 

C. Wang et al. have produced GNRs with miscellaneous shapes like peanut, dog-bone and 

rectangle outlines and branched multipods with ribbed surface by controlling the pH of the 

growth solution [8]. Zhu and co-workers used HCl to drive the formation of GNRs with 

LSPR band tuned upto 1000 nm [24]. They ended with low yield of gold conversion and 

formation of various other shapes. To the best of our knowledge, role of pH in tuning the 

LSPR band of GNRs in seedless synthesis involving binary co-surfactant system of BDAC-

CTAB have not been investigated. We have designed a pH controlled seedless synthesis of 

GNRs in BDAC-CTAB co-surfactant system with tuneable LSPR band upto 1300 nm. 

Systematic study is carried out to understand the role of co-surfactants and pH in the 

regulation of dimension and thus the plasmonic properties of GNRs synthesized by single-

step seedless approach. 

Limited reports are available on the tunability of SPR band of GNPs in literature. 

GNPs have been synthesized with tuneable plasmonic properties. Effect of synthesis method 

(seeded and seedless) and growth parameters on the dimensional and optical tunability of 

GNRs and GNPs have been studied in the chapter.  

4.2. TUNABILITY OF GNRs 

4.2.1. Seed-Mediated Tunability of GNRs Synthesized by BDAC-CTAB Co-

Surfactant System 

To synthesize GNRs with tuneable LSPR band in the NIR region by seed-mediated method, 

synthesis protocols developed by El-Sayed et al. [7] is followed. Schematic of flow diagram 
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of synthesis protocol for seed-mediated synthesis of GNRs with BDAC-CTAB binary co-

surfactant is summarized in Fig. 4.1 and described in Annexure-I at A5.  

UV-Visible-NIR absorption spectra of GNRs synthesized by seed-mediated method 

using BDAC-CTAB co-surfactant system is shown in Fig 4.2 (a). Each spectrum was 

recorded after every sequential addition of growth solution. LSPR band of GNRs red shifts 

by 30-40 nm every time a secondary growth solution was added. The LSPR band of as-

synthesized GNRs is 920 nm which red shifted to 1150 nm after 16 successive additions of 

the secondary growth solution. The growth of GNRs saturates after 16 successive additions 

of secondary growth solution. No shift in the LSPR band was observed on further addition of 

secondary growth solution (Fig. 4.2 (a)). A representative TEM micrograph of GNRs 

obtained by seeded growth is shown in Fig. 4.2 (b). Large number of spherical gold 

nanoparticles was observed along with broad size distribution of nanorods in the TEM 

micrographs. These results are similar to those reported in literature [4, 5]. Too many steps 

and laborious separation process makes seeded growth process lengthy and difficult to 

reproduce.  

 

Fig. 4.1 Schematic flow diagram of synthesis protocols for seed-mediated synthesis of GNRs 

by BDAC-CTAB Co-Surfactant. 
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Fig. 4.2 (a) UV-Visible absorption spectra of GNRs synthesized by seed-mediated method by 

serial addition of secondary growth solution in sixteen steps. (b) TEM micrograph of as-

synthesized GNRs prepared by serial addition of secondary growth solution in seed-mediated 

synthesis. 

4.2.2 pH Controlled Tunability of GNRs Synthesized by Seedless Approach Using 

BDAC-CTAB Co-Surfactant System 

To overcome the drawbacks of limited tunability and poor yield of GNRs obtained in seeded 

growth technique, Min Gu et al. [22] have proposed a seedless method of GNRs synthesis. It 

is a single-step synthesis process in which LSPR band can be tuned from visible to NIR 

region with improved yield. It requires fewer synthesis steps and batch to batch variation 

caused by the temporal instability of the seeds in seeded approach can be avoided. Seedless 

approach was previously attempted only in CTAB system. We have established here 

protocols for seedless synthesis of GNRs in BDAC-CTAB binary co-surfactant system. 

Effect of pH on the optical tunability of LSPR band of GNRs synthesized by seeded growth 

is known [11, 15]. However, no such study on pH controlled optical tunability of LSPR band 

of GNRs via seedless synthesis in BDAC-CTAB binary co-surfactant system have been 

reported so far. 

Protocol for pH controlled seedless synthesis of GNRs with BDAC-CTAB binary co-

surfactant is summarized in Fig. 4.3 and described in Annexure-I section A6. Photographic 

view of colloidal dispersion of GNRs prepared at different pH is shown in Fig. 4.4. The 

difference in color of the colloids themselves indicates that the synthesized GNRs have 

different aspect ratios.  
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Fig. 4.3 Schematic representation of pH controlled seedless synthesis of GNRs in BDAC-

CTAB binary co-surfactant system. GNRs with tuneable aspect ratio from 2.8 to 8.9 were 

synthesized by regulating the pH of the growth solution from 2.5 to 1.3.       

 

Fig. 4.4 (a) Photographic view of colloidal suspension of GNRs. Colloid color changes from 

pink to dark red in 24 h, indicating GNRs growth. (b) Photographic view of colloidal 

suspension of GNRs synthesized at different reaction pH (1.3, 1.5, 1.7, 2.0, 2.3 and 2.5) for 

comparison they are diluted to same concentration. 

The reaction kinetics of GNRs in seedless synthesis was controlled by regulating the 

pH of the growth solution. Initial pH of the growth solution lies between 3.50-3.70. At this 

pH, reaction proceeds swiftly on addition of NaBH4; turning the growth solution to light 

golden brown. Within few minutes it turned dark pink and then to violet in 4-5 h, confirming 

the formation of gold nanoparticles. UV-Visible-NIR absorption spectra of gold 

nanoparticles synthesized at pH 1.3-3.5 were shown in Fig. 4.5. 

A single SPR band at 525 nm was observed in the UV-Visible spectra of gold 

nanoparticles synthesized at pH 3.5. It is due to the formation of spherical nanoparticles. This 

is in good agreement with those already reported in the literature [6]. On reducing the pH of 
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the growth solution from 3.5 to 3.0 (by addition of 1 µL HCl) the color of the growth 

solution rapidly turned golden brown when NaBH4 was added to it. Solution color then 

turned to pink in 3-4 h. A single SPR band centred at 525 nm was again observed in the UV-

Visible-NIR absorption spectrum of these nanoparticles (Fig. 4.5). This suggests that at pH 

3.0 also only spherical nanoparticles are formed. 

When the reaction pH of the growth solution was reduced to 2.5 (by adding 3 µL 

HCl), the color of the growth solution changes gradually upon addition of NaBH4, indicating 

the decrease in the rate of reaction. The UV-Visible-NIR absorption spectrum of as 

synthesized colloid show two distinct plasmon resonance bands centred at 712 nm and 512 

nm (Fig. 4.5). Hence, synthesized colloid may contain GNRs, which was confirmed by 

transmission electron microscopy (Fig. 4.5).  

 

Fig. 4.5 TEM micrographs and corresponding UV-Visible-NIR spectra of GNRs prepared by 

seedless approach at pH 1.3-3.5. 

The average dimensions of GNRs along with their aspect ratios synthesized at pH 

1.3-2.5 are reported in Table 4.1. Aspect ratio of GNRs can also be estimated from the 
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discrete dipole approximation (DDA) [25]. Aspect ratio of GNRs obtained from this 

approximation is also shown in Table 4.1. These values are in good agreement with those 

obtained from TEM microscopy. Both the average length and the aspect ratio of GNRs 

increase linearly with decrease in the pH of the growth solution (Fig. 4.6). GNRs synthesized 

at pH 1.3 have maximum aspect ratio of 8.9 which is highest amongst the synthesized GNRs. 

The LSPR band of GNRs shifts from 712 nm (for pH 2.5) to 1295 nm (for 1.3) with increase 

in the aspect ratio from 2.8 to 8.9. LSPR band could not be increased beyond 1295 by further 

decreasing the pH of the growth solution. This is due to the gelation of growth solution when 

pH of the growth solution is reduced below 1.3. 

Table 4.1 Effect of pH on the dimension, aspect ratio and LSPR band positions of GNRs 

synthesized at pH 1.30-2.50. 

pH 
HCl 

(µL) 

Average 

length 

(nm) 

Average diameter 

(nm) 

Aspect ratio 
λLSPR 

(nm) TEM DDA 

1.30 110 66.66±2.41 7.44±0.05 8.9 9.1 1295 

1.50 75 60.15±0.32 7.62±0.04 7.8 7.9 1182 

1.70 30 47.13±0.41 7.89±0.06 5.9 5.9 992 

2.00 10 30.12±0.54 6.20±0.03 4.8 4.9 889 

2.30 5 24.21±0.62 6.29±0.02 3.8 3.8      787 

2.50 3 15.97±0.35 5.70±0.03 2.8 3.0 712 

 

LSPR band position of GNRs depends on the aspect ratios of nanorods [8], which in 

turn depends on the growth kinetics in the solution. Growth rate of GNRs synthesized by 

seedless approach depends on surfactant type, concentration of the reducing agent, reaction 

temperature and time, pH of the growth solution, etc. [26, 27]. It has been reported in the 

literature that decreasing the pH reduces the growth rate of GNRs, which is helpful in 

increasing the aspect ratio of GNRs and in turn tune the LSPR band of GNRs too [27]. The 

growth of GNRs saturates within 2h when the pH of the growth solution is 2.5 while it takes 

14 h for growth to saturate when the pH of the growth solution is 1.5 (Fig. 4.7). The 

saturation time of growth of GNRs as the function of the pH of the growth solution is plotted 

in Fig. 4.8. It is observed that the growth rate of GNRs decreases with the decreases in the 

pH. 

