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Abstract 

The unique physicochemical properties of anisotropic nanoparticles (NPs) that originate from the 

spatial and restricted confinement of their oscillating conduction band electrons, holes and electric 

fields around the characteristic anisotropic shape of such nanostructures render them potential 

candidates for a host of various applications including catalysis, sensing, bioimaging and different 

biomedical applications. Synthesis of such nanostructures usually involves the use of surfactants 

that function as capping agents that protect the resultant NPs from aggregation and render them 

colloidally stable. These capping agents take also a part in directing the growth and hence dictating 

the shape of the resultant nanostructures. One of the most commonly reported capping agents is 

the cationic surfactant cetyltrimethylammonium bromide (CTAB) which has been used to 

synthesize various anisotropic NPs with different morphologies including nanorods, nanostars, 

nanoprisms, nanocubes, popcorn-shaped NPs, among others.  It has been shown that CTAB can 

be cytotoxic to enormous cell types. The positively charged CTAB capping agents can bind non 

selectively to the negatively charged cell membranes by electrostatic interactions. Indeed, these 

interactions could be the primary determining factor of its cytotoxicity. At the point when CTAB 

interacts with the cell surfaces, it constructs blebs and holes on the cell surfaces, and ultimately 

leads to cell death. Therefore, the idea of this work was focused on using biocompatible ligands 

either as capping agent or surface passivating agent to solve the many problems associated with 

the hazardous nature of surface capping agents usually employed in the synthesis of anisotropic 

nanoparticles.  

With the purpose of synthesizing highly stable and multifunctional biocompatible anisotropic NPs, 

this work describes the use of benign and biocompatible surface ligands in such a way they serve 

either as surface capping agents in order to direct the growth of different anisotropic NPs (popcorn-

shaped gold (Au) NPs as well as prism-shaped bimetallic NPs) or as surface passivating agent to 

passivate the surface of an already synthesized gold nanorods (GNRs). In either way the resultant 

nanoparticles retain their physicochemical properties and gain new properties in addition to their 

biocompatible nature. 

In this work bovine serum albumin (BSA) as biotemplate and shape-directing agent for the 

synthesis of anisotropic gold nanopopcorn (GNPCs) as well as porous silver-platinum (AgPt) 

nanoprism. The BSA-coated GNPCs exhibit the same optical and morphological properties of the 
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CTAB-protected nanopopcorn with more enhanced colloidal stability and biocompatibility. The 

BSA-coated monometallic Ag and bimetallic AgPt nanoprism retain their optical and 

morphological properties and gain new functionalities such as its porous structure making it a good 

candidate for cargo loading as well as its unprecedented pH switchable dual catalytic activity as 

artificial peroxidase and catalase. Moreover, the biocompatible porous nanoprism exhibit pH-

responsive cargo release activity. 

On the other hand, a biocompatible fluorescent gold nanocluster (GNCs) functionalized plasmonic 

antenna nanocomposite have been obtained via surface passivation of CTAB-protected GNRs 

using different silica (SiO2) shell thicknesses. The silica layer not only passivate the surface of 

CTAB-protected gold nanorods (screen the noxious CTAB effects) rendering them biocompatible 

but also makes the GNRs amenable to post coating functionalization with a wide variety of 

functional groups, cross linkers and bioconjugates. The GNRs@SiO2 nanostructure as well as 

GNRs@SiO2@GNCs plasmonic nanoantenna exhibit enhanced thermal and photothermal 

stability over the CTAB-protected GNRs besides the fluorescence behavior of the latter. Besides 

enhancing the photophysical and biological properties of the core GNRs, this work also describes 

a way of enhancing the fluorescence of GNC fluorophores by adjusting the distance between the 

plasmonic cores and the deposited GNCs through tuning the thickness of the silica dielectric 

spacer.  
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Zusammenfassung 

Die einzigartigen physikalisch-chemischen Eigenschaften anisotroper NPs, die aus der räumlichen 

Beschränkung ihrer Elektronen, Löcher und elektrischen Felder im oszillierenden Leitungsband 

um die charakteristische anisotrope Form solcher Nanostrukturen herrühren, machen sie zu 

potenziellen Kandidaten für eine Vielzahl verschiedener Anwendungen wie Katalyse, Sensorik, 

Bioimaging und verschiedene biomedizinische Anwendungen. Bei der Synthese solcher 

Nanostrukturen werden in der Regel Tenside verwendet, die als Verkappungsmittel fungieren, 

welche die resultierenden NPs vor Aggregation schützen und sie kolloidal stabil machen. Diese 

Verkappungsmittel sind auch an der Steuerung des Wachstums beteiligt und bestimmen somit die 

Form der resultierenden Nanostrukturen. Eines der in der Literatur am häufigsten genannten 

Verkappungsmittel ist das kationische Tensid Cetyltrimethylammoniumbromid (CTAB), das zur 

Synthese verschiedener anisotroper NPs mit unterschiedlichen Morphologien verwendet wurde, 

unter anderem Nanostäbe, Nanosterne, Nanoprismen, Nanowürfel, popcornförmige NPs und 

andere.  Es hat sich gezeigt, dass CTAB für viele Zelltypen zytotoxisch sein kann. Die positiv 

geladenen CTAB-Verkappungsmittel können sich durch elektrostatische Wechselwirkungen 

wahllos an negativ geladene Zellmembranen binden. Diese Wechselwirkungen könnten in der Tat 

der primäre Bestimmungsfaktor für ihre Zytotoxizität sein. An dem Punkt, an dem CTAB mit den 

Zelloberflächen interagiert, bildet es Sickerstellen und Löcher auf den Zelloberflächen, was 

schließlich zum Zelltod führen kann. Daher konzentrierte sich die Idee dieser Arbeit auf die 

Verwendung biokompatibler Liganden entweder als Verkappungsmittel oder als 

Oberflächenpassivierungsmittel, um die vielen Probleme zu lösen, die mit der Gefährlichkeit von 

Oberflächenverkappungsmitteln verbunden sind, die normalerweise bei der Synthese anisotroper 

Nanopartikel eingesetzt werden.  

Mit dem Ziel, hochstabile und multifunktionelle biokompatible anisotrope NPs zu synthetisieren, 

beschreibt diese Arbeit die Verwendung von gutartigen und biokompatiblen Oberflächenliganden 

in einer Weise, dass sie entweder als Oberflächenverkappungsmittel dienen, um das Wachstum 

verschiedener anisotroper NPs (sowohl popcornförmige Au NPs als auch prismenförmige 

bimetallische NPs) zu steuern, oder als Oberflächenpassivierungsmittel, um die Oberfläche bereits 

synthetisierter Au-Nanostäbe zu passivieren. In beiden Fällen behalten die entstandenen 
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Nanopartikel ihre physikalisch-chemischen Eigenschaften und erhalten zusätzlich zu ihrer 

Biokompatibilität neue Eigenschaften. 

In dieser Arbeit wurde Rinderserumalbumin (BSA) als Biotemplate und formleitendes Agens für 

die Synthese von anisotropem Au-Nanopopcorn sowie von porösem AgPt-Nanoprism verwendet. 

Das BSA-beschichtete Au-Nanopopcorn weist die gleichen optischen und morphologischen 

Eigenschaften wie das CTAB-geschützte Nanopopcorn auf, mit verbesserter kolloidaler Stabilität 

und Biokompatibilität. Die BSA-beschichteten monometallischen Ag und bimetallischen AgPt-

Nanoprismen behalten ihre optischen und morphologischen Eigenschaften bei und gewinnen neue 

Funktionalitäten, wie z.B. ihre poröse Struktur, die sie zu einem guten Kandidaten für die Drug-

Delivery-Systeme macht, sowie ihre beispiellose pH-schaltbare duale katalytische Aktivität als 

künstliche Peroxidase und Katalase. Darüber hinaus weisen die biokompatiblen porösen 

Nanoprismen eine auf den pH-Wert reagierende Ladungsfreisetzungsaktivität auf. 

Desweiteren, wurde ein biokompatibles fluoreszierendes Goldnanocluster (GNC) 

funktionalisiertes plasmonisches Antennen-Nanokomposit durch Oberflächenpassivierung von 

CTAB-geschützten Goldnanorod unter Verwendung verschiedener Schalenstärken von 

Siliziumdioxid (SiO2) erhalten. Die Siliciumdioxidschicht passiviert nicht nur die Oberfläche der 

CTAB-geschützten Goldnanorods (schirmt die schädlichen CTAB-Effekte ab) und macht sie 

biokompatibel, sondern ermöglicht auch die Funktionalisierung der GNRs mit einer Vielzahl von 

funktionellen Gruppen, Vernetzern und Biokonjugaten. Sowohl die GNR@SiO2-Nanostruktur als 

auch die plasmonische GNR@SiO2@GNC-Nanoantenne weisen neben dem Fluoreszenzverhalten 

der CTAB-geschützten GNRs eine verbesserte thermische und photothermische Stabilität 

gegenüber den CTAB-geschützten GNRs auf. Neben der Verbesserung der photophysikalischen 

und biologischen Eigenschaften der Kern-GNRs wird in dieser Arbeit auch eine Möglichkeit 

beschrieben, die Fluoreszenz von GNC-Fluorophoren zu verstärken, indem der Abstand zwischen 

den plasmonischen Kernen und den abgeschiedenen GNCs durch die Abstimmung der Dicke des 

dielektrischen Siliziumdioxid-Abstandshalters angepasst wird. 
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1 

Introduction 

The term “nano” is derived from the Greek word “nanos” which means dwarf and implies very 

small. The nanoparticles are in principle a group of naturally-occuring or manufactured materials 

that have most commonly at least one dimension of approximately 1-100 nm.[1] The science that 

deals with the design, manipulation and applications of matter in the nanoscale size regime is 

called Nanotechnology.[2] The term Nanotechnology has been firstly used in the mid of 1980s by 

Norio Taniguchi[3] after being initially conceptualized by Richard Feynman in his famous and 

visionary talk “There's plenty of room at the bottom” in 1959.[4] Since then, various developments 

in the field of nanotechnology have been achieved.  

Materials in the nanoscale size regime act distinctively in comparison with their bulk scale 

counterparts and exhibit unprecedented properties that have drawn much attention for centuries 

and extensive work on NPs have been done dates back at least to 1857 when Michael Faraday 

reported the first chemical synthesis of  Au NPs.[5] The significance of NPs was recognized when 

researchers observed the great impact of the size on the physiochemical properties of a substance, 

such as, surface area, optical properties, chemical reactivity, mechanical, electrical and magnetic 

properties. For instance, metal NPs exhibit apparent tunable ultraviolet-visible (UV-Vis) 

extinction band(s) which largely depends on the NPs size and shape, whereas bulk metals show no 

extinction band in the UV-Vis region. Gold nanoparticles (GNPs) of ~100 nm diameters have a 

characteristic red color while gold at bulk scale is inert and has a distinctive golden color. Zhang 

and his colleagues found that the chemical reactivity of substances correlates to their size and their 

complementary surface area.[6] It is become now well known that as the size of the particle 

decreases, the surface area of the particles expands which in turn enhances their chemical 

reactivity. Moreover, the optical properties of silver and gold NPs are tunable over the visible and 

near-infrared (NIR) wavelengths depending on the NPs' size, shape, among others.[7] 

Furthermore, gold NPs likewise demonstrate orders of magnitude strong surface plasmon 

resonance in comparison to the strongly absorbing organic dyes which offers superior detection 

sensitivity of NPs-based sensors.[8] On the other hand, some metals and metal oxides NPs such as 

silver, iron, titanium oxide and iron oxide have antibacterial potential against various bacterium 

strains.[9] Such biological properties of NPs are derived from the interaction of NPs with proteins, 
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DNA, cell membranes, and organelles and hence the resulting protein corona, cellular uptake, as 

well as biocatalysis.[10] 

Size control of NPs can be obtained thermodynamically, kinetically or stoichiometrically. A 

typical strategy for controlling NPs size is the using of capping agents, which will be adsorbed on 

the surface of NPs rendering them thermodynamically stable.  It has been reported that changing 

the type of capping agent or its quantity (stoichiometry) results in the formation of NPs with 

different sizes. For instance, excessive amounts of dodecylthiol yield monodisperse GNPs with 

particle size of 4.5 ± 0.4 nm,[11] Whereas, dodecylamine generates NPs of 8.6 ± 1.3 nm with 

narrow size distribution.[12] NPs of smaller size could be generated via the reduction method, in 

this method a strong reducing agent like NaBH4 in presence of a stabilizing agent like sodium 

citrate (SC) are used. Whereas larger NPs with narrow size distribution could be obtained via the 

seed-mediated growth.[13, 14] In this strategy, small size NPs are used as seeds and the particle 

growth induced through the repetitive addition of the metal precursor. Thermal decomposition of 

iron precursors in organic solvents in the presence of surfactant capping agents is one of the 

approaches used in order to generate size-controlled iron oxide nanoparticles with narrow size 

distribution.[15]  

Nanoparticles of different sorts of shapes, such as, spherical-, rod-, star-, cubic-, popcorn-, prism-

shaped NPs, among others, have been reported. The majority of reported NPs take the spherical 

structure. Various shapes and assemblies of NPs with particular physical, chemical and optical 

properties have been developed with the aid of state-of-the-art nanofabrication approaches. For 

example, GNRs with various aspect ratios (AR) have been reported with tunable distinctive 

transverse and longitudinal plasmon bands with application in  surface-enhanced Raman scattering 

(SERS) and biomedicine[16, 17] and branched GNPs, (for instance, nanostars and nanoflower)[18, 

19] with applications in electrocatalysis, chemical catalysis, SERS, and analyte  sensing [20, 21]. 