 



80 
 

 

Fig. 4.6 Effect of pH of the growth solution on the average length and average aspect ratios 

of GNRs synthesized by seedless growth in BDAC-CTAB binary co-surfactant system. 
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Fig. 4.7 Normalized absorbance vs time for the LSPR and TSPR bands of GNRs synthesized 

at pH 1.5, 2.0 and 2.5. 
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Fig. 4.8 Saturation time of growth (Ts) of GNRs as a function of pH of the growth solution. 

 

4.2.2.1 Effect of NaBH4 on pH Controlled Tunability of GNRs  

To understand the influence of NaBH4 on the optical and special tunability of GNRs, they are 

synthesized by seedless protocols as described earlier with 5, 10 and 15 µL of NaBH4 

(Annexure-I section A6). UV-Visible-NIR absorption spectra of GNRs prepared by pH 

controlled synthesis with different volume of NaBH4 are shown in Fig. 4.9. TSPR band of 

GNRs is independent of pH of the growth solution and amount of the NaBH4. The co-

influence of pH of the growth solution and volume of reducing agent (NaBH4) on the optical 

tunability of LSPR band of GNRs is summarized in Table 4.2. The LSPR band of GNRs 

strongly depends on the solution pH and volume of the NaBH4. Irrespective of NaBH4 

volume the LSPR band of GNRs undergoes red shift with decrease in pH of the growth 

solution (Fig. 4.10). This red shift in the LSPR band position is more prominent with 

increase in the volume of NaBH4. Small hump at 660 nm was observed at pH 2.5 when 5 µL 

NaBH4 was added to the growth solution (Fig. 4.9). On increasing the amount of NaBH4 to 

10 µL, a small hump at ~ 669 nm was observed (Fig. 4.9). This hump converts into a well-

defined LSPR band cantered at 712 nm when the volume of the NaBH4 is increased to 15 µL. 
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Fig. 4.9 UV-Visible-NIR absorption spectra of GNRs prepared at different pH of the growth 

solution with 5 µL, 10 µL and 15 µL of NaBH4 in seedless synthesis. 
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Table 4.2 LSPR band positions of GNRs synthesized at different pH and NaBH4 volumes in 

seedless synthesis. 

NaBH4 (µL) 5 10 15 

pH                                      λLSPR (nm) 

1.3 1202 1225 1295 

1.5 1117 1141 1182 

1.7 855 909 992 

2.0 765 869 889 

2.3 669 699 787 

2.5 660 634 712 

 

Fig 4.10 Effect of NaBH4 volume on the LSPR band positions of GNRs prepared at different 

pH of the growth solution in the seedless synthesis. 

4.2.2.2 Effect of BDAC and pH on Anisotropic Growth of GNRs 

Various mechanisms for the anisotropic growth of gold nanoparticles in CTAB based 

seeded approach have previously been proposed by different research groups [28, 29]. They 

are built on three basic approaches. The first approach is silver under-potential deposition 

(UPD) [28]. In this mechanism, it is assumed that presence of silver ions is responsible for 

the anisotropic growth. In the second approach, it is proposed that silver forms a complex 

with Br
−
 ions (CTA

+
-Br

−
-Ag

+
), which is acting as face-specific capping agent, encouraging 
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the anisotropic growth of GNRs [29]. In the third approach, it is proposed that rod-shaped 

CTAB-micelles are acting as soft templates, which are directing the anisotropic growth [30].  

These proposed mechanisms are in sharp contradiction with each other. There are no 

consensuses among researches on growth mechanism leading to anisotropic growth of GNRs.  

Studies suggest that different facets of the Au ions have different affinity for the surfactants 

[31]. CTAB forms a bilayer on the {110}/{100} facet and sets the {111} facet free for the 

adsorption of Au/Ag ions present in the growth solution [32]. If silver UPD mechanism is 

responsible for the anisotropic growth, then why GNRs does not grow to the same extent 

irrespective of the BDAC/CTAB and pH of the growth solution in seedless approach? CTA
+
-

Br
−
-Ag

+
 complex acts as a face specific capping agents rather than silver alone in the UPD 

mechanism encouraging the anisotropic growth, then what could be the role of BDAC 

micelles in elongation of GNR? Does only CTAB micelle form a soft template or BDAC 

micelles also play a role in template formation and anisotropic growth of GNRs? It is yet to 

be established which of the three mechanisms are actually responsible for the anisotropic 

growth of GNRs. There is a likely possibility that all the three mechanisms coexist and are 

partially responsible for the growth of GNRs [31].  

BDAC is known to facilitate the growth of GNRs with higher aspect ratios [13]. 

BDAC has smaller micelle aggregation number among surfactants with equivalent alkyl 

chain lengths [33]. This is because of the bulky polar head group of BDAC, which provides 

additional hydrophobicity and larger surface area [34-36]. Some studies suggests that BDAC 

induces faster growth along the length of the GNRs, if it binds preferentially to the ends due 

to its weaker binding caused by the substitution of a phenyl group instead of methyl group or 

due to the presence of chloride ions in place of bromide ions as in CTAB [33]. Bakshi et al. 

observed that the micellar structure of BDAC and CTAB co-surfactants is significantly 

different from that of CTAB alone [37]. The size of the mixed micelles is much smaller due 

to the non-polarity introduced in the stern layer by the benzyl ring. They are compact, more 

hydrophobic and have a greater aggregation number due to the charge neutralization in the 

stern layer when surfactants of same or different head groups are mixed [37]. After surface 

passivation due to adsorption of binary surfactants; the probability of ad-atom addition on 

GNRs surface is quite low [33]. 
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If we recall the anisotropic growth of GNRs in CTAB solution, the contribution of 

smaller micelles in enhancing the aspect ratio of the GNRs can be interpreted. Anisotropic 

growth begins only after the isotropic seed exhibits facets large enough to accommodate 

adsorption of CTAB micelles (~ 6 nm in diameter) [32]. Therefore, it is likely that in the 

BDAC and CTAB co-surfactant system, the anisotropic growth starts at the very beginning 

when the size of the seed is smaller than the miceller size of CTAB (6 nm). Mixed micelles 

adsorb on the transverse {100} and {110} crystalline facets of the seeds thus restricting the 

growth of the GNRs along these facets. Longitudinal growth is promoted along the {111} 

crystalline facet. Therefore, increase in the aspect ratio of GNRs in BDAC-CTAB co-

surfactant system can be attributed to the better confinement on transverse growth from an 

earlier stage. The cartoon representation of growth mechanism for the formation of GNRs 

using BDAC and CTAB is shown in Fig. 4.11.  

Use of BDAC in the growth solution is also accompanied by decrease in the pH of the 

growth solution. The role of pH in nanorods elongation is still not well understood. It is 

known that reaction proceeds slowly if the reaction pH is low [19]. Hence, lowering the pH, 

the growth rate of GNRs can be reduced, which favours the anisotropic growth [8, 19]. In 

addition, reducing ability of ascorbic acid depends strongly on the pH of the solution [19]. 

The reducing ability of ascorbic acid decreases dramatically under strong acidic conditions 

(pH < 2.5). 

Anisotropic growth of GNRs in seedless approach is controlled by two competitive 

processes; i.e. the seed formation and their growth into anisotropic nanorods. An experiment 

identical to that explained previously for the seedless synthesis was performed to elucidate 

the role of pH in nanorods’ growth.15 µL NaBH4 was added to each growth solution 

maintained at pH 2.5, 2.0 and 1.5. These pH values were chosen for the better comparison at 

higher, intermediate and lower pH conditions. UV-Visible-NIR spectra of the growth 

solutions were recorded every 2 min after the addition of NaBH4 till the appearance of the 

second peak (Fig. 4.12). Number and rate at which seeds formed was monitored as a function 

of pH of the growth solution and NaBH4 volume. A significant difference is observed in the 

UV-visible spectra of seeds grown at pH 2.5, 2.0 and 1.5 with NaBH4 constant at 15 µL. At 

any given time the absorbance of the seeds is highest for pH 2.5 and is lowest for pH 1.5 
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indicating that with decrease in the pH the number of seeds formed in the solution also 

decreases.  

 

Fig. 4.11 Cartoon representation of growth mechanism of GNR’s in BDAC-CTAB binary 

co-surfactant system. 
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Not only the number of seeds formed at a time in the solution depends on the pH but also the 

rate at which these seeds form also depends on it. The growth rate is highest when pH is 2.5 

and it decreases with decrease in the pH (Fig. 4.12 (d)). The measurement was terminated the 

moment the LSPR peak corresponding to anisotropic growth appears. The anisotropic growth 

begins within 35 mins when pH is 2.5, while it is delayed to 88 mins when the pH is 1.5 

indicating the delayed onset of growth stage.  

The growth rate of GNRs was also monitored in identical experiments in which 

absorbance of both LSPR and TSPR bands were measured as a function of time. The growth rate 

of GNRs was slow at pH 1.5 as compared to what it was at pH 2.5 (Fig. 4.7). The difference in 

the growth rate under different pH conditions can also be judged from the changes in the solution 

color. It took 20 h to transform from colorless to light pink and then to dark red when pH was 

low (1.5), which immediately turned dark red when pH was high (2.5). The growth rate of GNRs 

decreases with decrease in pH of the growth solution. At low pH Au(I) was slowly reduced to 

Au(0), which also helps in selective adsorption of Au atoms to the specific crystal facets of the 

rod, through the soft template created by BDAC and CTAB micelles. The saturation growth 

time (Ts) which is the time taken for the GNRs’ growth to saturate also increases with 

decrease in pH (Fig. 4.8) also indicating that the growth becomes sluggish with decrease in 

the pH of the growth solution. To have a relative comparison of the GNRs yield, the 

absorbance of LSPR band was measured as a function of pH after 20 h (Fig. 4.13). At higher 

pH the absorbance is highest i.e. yield is maximum and at lower pH the absorbance is 

minimum and hence the GNRs yield too is minimum. Thus lower pH of the growth solution 

favours the crystallization of GNRs with higher aspect ratio as it reduces the density of seeds 

formed, the rate at which seeding took place and the rate at which they grow into anisotropic 

nanorods. Hence, at lower pH few seeds grow into large aspect ratio GNRs while at higher 

pH, larger number of seeds converts themselves into smaller aspect ratio GNRs.  

To further probe the role of NaBH4 in the nucleation and growth of GNRs, identical 

experiments were performed as explained earlier but this time at constant pH (2.5) of the growth 

solution and with NaBH4 volume varying from 5 µL to 15 µL. UV-Visible spectra (Fig. 4.12(e-

g)) was recorded as a function of time to see the influence of NaBH4 volume on the seeding and 

growth of GNRs. Both the density and rate of seed formation is higher for 15 µL of NaBH4 while 

it decrease significantly when NaBH4 volume was lowered to 5 µL (Fig. 4.12(h)).  
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Fig. 4.12 (a, b, c) UV-Visible-NIR spectra of gold seeds as a function of time for pH 1.5, 2.0 

and 2.5 at constant NaBH4 concentration of 15 µL; (d) Absorbance vs time plot of gold seeds 

for pH 1.5, 2.0 and 2.5 at constant NaBH4 volume of 15 µL; (e, f, g) UV-Visible-NIR spectra 

of gold seeds as a function of time for 5, 10 and 15 µL NaBH4 at constant pH 2.5; (h) 

Absorbance vs time plot of gold seeds for 5, 10 and 15 µL NaBH4 at constant pH 2.5.   
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When these seeds were allowed to grow till saturation; their yield increases with the volume 

of NaBH4 (Fig. 4.13 (b)). Hence, it is expected that GNRs grown with higher volume of 

NaBH4 should have smaller aspect ratio as compared to those GNRs which are prepared with 

lower NaBH4. Instead what is observed is the precisely opposite of this. The aspect ratio of 

GNRs increases with increase in NaBH4 volume in the growth solution. On addition of 

NaBH4, Au(III) gets reduced to Au(I), which is further reduced to the Au(0) during GNR 

growth by seeds [31, 34]. When 5 µL of NaBH4 is used, it was not sufficient enough to 

reduce entire Au(III) to Au(0) during the growth stage and hence, GNRs growth remained 

deficient, which results into fewer GNRs having small aspect ratios. With higher NaBH4 

volume; the reduction of Au(I) to Au(0) proceeds without any interruption and thus the 

number of Au ions in the growth solution available per nanorod increases, which eventually 

increases the aspect ratio of GNRs.       

 

Fig. 4.13 Absorbance of LSPR band after saturation of GNRs growth as a function of pH at 

constant volume of NaBH4 and volume of NaBH4 at constant pH 2.5. 

4.3 TUNABILITY OF GNPs  

4.3.1 Seed-Mediated Tunability of GNPs Synthesized By Pluronic F-127 

To synthesize GNPs with tuneable SPR band in the NIR region by seed-mediated method, 

synthesis protocols identical to those followed for GNRs was followed. Detailed protocol 

followed for the synthesis of GNRs is described in Annexure-I at section A7.  

UV-Visible-NIR absorption spectra of gold nanoparticles synthesized by seed-mediated 

synthesis using pluronic F-127 single-surfactant system are shown in Fig 4.14. Two plasmon 
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bands are observed after every successive addition of growth solution in the UV-Visible-NIR 

spectra. These plasmon bands correspond to the in-plane and out-of-plane resonances of GNPs. 

On successive addition of secondary growth solution; in-plane plasmon bands red shift with 

little increase in absorbance of both the plasmon bands are observed (Fig. 4.14). No red shift 

was observed after three successive additions of secondary growth solution. Formation of 

GNPs starts within a minute of the addition of gold seeds into the growth solution. This is 

evidenced from the two plasmon bands in the Vis-NIR spectrum immediately formed (reading 

0) (Fig. 4.14). The plasmon band at 526 nm corresponds to the out-of-plane vibrations while 

the second band at 900 nm corresponds to in-plane quadruple oscillations of the electrons. With 

each successive addition, intensity of both the plasmon bands increases along with the red shift 

in the band position corresponding to in-plane quadruple oscillations indicating the growth of 

nanostructures. In-plane SPR stabilizes at 960 nm after three successive additions of secondary 

growth solution. No further shift in the SPR band is observed indicating the saturation of the 

growth. 

 

Fig. 4.14 UV-Vis-NIR spectra of GNPs prepared by successive addition of secondary growth solution. 

This study indicates that successive additions of growth solution leading to limited 

tunability of plasmonic bands of GNRs. An attempt was also made to explore the effect of 

pH on the tunability of GNRs when synthesized through seedless approach. However, no 

systematic variations in the plasmon bands were observed. Hence tunability of plasmonic 

properties of GNPs is not explored further. 
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CHAPTER 5 

STABILITY AND BIOCOMPATIBILITY OF GOLD NANOSTRUCTURES 

5.1 INTRODUCTION 

Wet chemical synthesis is being widely used for the preparation of GNRs and GNPs 

because of the ease and flexibility which this technique offers viz-a-viz tuning of 

plasmonic properties of these anisotropic nanostructures [1-4]. GNRs and GNPs due 

to their tuneable surface plasmon resonance deep into the NIR region are now been 

widely exploited for in-vivo hyperthermia treatment of cancer. Major short coming of 

wet chemical synthesis is the poor colloidal stability of synthesized nanoparticles [5, 

6]. Colloidal stability of nanoparticles can be improved by various means for example, 

increasing electrolyte concentration, adjusting the solution pH, adding different 

inorganic salts, changing capping agents or changing dispersion medium [7-10]. 

Despite of the range of parameters available to improve stability of nanoparticles, 

poor stability and limited shelf life always remained a challenge and limits the 

applications of gold nanostructures in cancer hyperthermia. Cytotoxicity of GNRs and 

GNPs are not well documented. Biocompatibility of gold nanoparticles has previously 

been investigated as a function of concentration [11], size [12] and shape [13], 

stabilizing and capping agents [14, 15]. There are conflicting reports on the 

biocompatibility of these gold nanostructures. 

To explore feasibility to be useable as an in-vivo agent in cancer hyperthermia, 

stability and biocompatibility of nanostructures are important issues and needs to be 

investigated [16-18]. In this chapter spectral and dimensional stability of GNRs and 

GNPs are investigated. Method of synthesis and medium of dispersion are the 

variables of the study in estimating the stability of GNRs against aging. 

Biocompatibility of GNRs and GNPs, prepared by seed-mediated and seedless 

synthesis approaches were also investigated in this chapter. Cell viability tests are 

conducted on the RAW 264.7 macrophage cell lines. Cytotoxicity of GNRs and GNPs 

was determined by MTT assays.  
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5.2 COLLOIDAL STABILITY OF GNRs 

5.2.1 Effect of Colloidal Medium  

GNRs were synthesized by seed-mediated method as described in chapter 3. Four samples of 

GNRs were prepared simultaneously under identical conditions. After centrifugation each 

sample was preserved under ambient conditions either in DI water, or in pluronic F-127, or in 

CTAB or in growth solution (GS). These colloidal suspensions were examined by UV-

Visible spectroscopy for 30 days. Effect of colloidal medium on the stability of GNRs was 

evaluated on the basis of variation in their SPR bands. Samples were neither diluted nor 

sonicated prior to measurements. 

UV-visible spectra of GNRs preserved in different mediums recorded over 30 days 

are shown in Fig. 5.1. Maximum blue shift (803 to 570 nm) was observed in the LSPR band 

of GNRs preserved in the growth solution, followed by CTAB (781 to 681 nm). Good 

stability of GNRs was observed in pluronic F-127 and in DI water. LSPR band shifted from 

790 to 764 nm when preserved in pluronic F-127 and 793 to 741 nm when preserved in DI 

water. Effect of colloidal medium on the dimensions of GNRs was also investigated by 

photon correlation spectroscopy (Fig. 5.2). Two distinct size distributions were observed for 

each GNR suspension. The mean hydrodynamic size (length & diameter) of GNRs obtained 

from PCS on day-1 and day-30 are shown in Table 5.1. Here 𝐷𝐻𝑆1
 and 𝐷𝐻𝐿1

  are the 

hydrodynamic dimensions of GNRs corresponding to short and long axis, respectively which 

are measured on day-1. 𝐷𝐻𝑆30
and 𝐷𝐻𝐿30

 are the hydrodynamic dimensions of GNRs 

corresponding to short and long axis, respectively which are measured on the day-30. A 

monomodal size distribution is obtained in PCS measurements on the 30
th

 day for GNRs 

preserved in GS. Transformation of bimodal size distribution to monomodal size distribution 

of GNRs preserved in GS indicates that when GNRs are preserved in GS, their anisotropic 

shape deforms and gets converted into symmetric spherical morphology. 