The shape evolution of NPs could be controlled by the thermodynamics and/or the kinetics of the 

synthetic reaction which considered as deciding factors in determining the final shape of NPs.[20]  

The shape of NPs is crucial for their proposed biological applications. For instance, GNRs with 

appropriate ARs have been used as novel nanocontrast agents for bioimaging and as a 

hyperthermia agents[22] and iron oxide-nanoworms could selectively target malignant tissues.[23] 

Furthermore, filament-shaped NPs could excellently avoid the nonspecific uptake by the reticulo-
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endothelial system (RES), which increases the circulation time of these NPs for up to 1 week after 

intravenous infusion.[24] 

The synthesis of different shaped nanomaterials have drawn much attention since the discovery of 

the helical 1D nanostructure of carbon nanotubes with their unprecedented physical and chemical 

properties.[25] When compared to the isotropic 0D spherical nanoparticles, the unique 

physicochemical properties of anisotropic NPs originate from the spatial and restricted 

confinement of oscillating electrons, holes and electric fields around the characteristic anisotropic 

shape of such nanostructures. The collective oscillation of the conduction band electrons of 

metallic nanostructures as a result of absorbing a quantized photon energy gives rise to the 

localized surface plasmon resonance (LSPR).[26] Tuning the resulting shape of nanostructures for 

instance from the 0D spherical GNPs to the 1D GNRs results in two different modes of interaction 

between electromagnetic waves and the GNRs and hence the subsequent generation of two 

different LSPR called transverse localized surface plasmon resonance (t-LSPR), corresponding to 

the absorption and scattering of light along the transverse direction or the short axis of the GNRs 

and longitudinal localized surface plasmon resonance (l-LSPR), corresponding to the absorption 

and scattering of light along the longitudinal direction or the long axis of the GNRs, the latter could 

be tuned by adjusting the AR of the GNRs.[27] Furthermore, tuning the shape of the nanostructures 

as well as the location of their plasmon peaks allow for a host of various applications including 

catalysis, sensing, bioimaging and various biomedical applications.[22, 28-31] For instance, 

tuning the AR of GNRs and therefore their l-LSPR band position allows for the synthesis of GNRs 

which can absorb light in the near-infrared (NIR) therapeutic window (also called water window) 

which ranges from 650 to 900 nm where light has its maximum penetration depth through 

biological tissues as a result of the minimum absorption of incident light by the intrinsic 

chromophores, such as hemoglobin and water,[32, 33] a property that could not be achieved in 

case of 0D spherical NPs as their plasmon resonances span only small electromagnetic wavelength 

range.[34] Such fine tuning properties as well as the strong absorption and scattering cross section 

of GNRs make them superior candidates in many bioimaging and biomedical applications.[35] 

Furthermore, the sharp edges or tips of anisotropic prism- and popcorn-shaped NPs exhibit unique 

spatial confinement of electromagnetic fields which is of enormous value for SERS 

applications.[34, 36] Such excellent SERS substrates with tunable plasmonic band position, 
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intrinsic hot spots as well as reactive facets make the anisotrpic NPs superior compared to the 

isotropic counterparts.[34]    

Synthesis of such nanostructures usually involves the use of surfactants that function as capping 

agents that protect the resultant NPs from aggregation and render them colloidally stable. Surface 

ligands of NPs play an extremely remarkable part in regulating the size and physicochemical  

properties of the synthesized NPs,[37, 38] serve as a guide for the assembly of NPs[39-41]and 

preserve their colloidal stability from surrounding ambience.[42] These capping agents take also 

a part in directing the growth and hence dictating the shape of the resultant NPs by preferentially 

adsorbing into specific crystal facets hindering their growth in a certain direction while facilitating 

the growth of other crystal facets. One of the most commonly reported capping agents is the CTAB 

cationic surfactant which has been used to synthesize various anisotropic NPs with different 

morphologies including nanorods, star-shaped, prism-shaped, cubic-shaped, popcorn-shaped 

NPs.[36, 43]   

For nanobiomaterials, surface ligands play a major role in determining their cytotoxicity,[44, 45] 

cell penetrability[46, 47] and even their ultimate in vivo destiny.[48, 49] Because of that, the NPs 

can be enriched and equipped with a wide range of functionalities suitable for different 

applications. It has been shown that CTAB can be cytotoxic to enormous cell types,[33, 50-53] 

similar to the cytotoxic activity of many polycationic materials.[33] In addition, considering that 

CTAB is positively charged, it can bind non selectively to negatively charged cell membranes by 

electrostatic interactions.[54] Indeed, these interactions could be the primary determining factor 

of its cytotoxicity. At the point when CTAB interacts with the cell surfaces, it constructs blebs and 

holes on the cell surfaces, and ultimately leads to cell death.[54] 

Post-synthesis surface modification of anisotropic nanostructures coated with toxic surface ligands 

is an essential step in order to passivate their surfaces and eliminate their cytotoxicity.  This is 

usually achieved via ligand exchange using nontoxic surface ligands or via surface coating of the 

nanostructures with more benign biocompatible surface coatings, such as, consecutive polymeric 

layer-by-layer (LBL) coating or surface coating with natural organic matter or silica coating.[55] 

For instance, post-synthesis PEGylation of  GNRs (i.e. ligand exchange of surface CTAB on GNRs 

with polyethylene glycol (PEG)) results in an abrupting reduction of the zeta-potential of GNRs 

which in turn delimitate the non-specific interactions with proteins and cell surfaces.[33] Usually, 
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NPs are cleared too quickly by RES which restrains their utility and reduces their circulation 

time.[56] It has been reported that the PEG modification of GNRs increases the circulation half-

life of GNRs of around 1 hour.[33] Natural biomolecules such as polynucleotides, polypeptides 

and polysaccharides are broadly utilized for the surface modification of NPs. Compared to 

synthetic polymers such as PEG, polypeptides and polysaccharides offer considerably favourable 

attributes as they are metabolizable by digestive enzymes into harmless biomonomers, whereas 

synthetic polymers may be accumulated in the body which could be lethal to some extent.[57, 58] 

Moreover, some biocompatible polymers such as proteins display drug-loading capabilities via 

covalent, electrostatic and hydrophobic interactions. In addition, surface modification of protein-

coated NPs is very facile because of the existence of various functional groups on the surfaces of 

NPs, this attributes could be utilized in different biomedical applications. Furthermore, the surfaces 

of NPs can also be modified by overcoating on top of already existeing surface ligands, for instance 

previous studies have reported the LBL consecutive deposition of polyelectrolytes to passivate the 

surface of CTAB-capped nanostructures.[59-61]  

Another alternative approach to eliminate the surface ligand-associated toxicity is the usage of 

biocompatible molecules as the capping and shape directing agents for the synthesis of anisotropic 

nanostructures without the need of the post-synthesis surface modification procedures. This 

synthesis approach is often referred to as the “green synthesis”, which implies the use of innocuous 

biomolecules, plant extracts, or microorganism for the synthesis of nanomaterials.[62, 63] A 

couple of different biomolecules such as peptides, proteins, polynucleotides, etc have been used 

for the synthesis of different shapes of nanostructures.[64-66] Such biomolecules not only offer 

harmless surface coatings and biocompatible nanoparticles but also can dictate the shapes of the 

resultant NPs thanks to their preferential adsorption sites onto the crystal facets of the metal.[67, 

68]    

Using biocompatible ligands either as capping agents or surface passivating agents may solve the 

many problems associated with the hazardous nature of surface capping agents usually employed 

in the synthesis of anisotropic NPs. This work aims at eliminating the environmental, ecological 

and nanotoxicological concerns usually associated with CTAB-protected anisotropic NPs. In an 

attempt to synthesize biocompatible NPs, benign and biocompatible surface ligands have been 

employed in such a way that they serve either as surface passivating agents to passivate the surface 
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of an already synthesized CTAB-coated GNRs (Chapter 1) or as surface capping agents in order 

to direct the growth of different anisotropic NPs such as popcorn-shaped GNPs (Chapter 2) and 

prism-shaped bimetallic NPs (Chapter 3). In either way the resultant NPs not only retain their 

original physicochemical properties of CTAB-capped NPs but also gain new properties in addition 

to their newly acquired biocompatible nature.  

This work is divided into three chapters. In the first chapter biocompatible fluorescent GNCs-

functionalized plasmonic antenna have been synthesized via surface passivation of CTAB-

protected GNRs using different silica (SiO2) shell thicknesses. The silica layer not only passivate 

the surface of CTAB-protected GNRs (screen the noxious CTAB effects) rendering them 

biocompatible but also makes the GNRs amenable to post coating functionalization with a wide 

variety of functional groups, cross linkers and bioconjugates. The GNR@SiO2 nanostructure as 

well as GNRs@SiO2@GNCs plasmonic nanoantenna exhibit enhanced thermal and photothermal 

stability over the CTAB-protected GNRs in addition to the plasmon-enhanced fluorescence 

behavior of the latter. 

The second and third chapter show how could BSA used as biotemplate and shape-directing agent 

for the synthesis of anisotropic GNPCs as well as porous AgPt nanoprism, respectively. The BSA-

coated GNPCs exhibit the same optical and morphological properties of the CTAB-protected 

nanopopcorn with more enhanced colloidal stability and biocompatibility. The BSA-coated 

bimetallic AgPt nanoprism retain their optical and morphological properties and gain new 

functionalities such as its porous structure making it a good candidate for cargo loading as well as 

its unprecedented pH switchable dual catalytic activity as artificial peroxidase and catalase. 

Moreover, the biocompatible porous nanoprism exhibit pH-responsive cargo release activity. 
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Chapter 1: Surface passivation of CTAB-coated GNRs 

using biocompatible silica shell and fluorescent GNCs 

1.1 Introduction and aim of the work 

The fascinated optical properties of gold nanorods (GNRs) which originate from the interaction of 

their localized conduction band electrons with the electromagnetic radiation have gained a 

tremendous attention in many applications such as SERS,[69] sensing,[70] photovoltaics[71-73] 

as well as in many biomedical applications such as bioimaging, photothermal and photodynamic 

therapy (PTT and PDT), drug and gene delivery systems. Due to their many applications in the 

nanomedicine field, GNRs could allow for a theranostic platform which offer a simultaneous 

diagnostic and therapeutic tool in many diseases. The photothermal activity and effective light to 

heat conversion properties exhibited by GNRs allows them to be superior candidate in PTT 

applications. The strong absorption and scattering induced by illuminating GNRs with incident 

light of resonant wavelengths results in the delocalization and the collective oscillation of the free 

conduction band electrons of GNRs, such feature is known as the localized surface plasmon 

resonance. In comparison to the isotropic nanoparticles (NPs) whose electrons oscillate along one 

axis, the oscillation of conduction band electrons of the anisotropic GNRs occurs in two directions, 

along the short axis of the GNR and results in the transverse LSPR and along the long axis and 

results in the longitudinal LSPR. This leads to the splitting of SPR of GNRs into two extinction 

band one at the visible range (t-LSPR) and the other is tunable between visible and NIR regions 

of the electromagnetic spectrum (l-LSPR). The l-LSPR position could be tuned by adjusting the 

AR of the GNRs.[27] Tuning the AR of GNRs and therefore their l-LSPR band position allows 

for the synthesis of GNRs which can absorb light in the NIR therapeutic window (also called water 

window) which ranges from 650 to 900 nm where light has its maximum penetration depth through 

biological tissues as a result of the minimum absorption of incident light by the intrinsic 

chromophores,[32, 33] such as hemoglobin and water, a property that could not be achieved in 

case of 0D spherical NPs as their plasmon resonances span only small electromagnetic wavelength 

range.[34] 

Synthesis of anisotropic nanostructures, such as GNRs, usually involves the use of surfactants that 

function as capping agents which protect the resultant NPs from aggregation and can dictate their 

physicochemical properties such as size, AR, surface charge, surface chemistry, etc. One of the 
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mostly adopted synthesis routes of GNRs is the seed-mediated method, during which large amount 

of the cationic CTAB surfactant is utilized as the surface capping agent.[36, 43]  Several studies 

have reported the cytotoxicity of CTAB to various cell types,[33, 50-53] similar to the cytotoxic 

activity showed by many polycationic materials.[33] Moreover, the photothermal reshaping of 

GNRs usually occurring during laser irradiation results from the densely packed CTAB layer 

around GNRs which forms a protective barrier against heat diffusion that normally accompanies 

laser irradiation, a feature that compromises the photothermal stability of GNRs and their 

subsequent diminished NIR light absorption. Such drawbacks can reduce the uses of GNRs in 

many biological applications.  

Surface passivation of CTAB-capped GNRs has been reported to reduce their cytotoxicity as well 

as to enhance their photothermal stability. Post-synthesis surface modification usually achieved 

via ligand exchange using benign surface ligands or via surface coating of the NPs with benign 

biocompatible surface coatings, such as, consecutive polymeric LBL coating or surface coating 

with natural organic matter or silica coating.[55] It has been shown that overcoating the CTAB-

capped GNRs with silica passivate the cytotoxic character of CTAB and renders the GNRs more 

biocompatible, and enhances their drug loading capability as well as their photothermal stability.   

Apart from their surface coating-induced toxicity, thermal and photothermal reshaping of CTAB-

capped GNRs is another common problem during the thermal heating and laser irradiation of 

GNRs, respectively. When subjected to thermal heating, the structural and shape transformation 

of GNRs started to take place at 250° C[74] which is apparently lower than their bulk melting 

temperature (1064° C).[75] The thermal reshaping of GNRs is assigned to the diffusion of surface 

atoms from the high curvature ends of GNRs towards their low curvature side regions. Similar 

mechanism of curvature-driven surface diffusion of atoms[76] from the ends of GNRs towards 

their waist region has been proposed during photothermal reshaping, such structural deformation 

takes place in order to reduce the surface energies at the high-curvature ends of GNRs resulting in 

the gradual shape transformation into the more thermodynamically stable spherical NPs. Coating 

of GNRs with silica shells enhances their thermal and photothermal stability[77, 78] and allows 

for their easy surface functionalization with different terminal groups that dictate the 

hydrophilicity or hydrophobicity of GNRs.[79, 80]  
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Conjugation of GNRs with fluorescent moieties add another functionality to the GNRs and the 

combined presence of the highly light scattering GNRs and a fluorescent moiety in a single 

multifunctional platform is of great importance for a precise bioimaging of subcellular 

compartments by the dual colocalization of scattered light by dark field imaging as well as by 

fluorescence imaging.[81] However, two major problems facing such dual imaging platform, first 

is the apparent toxicity of the classical fluorescent moieties such QDs or organic dyes usually used 

as the fluorescent probe in fluorescence imaging, and second is the high sensitivity of such 

fluorescent molecules upon frequent illumination or via functionalization by surface modification 

which compromises their fluorescence properties.[82]  Whereas, biocompatible GNCs with their 

bright fluorescence and non-toxic surfaces may offer a powerful alternative to the classical 

fluorescent probes.  

This work reports the successful and facile synthesis of composite GNRs platform composed of 

GNCs-functionalized silica-overcoated GNRs (GNR@SiO2@GNC) to decrease the cytotoxicity 

of CTAB-coated GNRs and to construct a biocompatible fluorescent GNRs system that is 

thermally and photothermally stable. The multifunctional composite GNRs showed enhanced 

colloidal, thermal and photothermal stability while retaining the original optical properties of 

GNRs@CTAB and the fluorescence behavior of GNCs. The photothermal as well as the 

fluorescence behavior of GNRs composites could be tuned by adjusting the silica shell thickness. 

The biocompatible GNR@SiO2@GNC nanocomposites offer great platform for multimodal 

imaging, PTT and the high surface area of silica coating facilitates efficient drug loading 

capability. To the best of our knowledge, this is the first time to synthesize GNCs-functionalized 

GNRs composites taking the advantage of silica spacer of different thickness. Furthermore, the 

mechanism of thermal stability and photothermal reshaping of GNRs upon GNCs conjugation was 

studied in details.  

Functionalization of GNRs@CTAB with biocompatible SiO2 enhances the colloidal stability, 

photothermal stability and photothermal efficiency of GNRs. Whereas, conjugating the 

GNRs@SiO2 with GNCs affects the  fluorescence of conjugated GNCs as a function of SiO2 

distance and also changes the mode of photothermal reshaping of GNRs upon laser irradiation. In 

this work we aim at studying the colloidal stability of GNC-functionalized GNRs@SiO2, their 
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thermal stability, photothermal behavior upon ns laser irradiation, as well as the silica thickness-

dependent fluorescence behavior of GNC.  

1.2 Results and discussion 

1.2.1 Characterization of GNRs@CTAB, GNRs@LBL@GNCs, GNRs@GNCs 

and GNRs@SiO2@GNCs 

The GNRs@CTAB was synthesized by the previously reported seed-mediated approach where 

binary surfactants of sodium oleate and CTAB were used to obtain GNRs of different aspect 

ratios.[83] Then, the surface chemistry of the obtained GNRs@CTAB was modified using 

different approaches. Three different approaches were employed to find out whether they are 

applicable for the functionalization of GNRs with the biocompatible glutathione-capped GNCs 

(GNCs@GSH). Firstly, we tried to functionalize GNRs with the GNCs via the direct interaction 

taking the advantage of the electrostatic interaction between the positively charged surfaces of 

GNRs@CTAB (ζ-potential ~ +18 mV) and the negatively charged GNCs@GSH (ζ-potential ~ -

15 mV). The LBL technique has been also employed to incorporate the GNCs to the GNRs by 

overcoating the GNRs by a negatively charged polyelectrolyte layer of poly(styrene sulfonate) 

(PSS) followed by a layer of the positively charged poly(diallyldimethylammonium chloride) 

(PDADMAC) and then incubated with the GNCs. However, these approaches did not yield 

effective and homogeneous distribution of GNCs around the GNRs cores (Figure 1). Therefore we 

decided to firstly overcoat the CTAB-capped GNRs with silica layer and then to conjugate the 

GNCs to the SiO2 layer via EDC chemistry. The transmission electron microscopy (TEM) images 

reveal an effective and homogeneous distribution of the GNCs@GSH around the silica-coated 

GNRs (Figure 1). The UV-vis spectra of GNRs@SiO2@GNCs did not show aggregation neither 

any broadening of the peak, whereas a significant broadening of GNRs@GNCs as well as 

GNRs@LBL@GNCs was observed compared to that of GNRs@CTAB (Figure 1).  
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Figure 1. Characterization of GNRs and GNRs nanocomposites. A) UV-vis spectra of 

GNRs@CTAB, GNRs@GNCs, GNRs@LBL@GNCs, and GNRs@SiO2@GNCs and (B-E) their 

correspomding TEM images, respectively.  

1.2.2 Colloidal stability of GNRs@CTAB, GNRs@LBL@GNCs, GNRs@GNCs 

and GNRs@SiO2@GNCs 

As the colloidal stability of nanostructures is a determinant factor for their applicability in diverse 

applications especially for biomedical applications, the colloidal stability of GNRs@CTAB, 

GNRs@GNC, GNRs@LBL@GNCs, and GNRs@SiO2@GNCs in sodium chloride (NaCl) 

solutions of different ionic strength as well as in different biological media was studied. As could 

be seen from (Figure 2), GNRs@SiO2@GNCs are colloidally stable when incubated with NaCl 

solution of different ionic strength for up to 24 h, whereas GNRs@CTAB  started to aggregate 

after 6 h incubation in relatively higher concentration of NaCl (~ 600 mM) and start to lose their 

characteristic LSPR after 24 h. The GNRs@GNCs showed instant broadening of the LSPR peak 

as well as very poor colloidal stability after 6 h incubation with NaCl and completely lose their 

plasmonic peaks after 24 h of incubation. The GNRs@LBL@GNCs although exhibiting 

aggregations at relatively higher NaCl ionic strength after incubation for 6 h and 24 h, they still 

retain their optical properties at lower concentrations of NaCl. This results showed that silica and 

polylectrolyte layers overcoating render the GNRs more colloidally stable by reducing their 

aggregation susceptibility, this effect may be ascribed to the passivation of the CTAB layer and 

shielding of the GNRs core when overcoated with either silica or polyelectrolyte layers. The 
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positively charged CTAB-coated GNRs may have been probably electrostatically interacted with 

the negatively charged Cl- ions leading to either crosslinking of GNRs or their complete surface 

neutralization and hence their subsequent aggregation.  

Furthermore, the colloidal stability of GNRs@CTAB as well as the other nanocomposites was 

evaluated in different biological media such as phosphate-buffered saline (PBS), fetal bovine 

serum (FBS)-free/supplemented DMEM, and FBS-free/supplemented RPMI cell culture media. 

The UV-vis spectra of GNRs@SiO2@GNCs showed almost no obvious optical changes with no 

evidence of aggregation or hypsochromic or bathochromic shift of the local surface plasmon band 

(Figure 3) which reflects their excellent colloidal stability in different biological media even after 

24 h incubation period. GNRs@GNCs showed also similar colloidal stability during their 

incubation in different biological media. On the other hand, the UV-vis spectra of the 

GNRs@LBL@GNCs started to broaden after 6 h of incubation in biological media and the SPR 

bands become wider after 24 h of incubation. It was very obvious that CTAB-coated GNRs showed 

very poor colloidal stability in biological media and broadening of the SPR peaks takes place 

instantly right after incubation in such media. The GNRs@CTAB started to lose their characteristic 

plasmonic peaks only after 6 h of incubation and could not withstand such conditions. It could be 

concluded that passivation of the GNRs@CTAB via their surface modification could enhance their 

colloidal stability making them more robust in relatively harsher conditions.  

Taking the TEM and colloidal stability results together, one could infer that overcoating the 

GNRs@CTAB with silica layer not only allows homogeneous and effective functionalization with 

the GNCs but also significantly enhances the colloidal stability of the resultant nanocomposites. 

On top of that it has been shown that coating the NPs with the silica dielectric spacer renders them 

biocompatible[84-87] and facilitates their functionalization with various silanes.[88]  
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Figure 2. Colloidal stability of GNRs and GNRs nanocomposites in NaCl solution. UV-vis spectra 

of A) GNRs@CTAB, B) GNRs@GNCs, C) GNRs@LBL@GNCs, and D) GNRs@SiO2@GNCs 

after incubation with NaCl solution of different ionic strength at 0h, 6h, and 24h.  
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Figure 3. Colloidal stability of GNRs and GNRs nanocomposites in biological media. UV-vis 

spectra of A) GNRs@CTAB, B) GNRs@GNCs, C) GNRs@LBL@GNCs, and D) 

GNRs@SiO2@GNCs after incubation with different biological media at 0h, 6h, and 24h. 

1.2.3 Tuning silica shell thickness of GNRs@SiO2 

Based on the great and homogenous covering of silica-coated GNRs with GNCs as well as their 

enhanced colloidal stability compared to GNRs@CTAB, GNRs@GNCs, and 

GNRs@LBL@GNCs we decided to investigate the role of tuning the silica shell thickness on 

different physicochemical properties of GNRs and GNCs in the GNRs@SiO2@GNCs 

nanocomposites. Therefore, GNRs with different SiO2 thicknesses have been synthesized using a 

modified Stöber process.[89] Tuning the silica thickness was initiated by controlling the CTAB 

concentration in the as-synthesized GNRs. This was simply done by removing the excess CTAB 

from the system by centrifugation leaving behind a minimum amount of CTAB that stabilizes the 

GNRs. The CTAB concentration was then adjusted by the subsequent addition of different amount 

of CTAB that allowed to equilibrate on the surface of GNRs such as to bring the final CTAB 

concentration below or well close to the critical micelle concentration of CTAB (0.90−0.98 

mM)[90] which is very crucial for coating the GNRs with silica shells of different thickness. [89] 
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The silica deposition initiated by the base-catalyzed hyrdrolysis and the subsequent condensation 

of the silica tetralkylsilicates precursor, tetraethylorthosilicate (TEOS), on the CTAB micelles 

which serve as the organic template for silica deposition and are mostly surround the GNRs 

surfaces. The equilibrated CTAB micelles as a function of added CTAB in the previous step 

controls the silica shell thickness.[88, 89, 91] Using this highly reproducible method, GNRs 

functionalized with different silica shell thicknesses ranging from approximately 8-30 nm were 

successfully obtained (Figure 4 C-D and 5). The UV-vis spectra of GNRs functionalized with 

different silica thickness do not exhibit aggregation or broadening of the LSPR peaks and retain 

almost the same full width at half maximum (FWHM) values of CTAB-coated GNRs (Figure 4). 

However, small blue shift is observed after the functionalization with silica shell which is 

attributed to the changes in refractive index accompanied with CTAB removal after purification 

of silica-coated GNRs with methanol which diffuses through the mesoporous structure of silica 

and dissolves the CTAB coating that templates the silica deposition.[92]    

 

Figure 4. Tuning the thickness of silica shell. A) UV-vis spectra of GNRs@CTAB and GNRs@SiO2 

of different thickness (Si1= 8 nm, Si2= 23 nm, and Si3= 30 nm) and (B-C) their corresponding 

TEM images.  
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Figure 5. Tuning the thickness of silica shell as a function of final CTAB concentration in GNR 

solution.  

1.2.4 Functionalization of GNRs@SiO2 with GNCs@GSH 

Silica-coated GNRs were then conjugated with GNCs@GSH in order to study the effect of such 

functionalization on the photophysical properties of both GNRs and GNCs. The conjugation of 

silica-coated GNRs with GNC@GSH was carried out through two steps (Figure 6 A-E). The SiO2-

coated GNRs was firstly interacted with the 3-aminopropyl triethoxysilane (APTES) to introduce 

amine groups to the surface of the GNRs. The free carboxylic groups of GSH-capped GNCs were 

activated through the EDC chemistry and made ready to interact with primary amine groups of the 

APTES-functionalized silica-coated GNRs. The GNCs@GSH were conjugated to the silica-coated 

GNRs via amide bond formation through the nucleophilic attack of primary amino groups on the 

activated carboxyl groups of GSH-capped GNCs with the release of carbodiimide crosslinker as 

by-product. The successful functionalization with APTES and GNCs could be followed by 
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observing the changes in zeta potential. The zeta potential of silica-coated GNRs is approximately 

-10 mV which turns into approximately +9 mV after conjugation with APTES that subsequently 

changed into – 6 mV upon deposition of GNCs (Figure 6E). The UV-vis spectra of GNCs-

functionalized GNRs@SiO2 revealed the retained plasmonic bands of the original GNRs with a 

small broadening of the LSPR band (Figure 7). Furthermore, The TEM images show the successful 

conjugation of silica-coated GNRs with GSH-capped GNCs (Figure 8). Our conjugation strategy 

shows a uniform and homogeneous distribution of the GNCs around the GNRs of different silica 

thicknesses. The HR-TEM images of GNRs@SiO2@GNCs show the homogeneous distribution 

and high loading of the well monodisperse GSH-coated GNCs of 1.8±0.35 nm average core 

diameter with a measured d-spacing between lattice fringes of 0.235 nm which is in a well 

agreement with reported values[93], indicating the retained original crystallinity of GSH-coated 

GNCs (Figure 9). The energy‐dispersive X‐ray (EDX) mapping of GNRs@SiO2@GNCs showed 

the uniform silica deposition around the GNR core and the exclusive and preferential deposition 

of GSH-coated GNCs at the outer surfaces of the silica shell as could be revealed from the Au 

elemental distribution in the nanohybrid system (Figure 9). 

1.2.5 Electron tomography of GNRs@CTAB, GNRs@SiO2 and 

GNRs@SiO2@GNCs 

Due to the limitation of the traditional 2D TEM imaging and thus the difficulty to judge the spatial 

distribution of GNCs specially that bound to the top and bottom sides of the GNRs in the image 

plane, STEM tomography reconstruction (3D TEM) was carried out in order to gain more insights 

into the spatial distribution and assembly of GSH-coated GNCs on the GNRs@SiO2 surfaces. The 

3D imaging was performed through the acquisition of various 2D TEM images at different tilt 

angles and then the 3D images are reconstructed thereof. The electron tomography images of 

GNRs@SiO2@GNCs clearly show the uniform and even distribution of GNCs on the silica coating 

of the GNRs without preferential deposition onto the sides or the tips of GNRs and not within the 

porous structure of the mesoporous silica shells (Figure 10). This means that the GNCs are loaded 

at even and same distance from the surfaces of the plasmonic GNRs. Moreover, 2D and 3D TEM 

images revealed the monolayer GNCs shell structures of the GNRs@SiO2@GNCs 

nanocomposites (Figure 10). As thus, our conjugation strategy could be simply applied to desposit 
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a monolayer of any carboxyl-group functionalized noble metal nanocluster to silica-coated 

plasmonic GNRs. 

 

 

Figure 6. Schematic illustration of the synthetic procedure of GNRs@SiO2@GNCs.  A) 

GNRs@CTAB, B) GNRs@SiO2, C) APTES-functionalized GNRs@SiO2, and D) 

GNRs@SiO2@GNCs. E) Development of Zeta potential (ζ) of GNRs during different 

functionalization steps.  
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Figure 7. UV-vis spectra of the functionalization of GNRs with GNCs. UV-vis spectra of GNCs-

functionalized GNRs@SiO2 of different silica thickness.  

 

Figure 8. TEM images of the functionalization of GNRs with GNCs. TEM images of A) 

GNRs@CTAB, B-F) GNRs@SiO2 of different thickness and their corresponding TEM images after 

functionalization with GNCs. (Scale bar in B-K= 50 nm). 
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Figure 9. Characterization of GNCs-functionalized GNRs@SiO2. TEM (A and C) and STEM (B) 

of GNRs@Si3@GNCs. (D) HRTEM of the outlined area in (C) showing the d-spacing of Au of the 

deposited GNCs in GNRs@Si3@GNCs. (E-G) EDX elemental mapping of Au, Si, and O in 

GNRs@Si3@GNCs. (Scale bar in E-G= 25 nm). 



21 

Figure 10. 3D reconstructed TEM images of GNRs. Electron tomography of A) GNRs@CTAB, B) 

GNRs@SiO2, and C) GNRs@SiO2@GNCs.  

1.2.6 SiO2 shell thickness-dependent fluorescence enhancement of GNCs@GSH  

It has been reported that the excitation and emission of a fluorophore could be tuned near the 

surfaces of plasmonic NPs.[94, 95] The plasmon-enhanced fluorescence of a fluorophore could 

arise either from higher excitation rates of the fluorophore due to the strong local electromagnetic 

field at the plasmonic surfaces or from the enhanced emission of the fluorophore due to the 

enhancement of the radiative decay rates of the electromagnetically-coupled fluorophore, or from 

both processes.[96-98] It has been reported also that the photophysical properties such as optical 

absorption and scattering of the plasmonic nanostructures could affect the radiative decay rates of 

the coupled fluorophore and hence their fluorescence properties in a plasmonic nanoparticle-
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fluorescent emitter coupled systems.[97] The plasmon-enhanced fluorescence of a fluorophore is 

a distant-dependent process and the fluorescence enhancement takes place when the fluorophore 

is at certain distant from the surface of the plasmonic nanostructure where fluorescence resonance 

energy transfer (FRET) to the plasmon is minimal and the generated electric field at the plasmonic 

surface still contributes to the excitation ad/or emission enhancement of the fluorophore.[94, 99] 

When the FRET is much higher than the enhancement of excitation ad/or emission processes then 

quenching of the fluorophore takes place.[89] 

Despite the tremendous efforts that have been devoted to study the plasmon-enhanced 

flurorescence of organic dyes, inorganic fluorophores such as QDs,[96, 97, 100-114] and 

fluorescent proteins,[115] there has been no reports, to the best of our knowledge, that discussed 

the distant-dependent fluorescence behavior of GNCs upon coupling with plasmonic GNRs using 

the silica shell dielectric spacer.  