The variations in LSPR and TSPR band positions of GNRs preserved in different 

media as function of time is shown in Fig. 5.3. Corresponding variation in the absorbance 

maximum of LSPR and TSPR bands of GNRs are also shown in Fig. 5.4. GNR preserved in 

GS undergoes maximum blue shift in their LSPR band with the color of the colloid changes 
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from light pink to dark purple. This blue shift of LSPR band and change in the color of the 

colloid is because of the decrease in the aspect ratio of GNRs.  

 

Fig. 5.1 UV-Visible absorption spectra of GNRs preserved DI water, pluronic F-127, CTAB 

and growth solution. 

The spectral drift in absorbance maximum and band position of GNRs recorded for 

30 days is shown in Fig. 5.5. Large shift in the LSPR band position from 803 nm (on day 1) 

to 570 nm (on day 30) has been observed in case of GNRs preserved in GS. Spectral Shift is 

quite prominent during first 20 days. LSPR band blue shifts from 803 nm to 580 nm within 

20 days. After this, gradual drift upto 570 nm is observed in next 10 days. 

The percentage change in the LSPR band position of GNRs when preserved in GS is 

29%. A continuous red shift from 513 nm to 531 nm is observed in the TSPR band of GNRs 

preserved in GS. As can be seen in Fig. 5.4, there is constant increase in the TSPR (0.08 to 

1.53) and LSPR (0.28 to 1.16) band intensities of GNRs preserved in GS. Upon aging well 

distinguishable TSPR and LSPR bands of GNRs preserved in GS starts over lapping and 
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eventually merge into single band (Fig. 5.4). This is because of the deformation of 

anisotropic rods into isotropic spheres. 

 

Fig. 5.2 Hydrodynamic size distribution of GNRs recorded on day-1 and day-30. GNRs are 

preserved in: DI water, pluronic F-127, CTAB solution and growth solution. Each histogram 

is fitted with lognormal particle size distribution function. Each histogram represents a 

bimodal size distribution corresponding to the long and short axis of GNRs (except h, where 

only single size distribution is observed).  
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Table 5.1 Hydrodynamic size distribution of GNRs preserved in DI water, pluronic F-127, 

CTAB and GS. 

Medium 

𝑫𝑯𝑺𝟏
 

(short axis) 

(nm) 

𝑫𝑯𝑳𝟏
 

(long axis) 

(nm) 

𝑫𝑯𝑺𝟑𝟎
 

(short axis) 

(nm) 

𝑫𝑯𝑳𝟑𝟎
 

(long axis) 

(nm) 

DI water 33.3 248.6 22.6 107.1 

Pluronic F-127 09.9 106.1 47.9 438.7 

CTAB 50.1 316.2 24.7 081.0 

GS 34.0 239.0           58.2 058.2 

 

 

Fig. 5.3 Effect of aging on the LSPR and TSPR band positions of GNRs preserved in DI 

water, pluronic F-127, CTAB and GS. 
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Fig. 5.4 Effect of aging on the absorption maximum of LSPR and TSPR bands of GNRs 

preserved in DI water, pluronic F-127, CTAB and GS. 

GNRs preserved in CTAB shows a sharp blue shift (781 to 695 nm) of 85 nm in the 

LSPR band in the initial 10 days (Fig. 5.3). After this the LSPR band stabilized at 681 nm. 

This shift might be because of the decrease in the aspect ratio of GNRs. In this case, LSPR 

band blue shifts by 12.80%. This shift is significantly lower than that observed for GNRs 

preserved in GS. A red shift of 6 nm (514 nm to 520 nm) in the TSPR band of GNRs is also 

observed. These changes are similar to those observed for GNRs preserved in GS. The only 

difference is in the magnitudes of the shift, which might be because of the difference in the 

change in the aspect ratio of GNRs preserved in GS and CTAB. A continuous rise in the 

absorbance of LSPR and TSPR bands are observed in the first 15 days after which they too 

saturate (Fig. 5.4). The percentage change in absorbance is 31.4 % for LSPR and 48.1% for 

TSPR. This large change both in the spectral shift and absorbance indicates that the GNRs 

have low stability in CTAB. This could be associated with the detachment of CTAB moieties 

from the surface of GNRs. 
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GNRs when preserved in pluronic F-127 show better stability as compared to those 

preserved in GS and CTAB. A blue shift of 26 nm (790 nm to 764 nm) is observed in the 

LSPR band of GNRs during first 3 days (Fig. 5.3). After that the LSPR band is stable at 764 

± 3 nm. Percentage change in LSPR band position is only 3.29%. TSPR band also red shifts 

by 18 nm. Similar behaviour is also observed for GNRs preserved in DI water. LSPR band 

blue shift by 46 nm (793 to 747 nm) during the initial 7 days and then it is stable at 741 ± 2 

nm (Fig. 5.3). Percentage change in LSPR and TSPR band positions of GNRs preserved in 

DI water are 6.55% and 0.38%, respectively. Spectral stability and thus the structural 

stability of GNRs are highest in DI water.  

In term of spectral intensities of LSPR and TSPR bands, the percentage change is 

37.6% and 8.1%, respectively for GNRs preserved in pluronic F-127. Amongst GNRs 

preserved in different media, the percentage change in absorbance of TSPR band is minimum 

for pluronic F-127 (Fig. 5.4). Band intensity changes from 0.19 to 0.12 for LSPR and 0.07 to 

0.06 for TSPR. This shifting is similar to that observed for GNRs preserved in CTAB. Effect 

of aging on the GNRs preserved in DI water, pluronic F-127, CTAB and GS on their 

plasmonic positions and their intensities are summarized in Table 5.2 and Table 5.3.  

Fig. 5.6 shows the TEM micrographs of GNRs preserved in GS after 30 days. In the 

TEM micrograph spherical nanoparticles with few short aspect ratio nanorods are visible. A 

similar shape distortion is also observed in PCS measurement (Fig. 5.2). TEM micrographs 

of GNRs preserved in DI water, pluronic F-127 and CTAB solution are also shown in Fig. 

5.6. Size distribution histograms corresponding to long and short axis of GNRs obtained 

from TEM micrographs are also shown in Fig. 5.6. It can be seen from the micrographs and 

size distribution histograms that GNRs least deform in DI water. Deformation is highest in 

GS. Thus, GNRs preserved in DI water have higher stability as compared to those in GS.  

Aspect ratio of GNRs preserved in DI water, pluronic F-127 and CTAB solution remained 

between 3.1-3.5, while in GS, it drops to 1.0 (Table 5.4). TEM images of GNRs at the 

beginning of aging cycle (I
st 

day) could not be recorded due to the non-availability of this 

facility on campus. UV-Visible spectroscopy, PCS and TEM microscopy reveals that the 

GNRs are structurally more stable when stored in DI water and least when kept in GS. 
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Fig. 5.5 UV-visible spectra of GNRs preserved in DI water, pluronic F-127, CTAB and GS.        

(       ) represents the I
st
 day spectra and (       ) represents to 30

th 
day spectra. Spectral shift 

within both the LSPR and TSPR bands and their absorbance have been observed with aging. 

Table 5.2 Effect of aging on the LSPR and TSPR band positions of GNRs preserved in DI 

water, pluronic F-127, CTAB and GS.  

Medium 

LSPR 

(day 0) 

(nm) 

LSPR 

 (day 30) 

(nm) 

% 

change 

in  

LSPR 

TSPR 

 (day 0) 

(nm) 

TSPR 

 (day 30) 

(nm) 

% 

change 

in TSPR 

DI water 793 741 06.5 514 516 0.4 

Pluronic F-127 790 764 03.3 513 531 3.5 

CTAB 781 681 12.8 514 520 1.2 

GS 803 570 29.0 513 531 3.5 

Table 5.3 Effect of aging on the absorption maximum of LSPR and TSPR bands of GNRs 

preserved in DI water, pluronic F-127, CTAB and GS.  

Medium 
ALSPR 

(day 0) 

ALSPR 

(day 30) 

% 

change in 

ALSPR 

ATSPR 

(day 0) 

ATSPR 

(day 30) 

% 

change in  

ATSPR 

DI water 0.30 0.37 22.8 0.10 0.14 29.2 

Pluronic F-127 0.19 0.12 37.6 0.07 0.06 08.1 

CTAB  0.09 0.12 31.4 0.04 0.08 48.1 

GS 0.28 1.16 76.7 0.08 1.53 94.5 
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Fig. 5.6 TEM micrographs and corresponding size distribution histograms of GNRs 

preserved in DI water, pluronic F-127, CTAB and GS for 30 days. 

Table 5.4 Effect of aging on physical size of GNRs preserved for 30 days in in DI water, 

pluronic F-127, CTAB and GS. 