Therefore, the fluorescence behavior and emission intensity of GSH-capped GNCs were studied 

as a function of their distance from the surfaces of GNRs. Firstly, GNRs coated with silica shells 

of different thicknesses (approximately 21-29 nm) were prepared and subsequently functionalized 

with the GNCs. Then, the distance from plasmonic GNRs-dependent fluorescence enhancement 

or quenching of GNCs fluorophore was studied using fluorescence spectroscopy. The fluorescence 

spectroscopy results showed a distant-dependent fluorescence enhancement of GNCs with the 

GNCs placed at ca. 25.6-26.5 nm exhibiting the maximum fluorescence enhancement (Figure 11). 

The emission spectra revealed that the fluorescence enhancement of GNCs takes place without 

any concomitant alteration in the spectral profile of the emission spectra as could be reflected by 

the fixed emission maxima at approximately 600 nm as well as the unchanged emission color 

(Figure 11). Such behavior is of important value in bioimaging applications where more than one 

fluorophore are employed, as a change in the spectral profile of one fluorescence emitter could 

interfere with the other emitters. Moreover, the distant-dependent fluorescence enhancement 

follows a nonmonotonic trend where the fluorescence intensity increases to a maximum at a silica 

spacer thickness of 25.5 nm and then drops back at longer GNCs-GNRs separation distance (Figure 

11 B and C). Such nonmonotonic trend is explainable as follows, the GNCs experience on one 

hand a profound nonradiative quenching at small GNCs-GNRs separation distance[116] and on 

the other hand the strong electric field near the surfaces of the plasmonic GNRs decays 
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exponentially as a function of distance from the GNRs hotspots,[89] these are two competing 

processes and whether enhancement or quenching of the fluorescence is a trade-off between the 

spontaneous decay rate enhancement due to the plasmon-induced enhanced electric field and the 

quenching nonradiative decay rates. As such, a maximum plasmon-induced fluorescence 

enhancement takes place when the spontaneous decay rate increase outweigh the nonradiative 

quenching. [116] Decreasing the SiO2 shell thickness and therefore the gap between the GNCs and 

the plasmonic surfaces leads to a decrease in the emission intensity of the GNCs this could be 

explained by increased nonradiative decay rates as GNCs get closer to the continuum states of the 

plasmonic nanostructure.[89] It worth noting that the silica coating itself does not significantly 

contribute to enhancement of fluorescence as it is well known that the silica shells largely 

modulates the electric field up to 10 nm near the plasmonic NPs and this effect is very low past 

the 10 nm.[117, 118]  
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Figure 11. Plasmon-enhanced fluorecence of GNCs. A) UV-vis spectra of GNCs-functionalized 

GNRs@SiO2 of different thickness. B) Enhanced fluorescence intensity of GNCs as a function of 

SiO2 thickness and distance from plasmonic surface. C) Photographs of GNRs@SiO2@GNCs of 

different SiO2 thickness under white light and UV lamp.  

1.2.7 Enhancement of thermal stability of GNRs upon silanization and coating 

with GNCs  

Functionalization of SiO2-coated GNRs with GNCs not only enhances the photophysical 

properties of the GNCs as mentioned earlier but also could affect the physical properties of the 

plasmonic GNRs cores. It has been reported that the thermal heating of GNRs causes abrupt 

morphological and structural alterations of the GNRs until reaching a nanostructure with more 

stable crystal facets of low surface energy.[119] Various studies have shown that heating of 
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anisotropic nanostructures either by using thermal heating or laser irradiation deform such NPs 

into more rounded nanostructures which in turn limits their intended applications where the 

morphology and thus the optical properties needed to be preserved.[76, 120, 121] There have been 

some studies where TEM imaging has been used to analyze the structural and morphological 

transitions of NPs during the melting process.[122-124] Moreover, the in-situ TEM has been used 

very often to study the surface melting of metallic NPs.[125, 126]  

We performed the in situ TEM heating using a TEM facility equipped with a heating holder to 

heat the specimens at different temperatures in order to detect the heat-induced morphological and 

structural changes of GNRs@CTAB, GNRs@SiO2 and GNRs@SiO2@GNCs.  The in situ heating 

experiment was performed at different temperature in temperature range of 100-1000° C and the 

TEM images were taken after approx. 60 min dwell time at a given temperature. The in situ heating 

experiments of GNRs@CTAB revealed unchanged morphology of the GNRs below 150° C and 

the GNRs preserved their original AR of approx. 3.5. Once the temperature increases to 150° C, 

morphological transformations of GNRs start to take place as could be seen from the fusion and 

coalescence of the GNRs (Figure 12C). As the temperature goes up more structural 

rearrangements, distortions and crystal annealing of the GNRs take place and more irregular 

shapes start to appear (Figure 12D). The nearly complete morphological transformation from rod-

shaped into spherical-shaped NPs takes place at 250° C, which is hundreds of degrees well below 

the bulk gold melting temperature (approx. 1064° C). Similar results for in situ thermal-induced 

transformations have been previously reported.[75] On the other hand, our in situ TEM heating 

results revealed enhanced thermal stability of GNRs upon coating with mesoporous silica (Figure 

13). The TEM images of silica-coated GNRs did not show significant morphological changes and 

could resist the thermal heating-induced structural rearrangement up to a heating temperature of 

850° C. Moreover, functionalization of silica-coated GNRs with GNCs did not change the thermal 

behavior and thermal stability of the nanocomposite. The TEM images of GNRs@SiO2@GNCs 

preserved the intact anisotropic shape of the GNRs up to a temperature as high as 850° C and the 

morphological changes start to appear as the heating temperature elevated to 900-1000° C (Figure 

14), at such high temperature which is close to the bulk gold melting temperature some of the 

GNRs transformed into prolate spheroid- and Φ-shaped NPs, though a complete transformation of 

the GNRs still did not take place at such higher temperature. To our surprise, at elevated 

temperatures (800-1000° C) the deposited GNCs did not exhibit significant structural changes and 
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showed superb thermal stability, though some coalescence of individual GNCs start to take place 

at 800° C. It has been shown that the melting temperature of gold nanocrystals decreases as the 

particles size decreases[127] and some studies determined a melting temperature of as low as 127° 

C for nanoclusters with diameter of less than 2 nm.[123, 128]  As such, the thermal-induced 

melting of GNRs@CTAB takes place at lower temperatures and well hundreds degrees below the 

bulk gold melting temperature, this could be attributed to the inability of the organic CTAB layer 

to prevent the thermal-driven diffusion of the less stable surface atoms from the regions of high 

curvatures (tips of the GNRs) towards the side faces of the GNRs (shaft of GNRs), such thermally-

driven structural rearrangement process will continue until reaching the thermodynamically more 

stable nanostructures (spherical NPs). Hence, the enhanced thermal stability of GNRs@SiO2 and 

GNRs@SiO2@GNCs over the pristine GNRs could be ascribed to the ability of the inorganic silica 

coating and GNCs to act as barrier or protecting layers against the thermally-driven reshaping 

phenomenon. The ability of the protective layers of silica and GNCs to inhibit the thermal diffusion 

of surface atoms and hence the reshaping of GNRs could be explained by different mechanisms; 

1) the insulation/passivation effect of the layers so that less temperatures could reach the GNRs 

cores, 2) the enhanced thermal conductivity of the silica and GNCs layers compared to CTAB 

makes them way effective in releasing the heat deposited on the GNRs during the thermal heating 

process, 3) the thick silica shells  could work as highly rigid layers that hinders the surface diffusion 

of gold atoms and hence the morphological transformations of GNRs and therefore melting the 

silica-coated GNRs requires higher temperature than that needed to melt micelle-stabilized GNRs. 
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Figure 12. Thermal stability of GNRs@CTAB. (A-O) TEM images of GNRs@CTAB during in situ 

TEM heating upon annealing at 25, 100, 150, 200, 250, 300, 350, 400, 450, 505, 550, 600, 650, 

700 and 750° C, respectively.  
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Figure 13. Thermal stability of GNRs@SiO2. (A-P) TEM images of GNRs@SiO2 during in situ 

TEM heating upon annealing at 25, 100, 150, 200, 250, 300, 350, 400, 450, 505, 550, 600, 650, 

700, 750 and 850° C, respectively.  

 

 

 



29 

 

Figure 14. Thermal stability of GNRs@SiO2@GNCs. (A-J) TEM images of GNRs@SiO2@GNCs 

during in situ TEM heating upon annealing at 25, 200, 300, 400, 505, 600, 700, 800, 900, and 

1000° C, respectively.  

1.2.8 Photothermal behavior of GNRs upon silanization and coating with GNCs  

Apart from the in situ and ex situ thermal heating-induced structural and morphological changes 

of GNRs, photothermal heating-induced fragmentation and melting of GNRs as a result of the 

interaction of the plasmonic GNRs with laser light can also take place.[121, 129-131] Inspired by 

such a phenomenon, various work have been done to control the shape and size of already 

synthesized NPs of wide size and shape distribution using laser pulses-induced shape 

transformation.[129, 132-135] On the other hand, intensive research have been also carried out to 

prevent the photothermal heating-induced morphological changes of GNRs in order to preserve 

their unique optical properties. In order to find out whether functionalizaion of silica-coated GNRs 

with GNCs could affect the photothermal behavior of GNRs, the ns pulsed laser-induced structural 

changes of different aspect ratios of GNRs before and after functionalization with silica and GNCs 

were monitored using UV-vis spectroscopy and TEM. GNRs of AR~3.5 and 5 with LSPR centered 

at approx. 785 nm and 900 nm, respectively, were irradiated with different number of ns laser 

pulses (200-9000 pulses) of a 1064 nm laser with a typical fluence of approx. 320 mJ/cm2. The 

UV-vis spectra of irradiated GNRs@CTAB (AR~3.5 and 5) revealed laser beam-induced spectral 

hole-burning as could be seen from decreased extinction values after ns laser irradiation at the 

LSPR wavelength while increasing the extinction values at the TSPR wavelength (Figures 16 and 
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18). It worth noting that the initial increase of the extinction spectra and exceptional reduction of 

the LSPR bandwidth observed in case of the larger GNRs with AR of 5 after irradiation with 500 

and 1000 ns laser pulses could be explained by the ability of laser beams to reduce the 

polydispersity of the presynthesized GNRs which results in narrowing of the LSPR bandwidth and 

increased extinction value of the resultant homogeneous GNRs, these observations are in line with 

a previous work which reported the femtosecond laser reshaping-aided synthesis of GNRs with 

ultranarrow LSPR bandwidth.[136] The TEM images of irradiated GNRs@CTAB confirmed the 

spectroscopic results. Irradiation of GNRs@CTAB (AR~3.5 and 5) with 9000 pulses of ns laser 

results in dramatic morphological changes into the more thermodynamically-stable spherical NPs 

(Figures 15 A and F & 17 A, F and K). The effect of irradiating the larger GNRs (AR~ 5) with 

1000 pulses was also investigated to figure out the intermediate shapes formed during the laser 

ablation process. The TEM results obtained after irradiating larger GNRs@CTAB with 1000 ns 

laser pulses of approx. 320 mJ/cm2 fluence revealed the formation of different shaped NPs (Figure 

17F) such as; Φ-shaped NPs, where the GNRs become shorter and thicker from the middle region 

of the GNR shaft, and other bent or twisted structures such as sickle-shaped nanostructures 

spanned by a boundary at middle of the NPs, such structures have been reported to be formed after 

pulsed laser irradiation as a result of planar defect and twins formation in the body of irradiated 

NPs and had shown to dominates at early stage during melting process and at laser energy below 

the melting threshold of the GNRs.[121, 137] The TEM images from both smaller and larger 

GNRs@CTAB revealed that the photothermal reshaping of GNRs with ns laser pulses proceeds 

with a melting-mediated mechanism and is not fragmentation-based mechanism as could be 

revealed from the transformation of the majority of GNRs into prolate spheroid, Φ-shaped NPs 

and finally to spherical NPs of almost the same volume of the initial GNRs. Similar mode of action 

was reported previously where fragmentation of GNRs takes place upon irradiation with higher 

fluency of ns pulsed laser whereas melting takes place at low and intermediate laser fluences.[121] 

On the other hand, our UV-vis spectroscopic and TEM results revealed the enhanced photothermal 

stability of GNRs upon coating with different thicknesses of silica shells (15 and 22 nm, 

hereinafter, referred to as “Si2” and “Si1”, respectively). In case of shorter GNRs, coating the 

GNRs with either thinner and thicker silica shells make the GNRs more robust during the ns laser 

irradiation, this could be clearly seen from their nearly unchanged UV-vis spectra which do not 

exhibit any spectral hole-burning (Figures 16 B and C). It should be pointed out that thicker silica 
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shells is much effective than thinner shells in enhancing the photothermal stability of GNRs. The 

UV-vis spectra of GNRs coated with the thinner silica shells (15 nm) started to exhibit a blue-shift 

of the LSPR position accompanied by a decrease in the extinction value when the GNRs irradiated 

with 9000 ns laser pulses (Figure 16C). The TEM images of silica-coated GNRs further confirm 

the data obtained from the spectroscopic studies. Coating GNRs with thicker silica shells (22 nm) 

prohibits the photothermal reshaping of GNRs even after irradiation with 9000 ns laser pulses of 

approx. 320 mJ/cm2 fluence (Figure 15G). Whereas, coating GNRs with thinner silica shells (15 

nm), although appear robust up to 3000 ns laser pulses of approx. 320 mJ/cm2 fluence, they could 

not resist the generated photothermal effect and start to reshape after irradiation with 9000 pulses 

of the same laser fluence (Figure H). By taking a close look at the TEM of the GNRs coated with 

thinner silica shell after pulsed laser irradiation, one could realize that the mechanism of 

photothermal reshaping is different than the mechanism showed for CTAB-coated GNRs. We have 

shown that the reshaping of GNRs@CTAB at our experimental conditions proceeds via a melting-

mediated pathway, whereas, photothermal reshaping of GNRs@SiO2 most probably follows a 

fragmentation-based mechanism. This could be seen by two evidences from spectroscopic and 

TEM studies; 1) the blue-shifting of the LSPR and 2) the shortening of the GNRs and decreased 

of the AR without significant alteration of the GNRs diameter. Similar results have been previously 

reported.[77]  

The photothermal stability shown by coating GNRs core with different silica thickness could be 

explained by the significant heat diffusivity of silica shells which competes with phothermal-

induced reshaping of GNRs. It has been shown that the accelerated photothermal reshaping of 

CTAB-coated GNRs results from the densely packed CTAB layers which has a much lower 

thermal conductivity (K) than water (KWater= 0.598 W/mK and KCTAB= 0.140 W/mK)[138] and 

hence act as heat barrier against heat diffusion which leads to heat accumulation and hence 

expansion and melting of the GNRs. Whereas, the thermal conductivity of silica was estimated to 

be approx. twice the that of water (KSilica= 1.4 W/mK) which enhances the heat diffusivity to the 

surroundings and prevents heat build-up by GNRs. This could also explain the better photothermal 

stability of thicker silica shells which implies better heat distribution over larger surface area and 

enhanced heat diffusion to the surroundings. Moreover, the rigidity of silica shells hinders the 

diffusion of surface atoms and hence the GNRs reshaping.   
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In case of larger GNRs, UV-vis spectra of silica-coated GNR after ns laser irradiation of showed 

gradual blue-shift of the LSPR as a function of deposited laser pulses (Figure 18 B and C). The 

different behavior seen at such case than the one showed for shorter GNRs may be due to 1) the 

higher absorption cross-section and hence more deposited energy of the larger GNRs at the laser 

wavelength (1064 nm) compared to that of shorter GNRs[76] and 2) the GNRs with shorter AR 

have been shown to be thermodynamically stable than GNRs with larger AR[76] which in turn 

means the same number of laser pulses of the same fluence significantly affects larger GNRs than 

shorter GNRs.  

Conjugating silica-coated GNRs with GNCs seemed to alter the mechanism by which 

GNRs@SiO2 are deformed upon ns laser irradiation. Irradiating GNRs@SiO2@GNCs with ns 

laser pulses (9000 ns laser pulses, 320 mJ/Cm2) results in GNRs reshaping into prolate spheroid 

and Φ-shaped NPs (Figures 15J & 17 I, N, J and O), whereas, irradiation of GNR@SiO2 with the 

same laser pulses did not show such intermediate shapes which are characteristic for the 

photothermal-induced melting process. It seems that the mechanism of GNRs reshaping in case of 

GNRs@SiO2 proceeds mainly through a fragmentation mechanism, this can also be confirmed by 

the formation of the bullet-shaped nanostructures where the GNRs start to fragment and release 

the gold through their mesoporous silica (Figures 15H & 17 G, L, H and M). Similar results have 

been for fs laser ablation of gold NPs below their melting point.[139, 140] 

The photothermal-induced reshaping of GNRs upon irradiation with ns laser pulses takes place 

after the photons get absorbed by GNRs which lead afterwards to the heating of the electrons 

(electron-electron coupling) that occurs within the femtosecond time domain (500 fs),[137] the 

energy is then transferred to the lattice (electron-phonon coupling, 1-3 ps),[130] the latter process 

results in increased kinetic energy of the gold atoms and their surface diffusion to start the 

reshaping of GNRs. The GNRs continue to absorb more photons during the ns laser irradiation 

while the lattice is still hot which results in increased lattice energy. On the other hand, the hot 

lattice dissipates some heat to the surroundings in the phonon-phonon relaxation process (100 

ps).[130] The phonon-phonon coupling process is heat loss mechanism and the rate of heat 

generation in the lattice to the rate of heat loss will determine the shape of irradiation product of 

GNRs. For instance, higher irradiation time with high energy ns laser pulses will overcompensate 

the energy loss during phonon-phonon coupling process resulting in fragmentation of the GNRs, 
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whereas, using higher irradiation time with low energy ns laser pulses in a way that not completely 

overcompensate the energy loss to the surroundings results in shortening of the GNRs.[130]   

As could be seen from the UV-vis spectra, functionalization of GNRs@SiO2 with GNCs reduces 

the fragmentation and shortening of GNRs upon laser irradiation (Figures 16E & 18 D and E). To 

our surprise, functionalization with GNCs switches the photothermal reshaping mechanism of 

GNRs@SiO2 back from a fragmentation-based reshaping into melting-based reshaping. Firstly, 

the TEM images and UV-vis spectra of laser irradiated GNRs@CTAB revealed the gradual 

melting of GNRs as could be seen from initial formation of Φ-shaped NPs, V-shaped and twisted 

NPs which finally transformed into spherical NPs of almost the same volume of starting GNRs 

with UV-vis spectral hole burning characterized by decreased extinction value at LSPR 

wavelength (Figures 15F and 16A). Whereas, the TEM images and UV-vis spectra of silica-coated 

GNRs revealed gradual shortening of the GNRs and formation of bullet-shaped NPs with gradual 

blue-shifting of LSPR band upon increasing number of laser pulses (Figures 15H & 17 G, L, H 

and M). Such morphological and spectral changes of silica-coated GNRs suggest a switching 

mechanism of reshaping upon silica coating. On the other hand, conjugating the GNRs@SiO2 with 

GNCs switched the reshaping mechanism from fragmentation-based into meting-based, though 

rates of shape transformation and spectral changes much lower than that observed for 

GNRs@CTAB (Figures 15J & 17 I, N, J and O).  

It worth noting here that the frequent laser irradiation and extended irradiation time did not affect 

the fluorescence behavior of the GNCs (Figure 19). It seems like the photophysical properties of 

the GNCs are not affected by the spatial heating generated upon irradiating GNRs with ns laser 

pulses. These results are consistent with the almost intact structures of GNCs observed during the 

in situ TEM heating results of GNRs@SiO2@GNCs. As such, our nanohybrid composite material 

showed robustness during thermal and photothermal heating. 
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Figure 15. TEM results of the photothermal shape transformation of low AR GNRs and GNRs 

nanocomposites upon ns laser irradiation. TEM images of GNRs@CTAB (A and F), GNRs@Si1 

(B and G), GNRs@Si2 (C and H), GNRs@Si1@GNCs (D and I), and GNRs@Si2@GNCs (E and 

J), before and after irradiation with 9000 ns laser pulses, respectively.   

 

Figure 16. UV-vis spectra of the photothermal shape transformation of low AR GNRs and GNRs 

nanocomposites upon ns laser irradiation. UV-vis spectra of GNRs (A), GNRs@Si1 (B), 

GNRs@Si2 (C), GNRs@Si1@GNCs (D), and GNRs@Si2@GNCs (E), before and after irradiation 

with different number of ns laser pulses.   
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Figure 17. TEM results of the photothermal shape transformation of high AR GNRs and GNRs 

nanocomposites upon ns laser irradiation. TEM images of GNRs@CTAB (A, F and K), GNRs@Si1 

(B, G and L), GNRs@Si2 (C, H and M), GNRs@Si1@GNCs (D, I and N), and GNRs@Si2@GNCs 

(E, J and O), before and after irradiation with 1000 and 9000 ns laser pulses, respectively.   

 

Figure 18. UV-vis spectra of the photothermal shape transformation of high AR GNRs and GNRs 

nanocomposites upon ns laser irradiation. UV-vis spectra of GNRs (A), GNRs@Si1 (B), 

GNRs@Si2 (C), GNRs@Si1@GNCs (D), and GNRs@Si2@GNCs (E), before and after irradiation 

with different number of ns laser pulses.   
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Figure 19. Retained Fluorescence properties of GNCs after irradiation of GNRs@SiO2@GNCs 

with 9000 ns laser pulses. 
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Chapter 2: BSA-directed synthesis of colloidally 

stable and biocompatible Au nanopopcorn1 

2.1 Introduction and aim of the work 

Gold-based nanostructures have drawn great attention due to their unique properties and their 

potential uses in different fields of nanoscience-based applications.[141-143] Their 

physicochemical properties could easily be adjusted by tuning their size, morphology, and surface 

chemistry.[142, 144] 

In the last few decades, different isotropic and anisotropic shapes of GNPs have been 

developed.[144] In particular, anisotropic GNPs have drawn much attention as they have more 

interesting physicochemical properties that are most often surpassing those of their isotropic 

counterparts, i.e., the 0D spherical GNPs.[145] In contrast to spherical (nonhollow) Au NPs, most 

anisotropic and hollow Au NPs apparently exhibit a plasmon peak in the NIR region (therapeutic 

window), where the attenuation by biological tissues is very minimal.[145] Therefore, such 

anisotropic NPs can be utilized in various biomedical applications including diagnosis as well as 

therapy (i.e., “theranostics”).[146] Anisotropic NPs with their sharp edges and tips could also offer 

a great platform for the enhancement of the SERS activity.[147] Nevertheless, cytotoxicity of the 

anisotropic GNPs is a major issue when it comes to biomedical applications.[148, 149] The 

toxicity exhibited by most anisotropic GNPs is mainly arising from their capping agents or surface 

ligands. For instance, it has been shown that CTAB, which is a cationic surfactant frequently used 

for the synthesis of different anisotropic GNPs such as GNRs, GNPCs, gold nanoprisms (GNPRs), 

is cytotoxic to many cell lines.[149] There have been different routes to passivate the CTAB effect 

either by surface overcoating or ligand exchange of CTAB in postsynthesis procedures.[150] for 

instance, polymer coating is commonly used to modify the surface chemistry by wrapping the 

undesired capping agents such as CTAB, making them more biocompatible by reducing the 

exposure of biological compartments to the cytotoxic capping agents.[149, 151] Ligand exchange 

is another alternative way to exchange the bound capping agents with more benign ligands.[152-

155] However, 100% wrapping or removal of surface ligands by overcoating or ligand exchange, 

respectively, is not possible and the leftover ligands can yet exhibit some sort of toxicity.[149, 

154] In order to overcome the drawbacks usually associated with those classical approaches, a 

sustainable route for the synthesis of biocompatible anisotropic GNPs would be ideal. There have 

 

1 The data of this work has been published in [166]. 
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been various green routes for the synthesis of anisotropic GNPs using a number of biomolecules, 

however, not only the precise control over the nanoparticle size but also their colloidal stability 

and large-scale preparation are still major challenges.[67, 156-158] 

It has been shown that the surface chemistry of NPs is influenced to a great extent by the protein 

corona formation in different biological media.[159] Moreover, the protein corona can lead to 

various alterations in the physicochemical properties of NPs, for instance formation of protein 

corona increases their hydrodynamic diameters and could result in aggregation of NPs with 

compromised colloidal stability.[160, 161] On the other hand, protein corona has been shown to 

reduce toxicity of nanoparticles.[162] Nevertheless, there have been a debate regarding the effect 

of protein corona on NPs in various drug delivery-based applications.[163] 

Given the fact that they can be used as reducing, shape-directing agents and are considered as 

naturally preformed protein corona, proteins could offer a powerful alternative to the classical 

toxic ligands for the synthesis of biocompatible and colloidally stable anisotropic NPs.[65, 66] 

In this work we report an efficient and sustainable synthesis method of anisotropic gold 

nanopopcorn (GNPCs). In this work, the effect of using different proteins on dictating the shape 

of NPs was evaluated. Among different proteins, BSA has shown superiority over other protein in 

synthesizing monodisperse GNPCs of narrow size distribution. The synthetic route is scalable and 

liters of GNPCs (CAu = 5.6 ×10−4 M) could be synthesized in one single batch. The tunability, 

colloidal stability, as well as the cytotoxicity of BSA-capped GNPCs have been also evaluated. 

2.2 Results and discussion 

2.2.1 Characterization of NPs 

In this study, BSA was selected as a shape-directing agent because of its biocompatible nature as 

well as its potential shape-dictating capability. [65, 66] This sustainable synthetic route is 

straightforward and could be used for the large-scale preparation of high quality GNPCs (scheme 

of the synthesis is shown in Figure 20A). The UV−vis absorption spectra of GNPCs exhibit an 

absorption peak centered at 588 nm (Figure 20B), which matches well with the reported branched 

GNPs.[164] The broadening in the absorption peak (fwhm= 100 ± 10 nm) results from different 

arm length of individual GNPCs. The TEM images show uniform and branched popcorn-shaped 

GNPs, similar to the NPs previously reported by Lu et al.[36] where the CTAB was used as a 
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surface capping agent. The GNPCs@BSA have an average core diameter (dc) and arm’s length of 

70 ± 5 nm and 12 ± 5 nm, respectively, and is in a good agreement with the results from dynamic 

light scattering (DLS) measurements which revealed a hydrodynamic diameter (dh) of ca. 80 ± 8 

nm (Figure 20C). High-resolution transmission electron microscopy (HRTEM) images and 

Fourier transformation (FFT) pattern indicate the crystalline nature of GNPCs (Figure 20 D−I). 

FFT patterns of GNPCs exhibited the characteristic (111) and (200) planes of the face-centered 

cubic (fcc) structure of gold, similar to those showed by previously reported branched GNPs 

(Figure 20 G and I).[157, 165]  

It should also be noted that using the same synthesis route, other proteins can successfully produce 

GNPCs (Figure 21), however, the obtained NPs exhibited significant polydispersity than that 

showed by the GNPCs@BSA. To further confirm the substantial role of BSA in dictating the shape 

of GNPCs, a control experiment was done during which no BSA was added. The purple-colored 

NPs formed during the control experiment exhibited a narrow absorption peak centered at 535 nm, 

suggesting the formation of spherical NPs with a shoulder at 750 nm, suggesting an aggregation 

of the NPs (Figure 22). In another control experiments, different capping agents instead of BSA 

were used such as citrate, polyvinylpyrrolidone (PVP) and CTAB. The NPs formed using citrate 

and PVP exhibited a plasmonic peak centered at ∼530 nm (Figure 23), again suggesting the 

formation of isotropic spherical NPs.[150] Whereas, CTAB produced sponge-like nanostructures 

(Figure 24) with a plasmnic peak at ∼590 nm.  
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Figure 20. Synthesis and characterization of GNPC@BSA. (A) Scheme of GNPCs@BSA synthesis 

with photographs of the corresponding GNPC@BSA in small scale (left) and large scale (right). 

(B) UV−vis absorption spectra of GNPC@BSA and other GNPs synthesized using different 

ligands other than BSA. (C) TEM images of GNPC@BSA. The inset shows the dc values (length 

from tip to tip) distribution histogram of GNPC@BSA. (D and E) TEM and STEM images of a 

single GNPC@BSA, respectively. (F, H and G, I) HRTEM and corresponding FFT pattern of 

selected regions, respectively. Prepublished in [166].   
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Figure 21. Characterization of GNPs synthesized by different proteins other than BSA. TEM 

images and corresponding size distribution of the dc values of (A-B) Au@Blg NPs, (C-D) Au@Cat 

NPs, (E-F) Au@Lyz NPs, and (G-H) Au@Hem NPs. Insets are photographs of the corresponding 

GNPs, Prepublished in [166].   

 

Figure 22. Absorption spectrum of spherical GNPs synthesized without the use of 

BSA. Prepublished in [166].   
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Figure 23. UV-vis absorption spectra of GNPs formed by using different ligands other than BSA. 

Prepublished in [166].   

  

 

Figure 24. TEM and size distribution of sponge-like NPs formed using CTAB instead of BSA. 

Prepublished in [166].   