Medium 

D 

(long axis) 

nm 

D 

(short axis) 

nm 

Aspect ratio 

DI water 36.78 ± 0.62 11.12 ± 0.11 3.3 

Pluronic F-127 38.90 ± 0.27 11.00 ± 0.33 3.5 

CTAB 48.14 ± 1.65 15.42 ± 0.22 3.1 

GS 47.60 ± 0.77 31.86 ± 0.11 1.5 
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5.2.2 Stability of GNRs 

Colloidal stability of GNRs in different medium depends on the interactions of the 

medium with the surfactant. The reversal of nanorod growth i.e. “unzipping” is 

responsible for the deformation of GNRs morphology when preserved in GS. In the 

proposed unzipping mechanism, it is assumed that Ag
+
 physi-adsorbed on the side 

facets of GNRs. These silver ions may desorb from the sides of nanorods during the 

aging. Once the silver ions desorb, the electrostatically stable CTA
+
−Br

−
−Ag

+
 

complex gets destroyed (Fig. 5.7). Hence, CTAB ligands start desorbing from the 

sides of the nanorods. This leads to the deposition of gold atoms from the end facets 

to the side facets of the GNRs [19]. The anisotropic nanoparticles formed by the 

kinetic control are unstable and they slowly transform into the thermodynamically 

favourable shape through an aging process. This process is governed by the 

thermodynamics of the system and it eventually leads to the formation of spherical 

morphology of gold nanoparticles [20]. The zipping mechanism in case of GNRs  

preserved in CTAB is relatively slow as compared to GNRs preserved in GS. CTAB 

preserved GNRs undergo CTAB-CTAB bilayers rearrangement. Lower concentration 

of CTAB bilayers on GNRs’ surface can lead to the particle aggregation (Fig. 5.7). 

When CTAB concentration on the surface of GNRs is too low, the double layer 

structure begins to disintegrate which forces the free CTAB in the solution to bind 

with the GNRs’ surface. Since this process is rapid, each CTAB will be shared by two 

or more atoms. CTAB bilayer rearrangement also forces CTAB desorption from the 

sides of nanorods which then eventually results into desorption of gold atoms from the 

end faces of GNRs [21]. 

Water molecules can ionise into H
+
 and OH

−
 due to electric field fluctuations 

between neighbouring H2O molecules. It is proposed here that H
+
 ions sits along the 

Br
−
 anions of the CTA

+
−Br

−
 pair of the CTAB bilayer across the length of the GNR. 

Whereas, OH
−
 ions cap the CTA

+
 head group of the CTA

+
−Br

−
−Ag

+
 complex, thus 

enhancing the rigidity of surfactant bilayer, which prevents unzipping and maximizing 

the stability of GNRs preserved in DI. 
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Fig. 5.7 Proposed unzipping mechanism responsible for difference in colloidal stability of 

GNRs preserved in DI water, pluronic F-127, CTAB and GS. 
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Pluronic is a commercially available non-ionic triblock polymer with a hydrophobic core 

chain of poly(propyleneoxide) (PPO) sandwiched at its ends by two hydrophilic blocks of 

poly(ethylene oxide) [22, 23]. GNRs preserved in pluronic F-127 also have moderate 

stability. The hydrophobic PPO block of pluronic binds with the hydrophobic tail of CTAB 

and forms a stable CTAB–pluronic F-127 complex (Fig. 5.7) [24, 25]. Formation of CTAB-

pluronic F-127 complex improves the dispersion stability of GNRs in the colloidal phase and 

minimizes the probability of aggregation induced deformation in GNRs. In addition, it also 

decreases the electrostatic attraction between neighbouring nanorods and thus improves their 

structural stability as well. 

5.2.3 Effect of pH  

To investigate the effect of pH of the medium on the stability of nanorods, GNRs are 

synthesized by seedless method by using BDAC-CTAB co-surfactants as described in 

chapter 4. Four samples of GNRs with pH 1.3, 1.5, 1.7 and 2.0 were prepared simultaneously 

under identical conditions. After centrifugations each sample was preserved in ambient 

conditions in DI water. DI water was chosen as a colloidal medium for storage because 

maximum stability of GNRs was observed in DI water. These GNRs were examined by UV-

Visible-NIR spectroscopy at periodic intervals for 180 days (Fig. 5.8).  

Effect of pH of the colloidal medium on the spectral stability of GNRs was evaluated 

on the basis of variation in their LSPR band positions. Variation in LSPR band positions of 

GNRs prepared at different pH by seedless method and preserved in DI water as function of 

time is shown in Fig. 5.9. Maximum blue shift (874 to 867 nm) is observed in the LSPR band 

of GNRs synthesized at pH 2.0, followed by pH 1.7 (983 to 978 nm) and pH 1.5 (1160 to 

1156 nm). Good spectral stability of LSPR band was observed in GNRs synthesized at pH 

1.3 (1280 to 1278 nm). Percentage change in the LSPR band position is maximum (0.8%) at 

pH 2.0 and it is minimum at pH 1.3 (0.15%). These results are summarized in Table 5.5. 

Continuous but very slow decrease in the absorbance of LSPR band is observed in all the 

four samples of GNRs (Fig. 5.10). The percentage change in absorbance is 13.0% for GNRs 

preserved at pH 2.0 and 4.9% for that at pH 1.3. Results are summarized in Table 5.6. 

Decrease in the spectral shift of GNRs synthesized at lower pH shows that GNRs have higher 

spectra and structural stability at low pH. Hence, GNRs preserved in DI water at pH 1.3 are 
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least prone to aging induced deformation. This might be because of the reduced rate of GNRs 

growth at lower pH leading to perfect growth. Further investigations are required to establish 

the process leading to this exceptional stability of GNRs against aging at low pH. Effect of 

pH on the hydrodynamic size of the GNRs could not be monitored due to high surfactant 

concentration in the colloidal medium. 

 

Fig. 5.8 UV-Visible absorption spectra of GNRs prepared at pH 1.3, 1.5, 1.7 and 2.0. Insets 

show the enlarged image of LSPR band in each case for clear comparison of the spectral 

shifts observed in their plasmon resonance bands. 

 

Table 5.5 Spectral Shift in the LSPR band positions of GNRs prepared at pH 1.3, 1.5, 1.7 

and 2.0. 

pH 
LSPR(nm) 

(day 0)  

LSPR(nm) 

 (day 180)  

% change in  

LSPR 

1.3 1295 1293 0.15 

1.5 1160 1156 0.35 

1.7 983 978 0.50 

2.0 874 867 0.80 
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Fig. 5.9 Effect of aging on the LSPR bands of GNRs when prepared in DI water at pH 1.3, 

1.5, 1.7 and 2.0 for 180 days. 
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Fig 5.10 Effect of aging on the absorption maximum of LSPR band of GNRs prepared at pH 

1.3, 1.5, 1.7 and 2.0 for 180 days.  

Table 5.6 Effect of aging on the absorbance of LSPR band of GNRs prepared at pH 1.3, 1.5, 

1.7 and 2.0. 

pH 
ALSPR 

(day 0) (nm) 

ALSPR 

 (day 180) (nm) 

% change in  

ALSPR 

1.3 0.82 0.78 4.9 

1.5 0.23 0.22 5.9 

1.7 0.22 0.20 8.3 

2.0 0.12 0.11             13.0 

5.3 COLLOIDAL STABILITY OF GNPs 

5.3.1 Effect of Colloidal Medium 

GNPs were prepared by seed-mediated method as described in chapter 3. Three samples of 

GNPs were prepared simultaneously under identical conditions. As-synthesized GNPs were 

separated from the growth medium by centrifugation @ 6000 rpm for 10 minutes. After 

centrifugation GNPs were preserved under ambient conditions either in DI water, or in 

pluronic F-127, or in growth solution (GS). These colloidal suspensions of GNRs were 



110 
 

examined at periodic intervals by UV-Visible spectroscopy for 42 days. Effect of colloidal 

medium on the stability of GNPs was evaluated on the basis of variation in their SPR bands. 

Samples were neither diluted nor sonicated prior to UV-Visible spectroscopy. 

UV-visible spectra of GNPs preserved in DI water, pluronic F-127 and GS are 

recorded at periodic intervals for 42 days are shown in Fig. 5.11. GNPs preserved in DI 

water loses their colloidal stability within 21 days as evidenced from the shift in the in-plane 

quadrupole resonance until it overlaps on the out-of-plane quadrupole resonance (Fig. 5.12). 

This is because of deformation in morphology of nanoparticles from plates to spheres. A blue 

shift (921 to 830 nm) 91 nm was observed in the in-plane resonance band of GNPs preserved 

in the GS. In-plane resonance band shifted from 805 to 818 nm when preserved in pluronic 

F-127. No further shift in the plasmon resonance band of pluronic stabilized GNPs were 

observed indicating the high stability of GNPs in pluronic F-127. An impressive stability of 

SPR band at 818 nm is observed over first 21 days with increase in absorption from 0.35 to 1. 

From 28 day onwards, no further increase in the absorption of plasmon band is observed. 

The spectral shift in the plasmon band positions and the absorbance maximum of 

GNPs recorded for 42 days are shown in Fig. 5.12 and Fig. 5.13 respectively. In-plane 

plasmon resonance band GNPs preserved in DI water disappear within 21 days. What is 

observed beyond this is only out-of-plane resonance with decreased absorbance. This is 

because of the deformation of anisotropic plate like structure of GNRs into the isotropic 

spheres. Out -of-plane resonance band of GNPs preserved in DI water shows small shift from 

531 to 536 nm.  