The plasmonic peak of GNPCs could be tuned by adjusting the reaction parameter such as volume 

of seed solution (Vs), concentration of Au precursor in seed solution (CAu(s)), volume of Au 

precursor added in the growth step (VAu(g)), concentration of Ag precursor (CAg), reaction pH and 
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temperature (Figure 25). The results showed that a tuning of the absorption peak of GNPCs@BSA 

to the NIR region is possible. 

 

 

Figure 25. UV-vis absorption spectra of GNPs formed by tuning different synthetic parameters; 

A) CAu(s), B) Vs, C) VAu(g), D) CAg, E) pH of the reaction, and F) reaction temperature (T). 

Prepublished in [166].   

As an essential step to understand the role of protein structure in dictating the anisotropic shape of 

GNPCs, structural changes of BSA during the course of GNPCs formation were investigated using 

circular dichroism (CD) spectroscopy (Figure 26A).[167] The CD spectra of GNPCs@BSA were 

compared with those of native BSA solution (pH 6.5) and acidified BSA solution (pH 3.1, 

corresponding to the pH value during the course of GNPCs@BSA formation).  

BSA at almost neutral pH shows one spectroscopic band at 190 nm in the positive absorption side 

and two other bands at ca. 209 and 222 nm in the negative absorption side. The later peaks are 

characteristic for the α- helix structure of BSA (Figure 26A).[168]  
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Deconvolution of the CD spectra[169] suggests that the native BSA (pH 6.5) consists of about 

51% α-helix, 3% strand, 14% turn, and 32% irregular structures (Figure 26A and Figure 27). 

Whereas, GNPCs@BSA consists of only 10% α-helix, 27% strand, 15 % turn, and 48% irregular 

structures (Figure 26A), suggesting a nearly complete loss of the proteins’ secondary structure. To 

understand at which stage in the growth step are the structural changes of BSA initiated, a set of 

control experiments were carried out during which the CD spectra of BSA are recorded. The 

control experiments revealed that the CD spectral behavior of BSA did not significantly change 

until only the addition of Au precursor to the reaction medium, after which the CD bands of native 

BSA are almost disappeared, which suggests a unique and strong interaction between BSA and 

Au salt, resulting in the loss of the α-helix conformation of BSA, and the subsequent unfolding of 

BSA.[170]  

To gain more insights on the structural transformation of BSA, fluorescence spectra were recorded. 

The intrinsic fluorescence of BSA arises mainly from two tryptophan (Trp) residues located in 

different domains of BSA, namely, (Trp-134) in domain I and (Trp-213) in domain II.[168] 

Structural transformations of BSA could be examined by measuring the emission intensity and 

emission maxima after selectively exciting the tryptophan at 280 nm, as any alteration in the local 

environment of tryptophan could affect the fluorescence behavior of BSA. A drastic drop in the 

fluorescence intensity as well as significant increase in the emission maxima of GNPCs compared 

to native BSA have been observed (Figure 26B and Figure 28). These results are consistent with 

the changes observed in the CD behavior and further confirm the BSA unfolding during the 

formation of GNPCs.  
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Figure 26. Understanding the structural changes of BSA during GNPCs synthesis. A) CD spectra 

of GNPCs@BSA and different control samples. To avoid the noise at lower wavelength (190−200 

nm), all spectra were smoothed using OriginPro 2018 (5 points, Savitzky−Golay). The inset shows 

a heat map specifying the contents of different secondary structure elements of BSA. (B) 

Fluorescence intensity (yellow bars) and maximum emission wavelength (λmax) (green bars) of 

different samples. Prepublished in [166].   
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Figure 27. Table representing the deconvoluted protein structures from the corresponding CD 

spectra (presented in Figure 26). A) BSA+HAuCl4, B) BSA at pH 3.1, C) BSA+ascorbic acid (AA), 

D) GNPC@BSA, E) BSA+seed GNPs, and F) BSA at pH 6.5. Prepublished in [166].   
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Figure 28. Fluorescence emission spectra of GNPCs@BSA and native BSA under different 

synthetic conditions. Prepublished in [166].   

Summing up the previous results, one could conclude that the addition of Au precursor drops the 

pH of the reaction medium and induces the formation of Au3+-protein complexes, both events 

facilitate protein unfolding and loss of protein’s secondary structure. Unfolding of BSA as well as 

spatial nucleation of Au along the (111) and (200) facets may offer an appropriate biotemplate for 

the anisotropic growth of GNPCs. 

2.2.2 Colloidal stability of NPs 

It has been reported that colloidally stable NPs in biological media is very crucial criterion in many 

biomedical applications and a compromised colloidal stability as well as protein corona formation 

affect the physicochemical properties of NPs.[150, 152] Since surface capping agents determine 

the major properties of NPs, such as their net charge, surface behavior, colloidal stability in 

different media, as well as their cytotoxicity,[171] studying how far could the surface chemistry 

affect the properties of GNPCs@BSA compared to almost similar sized NPs synthesized using 
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different surface ligands (citrate-capped Au NPs (GNP@Citrate), surfactant-free star-shaped 

AuNPs (GNS), and CTAB-capped popcorn-shape GNPs (GNPC@CTAB)  (Figure 29A).  

The colloidal stability of NPs in Milli-Q water, PBS and FBS-free/supplemented DMEM was 

investigated by monitoring their hydrodynamic diameters (dh) for up to 36 h (Figure 29B, C and 

Figure 30). All NPs were stable in MQ water except for GNS, whereas, different trend of colloidal 

stability has be observed in FBS-supplemented DMEM as follows: GNPC@BSA > GNP@Citrate 

> GNS > GNPC@CTAB (ordered according to their colloidal stability as monitored by their dh 

values at 36 h) (Figure 29B). The high colloidal stability of GNPC@BSA as well as the only slight 

increase in the hydrodynamic diameter of GNP@citrate is probably due to their net negative 

surface charge which means less adsorption of protein and slight increase in their dh values. 

On the other hand, the significant increase in the dh values of GNPC@CTAB and GNS in FBS-

supplemented DMEM suggests a strong protein corona formation and the subsequent aggregation 

of the GNPs (Figure 29 C and D). The high positive charge of CTAB-coated GNPCs as well as 

the easily accessible surfaces of GNS facilitates their interaction with proteins and in turn increases 

the protein adsorption and their aggregation which explains their increased dh values while 

incubated in FBS-supplemented DMEM medium  (Figure 31).  
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Figure 29. Effects of surface ligands on the colloidal stability of different GNPs in biological 

media. A) Comparative cartoon structures and TEM images of (a, b) GNPC@BSA, (c, d) 

GNP@Citrate, (e, f) GNS, and (g, h) GNPC@CTAB, respectively. B) Colloidal stability monitored 

as a change in dh of GNPs over time in FBS-supplemented DMEM. C) dh of different GNPs in 

water and FBS-supplemented DMEM (measured directly after addition, at t = 0 h, collected from 

the marked region of Figure 29B). D) Proposed schematics of the corona formation for the 

different GNPs. Prepublished in [166].   
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Figure 30. Hydrodynamic diameter (dh) of GNPC@BSA, GNPC@CTAB, GNS, and GNP@citrate.  

dh values of the different GNPs in A) water, B) PBS, and C) FBS-free DMEM. D) dh of 

GNPC@BSA and E) GNPC@CTAB in different media over a period of 7 days. Prepublished in 

[166].   

 

 

Figure 31. Zeta potential of GNPCs@BSA, GNPCs@CTAB, GNS, and GNP@citrate. 

Prepublished in [166].   
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2.2.3 Biocompatibility studies of NPs 

The biocompatibility of GNPC@BSA has been evaluated by assessing their cytotoxicity on the 

cancerous Henrietta Lacks (HeLa) and the normal Medical Research Council cell strain 5 (MRC-

5) cell lines using the resazurin assay and compared to that of the other GNPs prepared using 

different surface coating. The results revealed the higher cytotoxic effects of GNPC@CTAB (at 

concentrations CAu = 3.1−100 μg/mL, as measured by inductively coupled plasma mass 

spectrometry (ICP-MS)) on both the cell lines. Our results are consistent with previous work 

reporting the toxic nature of CTAB for cellular applications.[65, 149] Whereas, GNPC@BSA as 

well as GNP@Citrate and GNS did not compromise the viability of HeLa as well as MRC-5 cells 

and exert no cytotoxic effect on both cell lines (up to the maximum CAu employed in the study) 

(Figure 32 B and E). Further assessment of cytotoxicity was carried out using the lactate 

dehydrogenase (LDH) assay. The LDH assay evaluates the cell membrane integrity via measuring 

the amount of LDH, which normally located in the cytosolic compartment, released into the cell 

culture media when the cellular membranes got damaged and hence can be used to assess the 

cellular toxicity upon exposure to GNPs of different surface chemistry (Figure 32 C and F). 

Incubation of HeLa and MRC-5 cells with CTAB-capped GNPCs (CAu= 3.1−100 μg/mL) up to 24 

h resulted in a significant increase in %LDH release relative to the control cells compared to the 

%LDH released in the culture medium upon incubation with the same concentrations of BSA-

coated GNPCs, citrate-capped GNPs, and GNS (Figure 32). These findings show that exposure to 

certain concentrations of CTAB-coated GNPCs damages the cell membranes of HeLa and MRC-

5 cells with subsequent leakage of the intracellular LDH into the cell culture medium. The LDH 

assay results are consistent with the results of the resazurin assay and confirm the cytotoxic effects 

of GNPC@CTAB on both cell lines when used at concentrations above CAu= 3.1 μg/mL. Despite 

the shown biocompatibility of both citrate-capped GNPs and GNS, their compromised and limited 

colloidal stability in PBS and DMEM media (cf. Figure 30) might make them less attractive for 

biomedical applications. 
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Figure 32. Effects of surface ligands on the biocompatibility of GNPs. (A, D) Cartoon illustration 

of HeLa cells and MRC-5 cells, respectively. (B, E) Heat maps representing the dose-dependent 

reduction in cell viability V after 24 h exposure of HeLa and MRC-5 cells, respectively, to different 

GNPs using the Resazurin assay from three independent experiments. Due to colloidal instability, 

GNS and GNPC@BSA cannot be concentrated more beyond the star marks labeled in the plot and 

their cytotoxicity beyond this concentration was not carried out. Effect of 24 h exposure of C) 

HeLa cells and F) MRC-5 cells to different GNPs on LDH release as depicted by the 

dose−response curves. Prepublished in [166].   
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Chapter 3: BSA-directed synthesis of porous 

bimetallic AgPt NPs with pH-switchable nanozyme 

activity and cargo loading capability1 

3.1 Introduction and aim of the work 

Due to their distinct catalytic efficiency,[172, 173] electronic,[174] magnetic,[175] and 

optical[176] properties compared to their corresponding monometallic equivalents,[143] 

substantial attention has been devoted to bimetallic and multimetallic NPs over the past few 

decades. For example, previous studies have shown superior SERS and enhanced catalytic activity 

of the bimetallic AgAu, AgPd and AgPt NPs in comparison with the monometallic Ag NPs.[177-

181] Bimetallic NPs are mostly synthesized through either of two pathways: 1) through the 

galvanic exchange (GE) between one metal of a desired sacrificial template morphology and 

another metal of relatively higher reduction potential, the difference in reduction potential will 

facilitate the other metal deposition on the sacrificial template,[182-184]or 2) through the co-

reduction pathway, which simultaneously reduces the metal precursors using  strong reducing 

agents.[185-187]Such strategies usually employ, however, the use of dangerous and noxious 

chemicals, such as surfactants. Non-biocompatible surfactants and hazardous chemicals must 

therefore be removed prior to the use of such NPs in many bio-applications, this is usually done 

using cumbersome post-synthesis purification methods, whereby a complete removal / exchange 

of surface ligands and noxiuos chemicals is often not possible.[188, 189]Green synthesis strategies 

that avoid using toxic surface coating would be therefore of great interest. Using of proteins as 

surface coatings, shape-directing and stabilizing agents could be a reasonable choice for the 

synthesis of biocompatible anisotropic NPs.[67] 

Implementing nanostructures to imitate the nature’s design is a compelling research topic. 

Nanozymes, which is a group of nanomaterials that possess an intrinsic natural enzyme-mimicking 

activity, have been recently reported.[190-196]These group of artificial enzymes can overcome 

many drawbacks of the natural enzymes and offer many advantages such as low-cost, large scale 

synthesis, time-effective processing and purification and their high stability under stringent 

conditions. Remarkable advancement in the field of nanozymes have been done since the 

introduction of iron oxide NPs as artificial peroxidases and cerium oxide (nanoceria) as catalase 

 

1 The data of this work has been published in [207]. 
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mimics.[195, 197, 198]This inspired some attempts to assess the enzyme-mimicking activity of 

bimetallic and multimetallic NPs. For instance, various bimetallic and multimetallic NPs have 

shown artificial peroxidase,[185] oxidase-like[199, 200] and catalase-like activity, such as AgM 

NPs (M= Au, Pd and Pt),[185] FePt NPs,[199] and Au@ PdPt NPs,[200] among others, and their 

catalytic activity could be simply tuned by adjusting their elemental composition.  

The nanoparticles-based artificial enzymes hold a great potential for sensing applications, as well 

as other biological applications.[201-205] Despite their unique properties, colloidal/chemical 

stability, substrate selectivity and biocompatibility of many recent nanozymes are still remaining 

great challenges. And as such, green synthesis of nanozymes using innocuous chemicals and their 

coating with intrinsically non-toxic surface capping agents would be of utmost value. 

In this work, BSA protein was used for the facile synthesis of biocompatible porous AgPt 

bimetallic NPs. The biocompatible BSA was employed as a biotemplate, shape-directing and 

stabilizing agent. The obtained porous AgPt NPs exhibited pH-switchable peroxidase-/catalase-

mimetic activity. In addition, the porous structure of the AgPt NPs allows them to be effective 

cargo carriers, and their pH-dependent peroxidase-like activity facilitates the triggered release of 

the cargo.   

3.2 Results and discussion 

3.2.1 Characterization of NPs 

The AgPt bimetallic NPs were synthesized through a three-step process (Figure 33a). Firstly, the 

yellow-colored Ag seeds were synthesized, followed by the synthesis of the purple-colored BSA-

coated Ag nanoprisms. Then, AgPt bimetallic NPs were synthesized via the galvanic exchange 

reaction in the 3rd step. The preformed Ag nanoprism used as a sacrificial template for the 

controlled deposition of Pt, resulting in the formation of the navy-blue-colored AgPt NPs. The role 

of BSA in directing the anisotropic growth of the NPs have been evaluated through a set of control 

experiments (Figures 36-39). The TEM images of AgPt NPs reveal the porous nature of the prism-

shaped NPs (Figure 33) with an average edge length (LE) of 44 nm (Figure 34). The HR-TEM 

images of the AgPt NPs show different lattice orientations of the nanocrystals with d-spacing 

values between fringes of 0.242 nm and 0.222 nm, similar d-spacing values are assigned to the 

interplanar spacing of the (111) planes of Ag and Pt (JCPDS No. 04-0783 and 04-0802), 
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respectively (Figures 35a and 35b). The electron diffraction (ED) pattern of the AgPt NPs shows 

a diffused ring pattern, which reveals their polycrystalline nature (Figure 35c). The formation of 

AgPt NPs involves two simultaneous reduction reactions of the Pt precursor via GE reaction with 

the sacrificial Ag nanoprism, which contributes most, and through the remaining ascorbic acid 

(AA) in the growth solution, followed by Pt deposition into the preformed Ag nanoprism template 

and the oxidative dissolution of Ag0 to Ag+ ions. The reduction rate of Ag+ by AA is much lower 

than the oxidative dissolution rate of the preformed Ag nanoprism by the Pt precursor. This 

mechanism accounts for the porous nature of the resulting AgPt NPs. 
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Figure 33. Synthetic route and characterization of AgPt NPs. a) schematic illustration of the 

synthetic route of AgPt NPs. (b, c) TEM images of the porous AgPt NPs at different magnification. 