GNPs preserved in GS show a blue shift (921 to 830 nm) of 91 nm in the in-plane 

resonance band in 42 days (Fig. 5.12). This shift is 9.8%. It is still quite low as compared to 

that observed for GNPs preserved in DI water. A blue shift of 0.5% is observed in out-of-

plane resonance band of GNPs when preserved in GS. GNPs when preserved in pluronic F-

127 show better stability as compared to those preserved in GS and DI water. A red shift of 

17 nm (805 nm to 822 nm) is observed in the in-plane resonance band of GNPs during first 

14 days (Fig. 5.12). After this the in-plane resonance band was stable at 815 ± 3 nm. 

Percentage change in the in-plane resonance band is only 1.5%. Out-of-plane resonance band 
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also undergoes a red shift by1.3% (Table 5.7). GNRs preserved in pluronic F-127 have better 

spectral and structural stability as compared to those preserved in DI water or GS.  

 

Fig. 5.11 UV-Visible absorption spectra of GNPs preserved DI water, pluronic F-127 and GS. 
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Fig. 5.12 Effect of aging on the in-plane and out-of-plane resonance band positions of GNPs 

preserved in DI water, pluronic F-127 and GS. 

In terms of spectral intensities of in-plane and out-of-plane resonance bands amongst 

GNPs preserved in different media, the percentage change in absorbance of in-plane and out-

of-plane resonance band is minimum (54.2% and 3.3% respectively) for GNPs preserved in 

pluronic F-127 (Table 5.8). The percentage change in the spectral intensities of GNPs 

preserved in GS is 82.2% and 75.5% for in-plane and out-of-plane resonance bands, 

respectively (Table 5.8). Large change in the intensity of plasmon resonance bands of GNPs 
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preserved in DI water was also observed prior to they transform their morphology from 

plates to spheres.  

 

Fig. 5.13 Effect of aging on the absorption maximum of in-plane and out-of-plane resonance 

bands of GNPs when preserved in DI water, pluronic F-127 and GS. 
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Table 5.7 Effect of aging on the in-plane (i) and out-of-plane (o) band positions of GNPs 

preserved in DI water, pluronic F-127 and GS. 

Medium 
i (nm) 

day 0 

i (nm) 

day 42 

% change 

in i 

o (nm) 

day 0 

o (nm) 

day 42 

% change 

in o 

DI water 875 - - 531 536 0.93 

GS 921 830 9.8 538 535 0.55 

Pluronic F-127 805 818 1.5 529 536 1.30 

Table 5.8 Effect of aging on the absorption maximum of in-plane (Ai) and out-of-plane (Ao) 

band positions of GNPs preserved in DI water, pluronic F-127 and GS. 

Medium 
Ai 

(day 0) 

Ai 

(day 42) 

% change 

in Ai 

Ao 

(day 0) 

Ao 

(day 42) 

% change 

in Ao 

DI water 0.35 - - 1.03 0.07 92.8 

GS 0.08 0.01 82.2 0.34 0.08 75.5 

Pluronic F-127 0.39 0.86 54.2 0.99 0.96 03.3 

5.4 CYTOTOXICITY OF GOLD NANOSTRUCTURES 

Size, shape and concentration dependent cell viability of as-synthesized GNRs and GNPs 

were determined on RAW 264.7 macrophage cell lines using MTT assay. Schematic of 

protocol of cell viability test by MTT assays is shown in Fig. 5.14. Cytotoxicity tests were 

carried out in 96-well microtiter plates. Cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM). Cells were maintained at 37 ºC supplemented with 5% CO2. Culture 

media were changed every 2 days. Cells were trypsinzed on attaining 80-90% confluency. 

Each well in microtiter plate was seeded with 2 X10
4
 cells (step 1). Different concentrations 

of as-synthesized gold nanoparticles (0.00005, 0.00025, 0.0005, 0.00075, 0.001, 0.005, 

0.01, 0.05, 0.1, 0.5 and 1 μg/mL) were added into the well and incubated for 24 h (step 2-

3). After incubation, 20 μL of the MTT reagent was added to each well (step 4). The plate 

was again incubated for another 4 h. The viability of the cells was determined from the 

amount of formazan crystals formed (step 5). To solubilise the formazan crystals, 100 μL 

of DMSO was added to each well and the absorbance of formazan was recorded at 570 nm 

on ELISA plate reader. The wells having only media and nanoparticles (no cells) were 

treated as blanks. Each experiment was performed in triplicates. Cell viability was 

calculated by using the following equation: 

                                                              % cell viability = 
𝐴𝑐−𝐴𝑠

𝐴𝑐 х 100
                                                     5.1 
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Where Ac and As are the absorbance (of formazan) of control and sample measured at 570 nm [26].  

 

Fig. 5.14 Schematics diagram of protocol of cell viability test MTT assays. 
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5.4.1 Cytotoxicity of GNRs 

Cytotoxicity of GNRs prepared by seedless approach with aspect ratios 8.9, 7.8, 5.9, 4.8 and 3.8 has 

been evaluated by cell viability assays. The % cell viability of RAW 264.7 cells against as-

synthesized GNRs as function of their concentration is shown in Fig. 5.15. GNRs show size and 

concentration dependent toxicity against RAW 264.7 macrophage cells. Cell viability increases with 

decrease in concentration of GNRs irrespective of their aspect ratios. GNRs with aspect ratio’s 3.8 

and 4.8 show acute cytotoxicity at concentrations 1-10 μg/mL, where, the cells remained only 10-

60% viable (Fig. 5.15 (d-e)). Cell viability for GNRs with aspect ratio 3.8, 4.8 and 5.9 increase 

beyond 60% as the concentration decreases below 1 μg/mL. At small concentrations (≤ 0.05 μg/mL), 

cell viability increases above 80 % for GNRs having aspect ratio 3.8-5.9. GNRs with aspect ratio 7.8 

and 8.9 shows higher cell viability at same concentrations as compared to those for 3.8, 4.8 and 5.9 

aspect ratio GNRs (Fig. 5.15 (a,b)). Cell viability is 90 % for both 7.8 and 8.9 aspect ratio GNRs at 1 

μg/mL concentration (Fig. 5.15 (a,b)).  

 

Fig. 5.15 % cell viability of RAW 264.7 macrophage cell lines as a function of GNRs 

concentration having aspect ratios (a) 8.9, (b) 7.8, (c) 5.9, (d) 4.8 and (e) 3.8.  
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5.4.2 Cytotoxicity of GNPs 

Cell viability of as-synthesized GNPs preserved in pluronic F-127 was also determined by 

cell viability tests as explained in section 5.4. % cell viability as a function of concentration 

of GNPs is measured (Fig. 5.16). % cell viability varies between 40%- 60% at all tested 

concentrations. Even at higher concentrations (1000 μg/mL) the % cell viability of 

macrophage cell lines against GNPs is 50%. The toxicity of GNPs against macrophage cell 

lines does not show strong dependence on their concentration. This might be because of the 

presence of pluronic F-127 as passive layer on the surface of GNPs. Pluronic F-127 is known 

to be biocompatible and hence effectively suppress the toxicity of GNPs.  

 

Fig. 5.16 % cell viability of RAW 264.7 macrophage cells lines as a function concentration 

of GNPs preserved in pluronic F-127.    

To understand the effect of size, shape and surfactants on the biocompatibility of gold 

nanostructures, the results of % cell viability of macrophage cell lines against two GNRs 

(A.R. 8.9 and 3.8) and GNPs were compared (Fig. 5.17). The cell viability of GNRs with 

aspect ratio 8.9 is highest at all concentrations as compared to GNRs with aspect ratio 3.8. 

This result clearly suggests that the biocompatibility of GNRs increases with increase in their 

aspect ratio (i.e. size). Smaller GNRs are more toxic as compared to larger sized GNRs. This 
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observation is in good agreement with those reported by Sabine et al. [27]. They report the 

cell viability of CTAB-coated GNRs with aspect ratio ~ 3.9 to be 30%, 20% and 7% at 1, 10 

and 100 μg/mL concentrations of GNRs. Toxicology of nanoparticles depends on the surface 

area of the nanoparticles which increases exponentially with decrease in the particle size 

[28]. High exposed area promotes release of metal ions from the nanoparticles as compared 

to their bulk counterparts [29]. Pluronic F-127 stabilized GNPs exhibits enhanced cell 

viability as compared to low aspect ratio GNRs at 1, 10, 100 μg/mL concentrations. The 

toxicity of GNPs as compared to high aspect ratio GNRs is high at low concentrations ( 10 

μg/mL). Interestingly when compared at higher concentrations (100 μg/mL); the cell viability 

of macrophage cell lines is higher as compared to GNRs irrespective of their size. This might 

be due to the effective suppression of toxicity of gold core by the presence of biocompatible 

film of pluronic F-127 in the surface of GNPs. 

 

Fig. 5.17 Comparison of % cell viability of RAW 264.7 macrophage cell lines against GNRs 

(A.R. 8.9 and 3.8) and GNPs at concentrations of 1, 10 and 100 μg/mL. 
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CHAPTER 6 

CONCLUSIONS AND SCOPE FOR FUTURE WORK 

6.1 CONCLUSIONS 

6.1.1 Synthesis of GNRs and GNPs 

Well dispersed, uniform gold nanoparticles (GNRs and GNPs) with controllable size and 

narrow size distribution are prepared by seed-mediated and seedless growth methods (Fig. 

6.1). Nanoparticle’s yield, their morphology, particle size and size distribution, uniformity 

and dispersity are strongly correlated with the concentration of the surfactant cum stabilizer 

(CTAB, BDAC, pluronic F-127), and gold precursor (HAuCl4). Other kinetic parameters 

like, reducing agent(s), silver ion concentration and nature of seeds, play a vital role in the 

synthesis of well-defined, NIR responsive gold nanostructures. Optimized conditions have 

been laid down for the synthesis of GNRs and GNPs with moderate yield and tunable 

response deep into the NIR region. The plasmon band of GNRs can be tuned upto 1300 nm 

while for GNPs; this tunability is limited to 950. 

 

Fig. 6.1 TEM image of GNRs and GNPs synthesized under optimized conditions. 

6.1.2 Tunability of GNRs and GNPs 

Optical tunability of plasmon resonance band of GNRs has been achieved in both the 

synthesis approaches (Fig 6.2). In seeded route, optical tunability of LSPR band of GNRs has 

been achieved by serial additional of growth solution into presynthesized GNRs at periodic 

intervals. With this approach LSPR band could be tune upto 1150 nm. In seedless approach 

pH of the growth medium act as growth controlling agent which controls the dimensional 
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growth. By changing the pH of the growth solution from 2.0 to 1.3, the LSPR band of GNRs 

could be tuned from 780 – 1300 nm.  A limited tunability of in-plane plasmon resonance 

band of GNPs has also been observed when synthesized by sequential seeded growth 

approach. However, tunability is limited to 900 – 960 nm only. No pH controlled tunability 

was achieved in GNPs when synthesized via seedless approach. A plausible mechanism 

responsible for impressive pH dependent dimensional and optical tunability in GNRs 

synthesized by seedless approach has also been proposed. In conclusion, GNRs have better 

tunability as compared to GNPs. No significant difference is observed in the tunability of 

GNRs prepared by seeded or seedless approach. However, considering the high yield and 

ease of preparation, GNRs synthesized by seed approach is better match for intended 

application. 

 

Fig. 6.2 Optical tunability of GNRs synthesized by (a) seeded and (b) seedless approaches. 

6.1.3 Stability of GNRs and GNPs 

Colloidal stability of as-synthesized GNRs and GNPs has been evaluated by aging them in 

different media. GNRs preserved in deionized water are most stable. The spectral shift of 

LSPR band is only 6.5% when stored for 30 days. A plausible mechanism leading to the 

improved stability in aqueous media is also proposed. Surface driven kinetic control of 

unzipping of gold ions into the aqueous media is responsible for observed influence of 

dispersion medium on the colloidal stability and shelf life of GNRs. GNRs prepared via 

seedless approach has better stability as compared to GNRs prepared by seeded approach 

(Fig. 6.3). The spectral shift in LSPR band of GNRs synthesized by seedless approach is 
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limited to 0.15% only when stored for a period of 180 days. GNPs preserved in pluronic F-

127 have limited stability (spectral shift 1.5% in 42 days) of several weeks. Overall, GNRs 

are more stable as compared to GNPs and within GNRs, those which are synthesized by 

seedless approach have better colloidal stability and hence larger shelf life.  

 

Fig. 6.3 Stability of GNRs synthesized by (a) seeded and (b) seedless approach. Spectral shift 

is 6.5% (in 30 days) in GNRs synthesized by seeded approach while it is only 0.15% (in 180 

days) when synthesized by seedless approach. 

6.1.4 Biocompatibility of GNRs and GNPs 

GNRs and GNPs show concentration dependent toxicity. Irrespective of concentration, 

GNRs having smaller aspect ratio (and smaller length, too) are most potent to macrophage 

cell lines, demonstrating the highest toxicity amongst the tested nanostructures. At low 

concentrations ( 10 g/mL), GNRs having larger aspect ratio (and larger length, too) have 

better biocompatibility vis-à-vis GNPs (Fig 6.4). However, at higher concentrations, GNPs 

have lower toxicity as compared to GNPs (having A.R. 8.9). This might be due to the 

suppression of gold core by biocompatible pluronic F-127 in GNRs. Thus surface chemistry 

(coating) of nanostructures is a determining factor for the cytotoxicity of gold nanostructures 

at high concentrations, while the size of the nanoparticles becomes a determinant parameter 

at low concentrations.  
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Fig. 6.4 % cell viability of macrophage cell lines against GNRs (A.R. 8.9 and 3.8) and GNPs.  

6.2 SCOPE FOR FUTURE WORK 

In this thesis protocols for the synthesis of anisotropic gold nanostructures (GNRs and GNPs) 

with tunable plasmonic properties in the tissue transparent NIR region have been developed. 

Colloidal stability and shelf life of these nanostructures have been improved by carefully 

regulating the interaction of the colloidal medium and the surface passivating layers of the 

nanostructures. We have obtained the stability for 6 months and extensive study for long 

term is required. These nanostructures have concentration dependent toxicity against RAW 

264.7 macrophage cell lines, which can be regulated by modulating the surface chemistry, 

morphology and hydrodynamic dimensions of nanostructures. 

Increasing the GNRs yield is another challenging task and the need of the day to 

develop a successful plasmonic photothermal therapy. We have been able to grow few 

milligrams of the sample through both the seed-mediated and seedless synthesis approaches. 

Further, improvement is required in the growth protocols to increase GNRs yield to grams 

scale and beyond without compromising their physical and chemical properties.  
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In-vitro cytotoxicity experiments can be performed on various cancer cell lines to 

understand the pharmacodynamics of anisotropic gold nanostructures leading to the cell 

apoptosis. To understand the role of plasmonic properties in the cell apoptosis in plasmonic 

photothermal therapy, cytotoxicity of gold nanostructures while exposing them with NIR 

radiations should be determined. This study in conjugation will cell cytotoxicity in the 

absence of NIR radiation will provide estimates of efficiency of plasmonic photothermal 

therapy. 

Efficiency of plasmonic photothermal therapy strongly depends on the degree of 

internalization of plasmonic nanostructures in the cellular environment within the cancerous 

tissues. Various strategies have been developed to improve this internalization in targeted 

drug delivery of cancer nanomedicine. Amongst them, the most potent approach is to 

functionalize nanostructures with small biomolecules which provides them the stealth 

capabilities that can prevent their opsonisation in blood plasma. These biomolecules have 

differential affinity towards the healthy and cancer tissues and hence improves the 

internalization of nanostructures in the cancerous tissues. These ‘active approach’ used in the 

drug delivery can also be explored further to improve the efficiency of plasmonic 

photothermal therapy by using functionalized gold nanostructures. 

Synergistic effects of traditional cancer therapies are well known. Traditional cancer 

therapies are used in conjugation with each other to improve the overall efficiency of the 

treatment. This can also be explored for plasmonic photothermal therapy by combining it 

with the traditional chemotherapy. Functionalized gold nanostructures can be loaded with 

anticancer drugs whose release can be trigged by photo or thermal response in tumor 

environment. This proposed combinational therapy will have better overall efficiency of 

treatment with minimal side effects.  

Every drug / drug carriers need to be tested in-vivo in animal models prior to human 

trials. Once the listed objectives get fulfilled in-vitro; they will be tested in-vivo in animal 

models. Considering the complexity of such in-vivo experiments, several modifications might 

be required in the primary design of functionalized gold nanostructures prior to human trials. 

After successful human trials; plasmonic photothermal therapy stand alone or a 

combinational therapy in the form of plasmonic photothermal therapy conjugated with 
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chemotherapy will be used as an affordable model of cancer treatment with high degree of 

precision. Finally, closer partnership among academic researchers, clinicians, pharmaceutical 

industries, the National Cancer Institute, and the FDA are necessary to promote the 

translational research of promising photothermal therapy applications. 
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ANNEXURE − I 

EXPERIMENTAL 

Materials 

Gold (III) chloride (HAuCl4) (99.9%), silver nitrate (AgNO3) (99.8%), pluronic F-127 

(99.9%) and sodium borohydride (NaBH4) (98.0%) were procured from Sigma-Aldrich. 

Ascorbic acid was obtained from Merck, India. CTAB was purchased from SD-Fine 

chemicals, India. All chemicals were used as received without further purification. Milli-Q 

deionized (DI) water (ρ = 18.2 MΩ) was used in all the experiments. The chemical structures 

of the reagents used for the synthesis of gold nanostructures are shown below: 
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A1. Seed-Mediated Synthesis of GNRs 

Formation of gold seeds: A seed solution was prepared by mixing 5 mL, 0.5 mM HAuCl4 

solution to 5 mL, 100 mM aqueous solution of CTAB. For complete dissolution of CTAB, it 

was sonicated for 15 min at 27 °C. After that, freshly prepared ice cold 0.6 mL, 10 mM 

NaBH4 was added at once to CTAB-HAuCl4 solution. It was stirred vigorously for two min. 

The solution color changes from transparent to brownish yellow. This brownish yellow 

solution contains gold seeds. They were subsequently used for the synthesis of GNRs. 