(d, e) EDS elemental mapping of Ag and combination of Ag and Pt in AgPt NPs, respectively. f) 

EDS analysis of AgPt NP (corresponding to one of the NPs shown in the inset) showing the atomic 

percentage (I %) of Ag and Pt (table inset). g) CD spectra of Ag NPs, AgPt NPs and BSA solutions 

(N- and E-forms) and h) their corresponding secondary structure elements distribution (I %). 

Prepublished in [206].   
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Figure 34. Characterization of the porous AgPt NPs. (a and b) TEM and (c) STEM images of AgPt 

NPs. d) Size distribution histogram and size distribution Gaussian fitting of the edge length (LE) 

of AgPt NPs (mean LE = 44.3±1.22 nm, averaged from 100 NPs). Prepublished in [206].   
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Figure 35. HRTEM and SAED pattern of AgPt NPs. a) HRTEM of AgPt NPs and (b) HRTEM 

image of the outlined area in (a) showing the d-spacing of Ag and Pt in AgPt NPs. c) SAED pattern 

of AgPt NPs. Prepublished in [206].   
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Figure 36. Role of BSA in directing the shape towards porous prism-shaped AgPt NPs. a) UV-vis 

spectra of Ag NPs@BSA, Ag NPs@SC, AgPt NPs@BSA, and AgPt NPs@SC and their 

corresponding photographs in the inset. (b and c) dh of AgPt NPs@SC and AgPt NPs@BSA as 

recorded in the form of the intensity distribution I(dh), respectively. (d and e) TEM images of AgPt 

NPs@SC and AgPt NPs@BSA, respectively. Prepublished in [206].   

Figure 37. Kinetics of AgPt NPs formation using different surface ligands. (a and b) UV-vis 

spectra recorded at different time points during the synthesis of AgPt NPs@BSA and AgPt 

NPs@SC, respectively. Prepublished in [206]. 
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Figure 38. Effect of using different concentrations of Pt precursor (H2PtCl6) on the synthesis 

product. UV-vis spectra of the NPs prepared using different amounts (V) of (a) 2 mM and (b) 25 

mM Pt precursor (Insets are the photographs of the obtained). c) UV-vis spectra of AgPt NPs 

prepared using different molar ratios of Ag and Pt precursors. Prepublished in [206].   
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Figure 39. Effect of changing the Ag:Pt molar ratio on the NP shape and composition. (a-d) EDS 

spectra of AgPt NPs prepared using 5, 10, 50 and 100 mM Pt precursor, respectively. Insets are 

the corresponding TEM images and tables summarizing the atomic % of Ag and Pt obtained from 

the EDS spectra. Prepublished in [206].   

The deconvoluted X-ray photoelectron spectroscopy (XPS) spectra of AgPt NPs show a broader 

Ag 3d peak than exhibited by the monometallic Ag nanoprism (Figure 40). The Ag 3d peak in 

both AgPt and Ag NPs is centered around 368 eV, which corresponds to a state closer to Ag(0) 

(Figure 41a). In addition, a small peak at 367 eV appeared in the XPS spectra of AgPt which 

confirms the presence of Ag(I). This was further confirmed by the small peak at ∼200 eV in the 

survey spectra of AgPt NPs (Figure 40). The XPS Pt 4f spectra of AgPt NPs show a peak at 71 eV 

which indicate the presence of Pt in the Pt(0) oxidation state (Figure 41b).  
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Figure 40. XPS survey spectra of Ag NPs and AgPt NPs. Individual elements are assigned in the 

spectra. Prepublished in [206].   
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Figure 41. Deconvolution of XPS spectra of Ag NPs@BSA and AgPt NPs@BSA. Deconvoluted 

XPS spectra of Ag3d (a), Pt4f (b), C1s (c), O1s (d) and N1s (e) respectively. All the spectral 

features were fitted into the different chemical species expected. Prepublished in [206].   

Elemental mapping of AgPt NPs using STEM with dual EDS revealed the coexistence of Ag 

(48.5%) and Pt (51.5%) and their homogeneous distribution in the bimetallic NPs (Figure 33 d−f).  

The morphology as well as the elemental distribution of AgPt NPs can be easily tuned by adjusting 

the Ag:Pt molar ratio used during the synthesis (Figure 39). A perfectly prism-shaped AgPt NPs 

with controlled porosity could be obtained using Ag:Pt molar ratio of 1:0.25, and was chosen 

therefore for further investigations.  

The formation kinetics of AgPt NPs as studied by the UV-vis spectra revealed the apparent changes 

in the UV-vis spectra of Ag NPs after the GE reaction with Pt (Figure 37a). Once the Pt precursor 

introduced to the Ag NPs, a gradual red-shift, broadening as well as decrease in the plasmonic 

peak corresponding to the in-plane dipole resonance of Ag NPs takes place with complete loss of 

the in-plane quadrupole plasmon resonance. Thus, the ability to tune the plasmonic peaks of Ag 
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NPs to NIR region could be done simply by introducing a second noble metal such as Pt, this 

plasmonic peak of AgPt NPs could be further tuned to span broad range of the NIR region by 

adjusting the synthesis parameters, this could be of utmost importance for various biomedical 

applications. The bathochromic shift observed in AgPt NPs is mainly due to changes in the 

refractive index of the resulting porous nanostructure, similar trend have been previously 

reported.[207]  

The synthesis pathway of AgPt NPs could be extended to synthesize other AgM bimetallic NPs 

such as AgAu and AgPd NPs (Figures 42 - 44).  

The effect of pH on the reaction product was studied and the results clearly reveal that the GE 

reaction is pH-dependent and the galvanic exchange between the Pt and the preformed Ag 

nanoprism scaffold takes place mainly at acidic pH (pH ∼4) leaving behind a porous AgPt 

nanostructure with its characteristic plasmonic bands as could be confirmed by the UV-vis 

absorption spectra (Figure 45). Similar observations were obtained for other bimetallic and 

multimetallic NPs.[208, 209] 

The CD as well as the fluorescence spectra of BSA were recorded in order to trace the 

conformational changes of the surface capping agent during the synthesis of Ag and AgPt NPs.  

The native BSA (N-form, pH 6.5) exhibits single CD spectroscopic band at 190 nm in the positive 

absorption side and two other CD bands at approximately 210 and 225 nm in the negative 

absorption side, which are attributed to the helical structure of BSA[168] (Figure 33g).  

Deconvolution of the CD spectra shows that the nearly neutral BSA solution is made up of 51% 

α-helix, 3% β-sheet, 14% turns, and 32% irregular structures (Figure 33h and Figure 46a), which 

is in agreement with the reported values.[166, 210] 

Deconvolution of the CD spectra of acidified BSA solution, which mimic the reaction conditions, 

revealed that the configuration of BSA contains ca. 25% α-helix, 22% β-sheet, 8% β-turn, and 45% 

other structures (Figure 33h and Figure 46b), which means that BSA unfolds at such pH and adopts 

an extended configuration (E-form).[211, 212] 

Compared to the N-configuration, a significant decrease in the α- helical configuration of the BSA 

was observed in BSA-capped Ag and AgPt NPs (Figure 33h, Figure 46c and 46d). Furthermore, 
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an additional decrease in the α-helix structural conformation of Ag and AgPt NPs (14% and 20%, 

respectively) was observed, compared to the E-form of BSA (25%). These results reflect a strong 

interaction between BSA and the metal ions/atoms takes place,[167] which gives rise to an extra 

unfolding of the E-configuration of the BSA, which employs more reduction in the α-helical 

conformation.  

The findings from the fluorescence spectra matched well with the results gained from 

deconvolution of the CD spectra. A drastic drop in the fluorescence intensity of Ag NPs and AgPt 

NPs compared to N- and E-forms of BSA was observed (Figure 47). These results further confirm 

the BSA unfolding during the formation of Ag NPRs and AgPt NPs. 

 

 

Figure 42. Characterization of AgM@BSA NPs. UV-vis spectra of bimetallic AgM NPs 

synthesized at (a) pH 4 and (b) pH 11, respectively (Insets are the photographs of the 

corresponding AgM NPs). Prepublished in [206].   
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Figure 43. Characterization of AgPd@BSA NPs. TEM images and EDS spectra of AgPd NPs 

prepared at (a-b) pH 4 and (c-d) pH 11, respectively. Insets in (b) and (d) are the corresponding 

atomic % of Ag and Pd in the obtained NPs. Prepublished in [206].   
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Figure 44. Characterization of AgAu@BSA NPs. TEM images and EDS spectra of AgAu NPs 

prepared at (a-b) pH 4 and (c-d) pH 11, respectively. Insets in (b) and (d) are the corresponding 

atomic % of Ag and Au in the obtained NPs. Prepublished in [206].   
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Figure 45. Effect of pH on the synthesis of AgPt NPs. UV-vis spectra  of different reaction products 

synthesized at wide range of pH (2-14). Prepublished in [206].   
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Figure 46. Deconvolution of CD results. Distribution of secondary structure elements of BSA 

within the a) N- and b) E-forms of BSA, c) Ag NPs and (d) AgPt NPs as estimated from the CD 

spectra using CD spectra deconvolution online tool http://bestsel.elte.hu and e) their 

corresponding relative content (%) of secondary structure elements. Prepublished in [206].   

 

http://bestsel.elte.hu/
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Figure 47. The structural changes of BSA during the synthesis of Ag NPs and AgPt NPs. a) 

fluorescence spectra of the N- and E-forms of BSA, Ag NPs, and AgPt NPs and b) their peak 

emission intensity (Imax) and peak emission wavelength (λmax). Prepublished in [206].  

3.2.2 Colloidal stability of AgPt NPs 

As it is important for a nanozyme to be colloidally stable in different media, the colloidal stability 

of AgPt NPs in high ionic strength medium as well as other biological media was studied.  

The AgPt NPs exhibited superior colloidal stability in NaCl solutions of different ionic strengths, 

as well as in PBS, FBS-free/-supplemented DMEM and RPMI media compared to the 

monometallic Ag NPs (Figure 48). The relatively superior colloidal stability of the bimetallic AgPt 

NPs over Ag NPs results from their porous structure. The porous structure of AgPt NPs increases 

their surface area which implies increased surface coverage with BSA in comparison to the solid 

structure of Ag NPs. The intrinsic amphiphilic properties of BSA[213] endow the AgPt NPs more 

colloidaly stable, this is most probably due to the increased interfacial energy upon increasing 

coating with BSA, which forms a mechanical barrier against aggregations. [214]  

On the other hand, incorporation of Pt in the AgPt NPs significantly enhances their electrochemical 

behavior compared with the monometallic Ag NPs. For instance, the internal electron traps formed 

within the bimetallic AgPt NPs may prevent the oxidative dissolution and etching of Ag scaffold 

which takes place easily in case of the monometallic Ag NPs, hence, doping the nanostructure with 

Pt confers them more chemically stable. Similar findings showing the increased chemical stability 

of bimetallic nanostructures upon alloying Ag NPs with Pt have been reported.[182] 
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Figure 48. Colloidal stability of Ag NPs and AgPt NPs. Hydrodynamic diameters of (a and c) Ag 

NPs and (b and d) AgPt NPs in NaCl solutions and in different biological media, respectively. 

Prepublished in [206].  

3.2.3 Enzyme-mimic activity of AgPt NPs 

The pH-dependent nanzoyme activity of AgPt NPs was studied by assessing their peroxidase and 

catalase mimic catalytic activity. The artificial peroxidase activity of AgPt NPs, on one hand, was 

evaluated by checking their ability to catalyze the oxidation of ortho-phenylenediamine (OPD), a 

common peroxidase enzyme substrate, in the presence of hydrogen peroxide (H2O2). The evolution 

of the yellow-colored oxidation product of OPD is the 2,3- diaminophenazine (DAP) could be 

traced using the UV-vis spectrophotometer. On the other hand, the catalase-like activity of AgPt 

NPs could be evaluated by measuring the dissolved oxygen level resulted from the catalytic 

decomposition of H2O2.  
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The AgPt NPs exhibited a conspicuous peroxidase-mimicking activity at acidic pH (pH ∼4), this 

activity could be seen by the relatively faster buildup of the yellow-colored DAP as well as the 

progressive evolution of the characteristic DAP absorption band (λ = 425 nm), compared to 

control, the standard horseradish peroxidase enzyme and the monometallic Ag NPs (Figures 50 

and 51). Furthermore, the experiments not only show a pH-dependency (Figure 50) but also 

changing the elemental composition of the bimetallic NPs and doping with certain amounts of Pt 

enhances their peroxidase-like activity with AgPt NPs prepared using Ag:Pt molar ratio of 1:0.5 

exhibited the highest catalytic activity (Figure 49f, Figure 52). It worth mentioning here that a 

nanoparticle entirely made of Ag, i.e. the Ag NPs template, show very little to negligible 

peroxidase-mimicking activity and doping with Pt is necessary to exhibit such catalytic activity 

(Figures 49c, 49e, 50 and 51c). These results clearly suggest that the peroxidase-mimicking 

activity AgPt NPs stemming mainly from the Pt metal content of the bimetallic NPs, such catalytic 

activity may be related to the electron-transfer capability of Pt as previously reported in many 

electron-transfer reactions (Eq. 1), as such the captured electron could be transferred to the H2O2 

adsorbed on the surfaces of the AgPt NPs which leads subsequently to the decomposition of 

H2O2.[215, 216] 

𝐻2𝑂2 + 2 𝐻
+ + 2 𝑒−

   𝑨𝒈𝑷𝒕 𝑵𝑷𝒔     
→          2 𝐻2𝑂                      𝐸𝑞. 1  

To assess whether coating of AgPt NPs with relatively larger surface ligand, such as BSA, 

passivate their surfaces to a degree that reduces the accessibility of active sites of AgPt NPs and 

hence their peroxidase-mimic activity, a control experiment to evaluate the peroxidase-like activity 

of citrate-capped AgPt NPs (AgPt@SC) was carried out. The obtained results reveals almost 

similar catalytic activity with no evidence of surface passivation by the BSA (Figures 53 and 54).  
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Figure 49. Peroxidase-like activity of AgPt NPs and steady-state kinetics of the catalytic reaction. 