Synthesis of GNRs: In a typical experiment, 5 mL, 0.1-2.0 mM HAuCl4 and 5 mL, 0.01-0.2 

M CTAB were mixed. To this solution, 4 mM, 0-1000 µL aqueous solution of AgNO3 was 

added and shakes gently. 30-50 μL, 0.1 M ascorbic acid was added to this solution. Upon 

addition of ascorbic acid, the solution turns colorless, indicating the reduction of Au(III) to 

Au(I). 12 μL of gold seed solution was then added to this colorless growth solution. This 

process gets completed within 3 min. Formation of GNRs is apparent from the color change 

of the growth solution, from colorless to pink. Color of the growth solution changes 

gradually and stabilizes within 20 mins. Growth of GNRs saturates in 24 h. Nanorods were 

removed from the growth solution by centrifugation. It was centrifuged at relative centrifugal 

force of 7168g (8000 rpm) for 10 min. Supernatant was removed and equal volume of DI 

water was added into the precipitates. GNRs were then redispersed by sonication and 

centrifuged again to remove excess CTAB and water soluble impurities, if any. GNRs were 

redispersed in DI water and preserved under ambient conditions.  

A2. Seedless Synthesis of GNRs 

In a typical procedure, the growth solution was prepared by mixing 5.0 mL, 1.0 mM HAuCl4 

with 5 mL, 100 mM aqueous solution of CTAB. To this homogeneous mixture of HAuCl4 -

CTAB, 4 mM, 0.2 mL AgNO3 was added. 45µL, 0.1 M ascorbic acid was added dropwise to 

this growth solution, until the solution becomes colorless. Freshly prepared (1-100) µL, 10 

mM ice-cold NaBH4 was added into the colorless growth solution to initiate the GNRs 

growth. Temperature of the growth solution was kept constant at 27 ºC. The color of the 

growth solution gradually changes from pink to dark red within 2-4 h. Nanorods were 

allowed to grow for 24 h. GNRs were centrifuged at 10,000 RPM for 10 min. Precipitates of 

GNRs were redispersed in DI water. This dispersion was again centrifuged at 8000 rpm for 
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10 min to insure complete removal of excess surfactants and other water soluble impurities, 

if any. GNRs were preserved in DI water at room temperature.  

A3. Seed-Mediated Synthesis of GNPs  

Formation of gold seeds: Gold seeds were prepared by reduction of 0.5 mM, 5 mL 

aqueous HAuCl4, by 10 mM, 0.6 mL ice-cold NaBH4 in the presence of 1 mM, 5 mL 

pluronic F-127. The color of the solution immediately turned from golden to brownish 

red. This seed solution was used within 2 h for the synthesis of GNPs.  

Synthesis of GNPs: Aqueous solution of 1 mM, 5 mL pluronic F-127 and 1 mM, 5 mL 

HAuCl4 is prepared separately. To this growth solution 4 mM, 0.2 mL AgNO3 was 

added. 100 mM, 45 µL ascorbic acid (AA) was added which immediately reduces Au 

ions and renders the solution colorless. 12 µL seed solution was added to this solution 

and it was mixed gently. The color of the growth solution turned to light pink 

immediately on addition of seeds, which further changes to dark-purple within 15–20 

min. No further change in the color of the colloid was observed. Throughout the 

experiment the reaction temperature was maintained at 27 ºC. As-synthesized GNPs 

were preserved under ambient conditions in 1 mM pluronic F-127.  

A4. Seedless Synthesis of GNPs 

Growth solution was prepared by mixing 5.0 mL, 1.0 mM HAuCl4 with 5 mL, 100 mM 

aqueous solution of pluronic F-127. To this homogeneous mixture of HAuCl4 and 

pluronic F-127, 4 mM, 0.2 mL AgNO3 was added. 45µL, 0.1 M ascorbic acid was added 

dropwise to this growth solution, until the solution becomes colorless. Freshly prepared 

0-100 µL, 10 mM ice-cold NaBH4 was added into the colorless growth solution to 

initiate the growth of GNPs. The temperature of the growth solution was kept constant 

at 27 ºC. The color of the growth solution gradually changes from pink to dark red in 

10-20 min. GNPs were centrifuged at 10,000 RPM for 10 min. Precipitates of GNPs 

were redispersed in ultra-pure distilled water. This dispersion was again centrifuged at 

8000 rpm for 10 min to insure complete removal of excess surfactants and other 

impurities. GNPs were preserved in 1 mM pluronic F-127 at room temperature. 
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A5. Seed-Mediated Tunability of GNRs Synthesized by BDAC-CTAB Co-Surfactant 

System 

Growth solution – A was prepared by mixing 5.0 mL, 0.15 M BDAC and 0.1 g CTAB with 

200 μL of 4 mM AgNO3. To this surfactant solution, 5.0 mL of 0.5 mM HAuCl4 was added 

followed by the addition of 0.1 M ascorbic acid. This reduces Au (III) ions in the growth 

solution to Au (I) as evidenced from the color change from orange to colorless. 12 μL gold 

seeds solution was prepared as explained above and was then added to the growth solution. 

Similarly, Growth solution – B was prepared by following the same steps as explained for 

Growth solution – A till the reduction of Au (III) to Au (I) by ascorbic acid. This growth 

solution – B was then added sequentially to growth solution – A in multiple steps of 1 mL 

each repeated every 20 min. After each successive addition, UV-Visible spectrum was 

recorded to determine the spectral shift of the GNRs. When the GNRs growth saturates; they 

were centrifuged twice @ 8500 RPM for 10 min to remove excess surfactant and water 

soluble impurities, if any. They were preserved under ambient conditions. To evaluate the 

effect of BDAC-CTAB co-surfactant on the plasmonic properties of synthesized GNRs, their 

UV-Visible spectra were recorded. The correlation between the tunability of LSPR band of 

GNRs and serial additions of growth solution containing BDAC-CTAB surfactant have been 

established. 

A6. pH Controlled Tunability of GNRs Synthesized by Seedless Approach Using 

BDAC-CTAB Co-Surfactant System 

In a typical procedure, the growth solution was prepared by mixing 5.0 mL, 0.15 M BDAC 

with 0.10 gm CTAB. The mixture was sonicated for 30 min at 45 ºC for complete dissolution 

of BDAC and CTAB. To this homogeneous mixture of BDAC-CTAB, 4 mM, 0.2 mL 

AgNO3 was added. It was then added to 5.0 mL, 1.0 mM HAuCl4. The pH of the growth 

solution was adjusted to 1.3-2.5 with HCl. 0.1 M ascorbic acid was added drop-wise to this 

growth solution, until the solution becomes colorless. Freshly prepared 5-15 μL, 10 mM ice-

cold NaBH4 was then added into the colorless growth solution to initiate the nanorods 

growth. The temperature of the growth solution was kept constant at 27 ºC. The color of the 

growth solution gradually changes from pink to dark red in 24 h. After 24 h GNRs were 

centrifuged at 10,000 RPM for 10 min. Precipitates of GNRs were redispersed in ultra-pure 

distilled water and preserved in ambient conditions. To evaluate the effect of pH on the 
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plasmonic properties of synthesized GNRs, their UV-Visible spectra were recorded. The 

correlation between the tunability of LSPR band of GNRs and serial additions of growth 

solution containing BDAC-CTAB co-surfactant and effect pH have been established. 

A7. Seed-Mediated Tunability of GNPs Synthesized by Pluronic F-127 

Growth solution –A was prepared by mixing 5.0 mL, 0.01 M pluronic F-127 to 5.0 mL, 1.0 

mM HAuCl4. To this homogeneous mixture 4 mM, 0.2 mL AgNO3 was added. Ascorbic 

acid, 45 µL, 0.1 M was added to reduce Au (III) ions in the growth solution to Au (I). It is 

evidenced from the color change from light yellow to colorless. Gold seeds solution was 

prepared by mixing 5 mL, 1 mM pluronic F-127 and 0.5 mM HAuCl4 and reducing it with 

0.6 mL, 0.01 M NaBH4. 12 µL this seed solution was then used to grow GNPs. The growth 

solution – B was prepared by following the same steps as explained for growth solution – A 

till reduction of Au (III) to Au (I) by ascorbic acid. The growth solution – B was then added 

sequentially to growth solution – A in multiple steps of 1 mL each repeated every 20 min. 

After each successive addition, UV-Visible spectrum was recorded to determine the spectral 

shift of the GNRs. When the GNPs growth saturates; they were centrifuged twice @ 8500 

RPM for 10 min to remove excess surfactant and water soluble impurities, if any. They were 

preserved under ambient conditions. To evaluate the effect of pluronic F-127 on the 

plasmonic properties of synthesized GNPs, their UV-Visible spectra were recorded. The 

correlation between the tunability of in-plane resonance band of GNPs and serial additions of 

growth solution containing pluronic F-127 surfactant have been established. 

Characterizations 

UV-Visible spectra of as-synthesized gold nanoparticles were recorded on Shimadzu UV-

2600 spectrophotometer. Measurements were carried out at room temperature in the spectral 

range of 400-1400 nm. Transmission electron microscopy (TEM) images were recorded on 

Philips CM200 transmission electron microscope operating at 200 KV. Samples for 

transmission electron microscopy were prepared by placing a drop of the colloidal dispersion 

of gold nanoparticles in DI water onto an amorphous carbon-coated copper grid and the DI 

water was allowed to evaporate slowly at room temperature. Hydrodynamic particle size and 

size distribution of gold nanoparticles were obtained by photon correlation spectroscopy 

(PCS). Measurements were carried out at 25°C on the Brookhaven 90Plus particle size 

analyzer. 