Photographs of the peroxidase-like activity of a) control, b) horseradish peroxidase (HRP), c) Ag 

NPs, and d) AgPt NPs at different pH (“1”, “2”, and “3” represents pH 4, pH 7, and pH 11, 

respectively). e) Time-dependent absorbance changes at λ = 425 nm upon oxidation of OPD to 

DAP. f) Elemental composition-dependent peroxidase-like activity of AgPt NPs. The inset shows 

the corresponding photographs. (g and h) Steady-state kinetics of the catalytic reaction where the 

rate of reaction (v) was plotted versus different concentrations of H2O2 (CH2O2) while keeping the 

OPD concentration fixed and while keeping H2O2 concentration fixed, respectively. The inset in 

(h) shows the schematic illustration of the peroxidase-like activity of AgPt NPs. The error bars 

represent the standard deviation of three measurements. The (R2) value represents the correlation 

coefficient. Prepublished in [206].  
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Figure 50. Peroxidase-like activity of AgPt NPs at different pH. UV-vis absorption spectra of the 

oxidation product of OPD by control, HRP, Ag NPs, and AgPt NPs at different pH (pH 4: black 

circle, pH 7: green circle and pH 11: blue circle). Prepublished in [206].  
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Figure 51. Kinetics of OPD oxidation using AgPt@BSA NPs. Time-dependent absorbance spectra 

of the DAP generated upon oxidation of OPD a) in absence of catalyst and in presence of b) HRP, 

c) Ag NPs, or d) AgPt NPs at pH 4. Prepublished in [206].  
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Figure 52. Intrinsic peroxidase-like activity of AgPt NPs as a function of their elemental 

composition. a) ICP-MS analysis of AgPt NPs obtained using different Ag:Pt molar ratios (CAg 

and CPt refer to the mass concentrations) and b) their corresponding peroxidase-like activity as 

shown from the UV-vis absorption spectra of the OPD oxidation product at pH 4. Prepublished in 

[206].  
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Figure 53. Peroxidase-like activity of Ag NP@SC and AgPt@SC NPs. Photographs of the 

peroxidase-like activity of a) Ag NP@SC and b) AgPt NPs@SC at different pH (pH 4: black circle, 

pH 7: green circle and pH 11: blue circle) and (c) their corresponding UV-vis absorption spectra. 

Prepublished in [206].  
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]

Figure 54. Kinetics of OPD oxidation using Ag NPs@SC and AgPt NPs@SC. Time-dependent 

absorbance spectra of the DAP generated upon oxidation of OPD in presence of a) Ag NPs@SC 

and b) AgPt NPs@SC at pH 4 and (c) their corresponding time-dependent absorbance changes at 

λ = 425 nm. Prepublished in [206].  

The peroxidase-like activity exhibited by AgPt NPs follows most probably a radical chain 

mechanism, during which the hydroxyl radicals (•OH) are generated after the catalytic base-like 

decomposition of H2O2 on the surfaces of AgPt NPs at acidic pH takes place (Eq. 2), a similar 
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H2O2 decomposition and •OH generation have been reported for a number of metals, metal oxides 

and metal ions.[217, 218] The accumulated •OH react with the OPD molecules adsorbed on the 

surfaces of the bimetallic NPs resulting in the formation of OPD radicals. Finally, the OPD radicals 

react with one another leading to the generation of the yellow-colored DAP (Scheme 1). It worth 

noting that in case of the absence of the peroxidase substrate, AgPt NPs catalytically decompose 

H2O2 in acidic media resulting in an accumulated production of the highly oxidative •OH (Eq. 2). 

Such intrinsic catalytic activity could be of significant importance for various biomedical 

applications, for instance, an accumulated production of the highly oxidative •OH in 

endodomes/lysosomes can elicit deterimetal cytyotoxic effects in tumor cells.  

 

 

Scheme 1. Proposed mechanism of the peroxidase-like activity of AgPt NPs.. Prepublished in 

[206].  
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On the other hand, AgPt NPs show little to negligible peroxidase-like activity at neutral and 

alkaline pH (pH ≥7), respectively (Figure 49 and Figure 50), this may be due to the lower 

concentration of [H+] which could not initiate the catalytic base-like decomposition of H2O2 (Eq. 

2).  

A set of experiments were carried out to determine the steady-state kinetics of the peroxidase-like 

activity of AgPt NPs. The catalytic rate of OPD oxidation by AgPt NPs at acidic pH as a function 

of substrate’s -either H2O2 or OPD- concentration, were plotted and the curves follow typical 

Michaelis-Menten kinetics (Figures 49, 55 and 56).   

Figure 55. Apparent kinetics of AgPt NPs as peroxidase mimics using different concentrations of 

OPD. (a-f) Rate of the reaction (v)- time course (t) curves of OPD oxidation using different 

concentrations of OPD (COPD) while keeping the H2O2 concentration fixed. Prepublished in [206].  
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Figure 56. Apparent kinetics of AgPt NPs as peroxidase mimics using different concentrations of 

H2O2. (a-f) Rate of the reaction (v)- time course (t) curves of OPD oxidation using different 

concentrations of H2O2 (CH2O2) while keeping the OPD concentration fixed. Prepublished in 

[206].  

The Michaelis−Menten kinetic parameters (Michaelis constant (Km), maximum reaction velocity 

(Vmax), were then extracted after fitting data fitting to the Michaelis−Menten equation and the 

turnover number (Kcat) was calculated (Kcat = Vmax/Ccat), where Ccat is the concentration of AgPt 

NPs). The Km value reflects the degree of affinity between the enzyme (AgPt NPs) and the 

substrate, Vmax indicates the maximum catalytic activity when an enzyme is saturated with its 

substrate, and Kcat reflects the amount of DAP generated per a given concentration of AgPt NPs 

per unit time. The extracted kinetics parameters were then compared with those of the HRP enzyme 

(Table 1).  
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Table 1. Steady-State Kinetic Parameters of Peroxidase- and Catalase-Like Reactions Catalyzed 

by AgPt NPs.
 Prepublished in [206].  

Type of enzyme 

catalysis 
Catalyst CCat [nM] Substrate 

Km 

[mM] 

Vmax 

[μM s-1) 

Kcat 

[×103 s-1] 
Ref. 

Peroxidase-like 

activity 

AgPt NPs 
0.0332 OPD 0.129 0.0249 0.7510 Present 

study 0.0332 H2O2 76.05 0.0357 1.0751 

HRP 
82.5 OPD 0.59 0.0465 0.0006 [219] 

82.5 H2O2 0.34 0.0948 0.0011 [219] 

Catalase-like 

activity 

AgPt NPs 0.0332 H2O2 62.98 6.1 183.735 
Present 

study 

Catalase 0.266 H2O2 54.30 16.2 60.902 [220] 

With OPD as the substrate, the Km value recorded in case of AgPt NPs is about 5 times lower than 

that recorded for HRP (0.129 mM in case of AgPt NPs and 0.59 mM for HRP) which suggests the 

stronger affinity of AgPt nanozyme for OPD compared to that expressed by HRP. Such higher 

affinity may be originating from the larger surface area of the nanozymes and the subsequent 

multiple accessible binding sites of AgPt NPs to the OPD compared to HRP, similar results have 

been reported for artificial nanozymes.[221] The higher Km value obtained for H2O2 as the 

substrate in case of AgPt NPs (76 mM) suggests a higher concentration of H2O2 is needed for the 

AgPt NPs to express optimum peroxidase-like catalytic activity compared to HRP, this result is 

consistent with previous work on ferromagnetic nanozymes.[197] Moreover, the results revealed 

three orders of magnitude higher turnover numbers exhibited by the AgPt nanozymes compared 

to those showed by HRP, these results reflect the superior catalytic capability of AgPt nanozymes.    

The ability of the bimetallic AgPt NPs to function as a nanozyme at neutral and alkaline pH 

conditions has been evaluated by studying the catalytic decomposition of H2O2 at such 

environments. The catalytic decomposition of H2O2 at pH 7.1 and 11 was accompanied by the 

formation of gas bubbles which is attributed to the liberation of molecular oxygen (O2) (Figure 

57), such catalytic behavior shown by AgPt NPs resembles the catalytic activity exhibited by 

natural catalase that catalyzes the decomposition of the oxidative H2O2 into O2 into and water 

(H2O). On the other hand, AgPt nanozymes did not exhibit a catalase-like activity at acidic pH (pH 

4). 
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The artificial catalase activity of AgPt NPs is a composition-dependent and AgPt NPs synthesized 

using higher Ag:Pt molar ratio generally exhibit diminished catalytic activity (Figure 57f).  

Our studies show that the bimetallic AgPt NPs exhibit greater catalase-like catalytic activity, when 

compared to the monometallic Pt NPs of equivalent Pt content (Figure 58). Hence, the catalytic 

activity of AgPt NPs could be tailored and optimized by tuning the Ag:Pt ratio, which brings some 

changes in the electronic structure of the resulted bimetallic system. Moreover, BSA-coated AgPt 

NPs showed greater catalase-like activity (Figure 57) in comparison to AgPt@SC NPs (Figure 59). 

Increasing the levels of dissolved oxygen over time while incubating AgPt NPs with H2O2 in nearly 

neutral and alkaline pH indicate an acid-like decomposition of H2O2, during which the highly 

oxidative H2O2 got adsorbed on the active sites of the nanozyme and subsequently interacts with 

the preadsorbed hydroxyl ions (OH−). H2O2 passes a proton (H+) to the OH− resulting in the 

formation of OH2 which interacts with another H2O2 yielding water and molecular oxygen trapped 

inside gas bubbles (Eq. 3−5). 
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Figure 57. Catalase-like activity of AgPt NPs and steady-state kinetics of the catalytic reaction. 

(a−d) Photographs of the catalase-like activity of a) control, b) catalase, c) Ag NPs, and d) AgPt 

NPs at different pH (“1”, “2”, and “3” represent pH 4, pH 7, and pH 11, respectively) and e) 

their corresponding kinetics of catalytic activity at pH 11. f) Elemental composition-dependent 

catalase-like activity of AgPt NPs. g) Steady-state kinetics of the catalytic reaction where the rate 

of reaction (v) is plotted versus different concentrations of H2O2 (CH2O2). The inset is the schematic 

illustration of the catalase-like activity of AgPt NPs. The error bars represent the standard 

deviation of three measurements. The (R2) value represents the correlation coefficient. 

Prepublished in [206].  
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Figure 58. Catalase-like activity of Pt NPs@SC. Time-dependent changes in the concentration 

of liberated O2 (CO2) during the catalytic decomposition of H2O2 in presence of Pt NPs@SC at pH 

11. Prepublished in [206].  
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Figure 59. Catalase-like activity of Ag NPs@SC and AgPt NPs@SC. Photographs of catalase-

like activity of a) Ag NPs and b) AgPt NPs at different pH (pH 4: black circle, pH 7: green circle 

and pH 11: blue circle). c) Time-dependent changes in the CO2 during the catalytic decomposition 

of H2O2 in presence of Ag NPs and AgPt NPs at pH 11. Prepublished in [206].  
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Figure 60. Apparent kinetics of AgPt NPs as catalase mimics. (a-e) concentration 

of liberated O2 (CO2)-time course (t) curves of H2O2 decomposition by AgPt NPs using different 

concentrations of H2O2 (CH2O2). Prepublished in [206].  

The rate of molecular oxygen liberation as a function of the H2O2 concentration was plotted and 

the data was fitted to Michaelis−Menten equation to evaluate the steady-state kinetics of the 

artificial catalase activity of AgPt nanozymes (Figure 60). The steady-state kinetic parameters 

were then determined thereof and compared to those of natural catalase (Table 1).  

The Km value recorded in case of AgPt nanozymes was 63.0 mM which is similar to the Km value 

reported for catalase (54.3 mM) which suggests similar binding affinity AgPt nanozyme and 

catalase to H2O2. However, the results revealed three times higher turnover numbers exhibited by 

the AgPt nanozymes (Kcat= 1.84 × 105 s−1) compared to those showed by catalase (Kcat= 6.1 × 104 

s−1), these results reflect the superior catalytic capability of AgPt nanozymes.    

Taken together, these results suggest that the pH-switchable H2O2 decomposition ability of AgPt 

nanozymes proceeds via two different catalytic routes; (1) at low pH, the peroxidase-like activity 

of AgPt NPs is activated and the H2O2 decomposition follows a base-like decomposition 

mechanism whereby an accumulated levels of •OH are formed (Eq. 2), and (2) at neutral and basic 



88 

pH, the artificial catalase activity of AgPt NPs is activated and an acid-like decomposition of H2O2 

takes place resulting in the liberation of O2 gas bubbles (Eq. 3-5).  

 

This fascinating dual nanozymatic activity exhibited by AgPt NPs at different pH media could be 

an interesting property in various biomedical applications, for instance AgPt nanozymes could 

elicit oxidative damage (as a result of accumulated •OH levels) in acidic environments such as 

cancerous cells, while acting as antioxidants via reducing H2O2 levels attributed to their catalase-

like activity at neutral pH compartments such as healthy cells (Figure 61). 

 

Figure 61. pH-switchable catalytic activity and the selectivity of AgPt NPs in different pH 

environments. Prepublished in [206].  

H2O + •OH   H2O2 + H 
+
  Eq. 2 (Base-like decomposition) 

H2O + HO2   H2O2 + OH 
_
   Eq. 3 

H2O + OH 
_
 + O2  H2O2 + HO2  Eq. 4 (Acid-like decomposition) 

2 H2O + O2  2 H2O2  Eq. 5 

--------------------------------------------------- 
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3.2.4 Cargo-loading capacity of porous AgPt NPs  

The porous nature and biocompatible surface ligand of AgPt NPs could offer an effective drug 

loading platform, whereas, their ability to decompose H2O2 may account for controlled drug 

release behavior.   

The drug loading and release behavior of the porous AgPt nanozymes was evaluated using the 

highly fluorescent calcein as a model cargo. Using the same amount of NPs, the porous nature of 

AgPt nanozymes allowed them to entrap three times more calcein than entrapped by the solid 

structures of Ag NPs (∼60 μM vs. ∼20 μM) (Figure 62b and Figure 64).  

The loading content (LC) and loading efficiency (LE (%) are two important parameters used to 

evaluate the loading efficiency of drug carrier. The results show a significant increase in calcein 

loading content into the porous AgPt NPs by increasing the amount of added calcein to the NPs, 

for instance, about 5 times increase in the LC is observed when a small amount of NPs (0.1 mg) 

incubated with 1.3 mg of calcein compared to when the same amount of NPs incubated with 0.4 

mg of the model dye (Figure 62c and Figure 65). On the other hand, a decrease in the LE of calcein 

into the AgPt NPs is observed by increasing the amount of added calcein, for instance the loading 

efficiency of calcein decreases from 65% to about 15% when the added calcein increases from 

0.01 mg to 1.3 mg.  

The affinity of AgPt NPs to the H2O2 as well as the strong etching ability of H2O2 to the Ag NPs 

facilitate the controlled release of the loaded calcein dye. The stimulated calcein-release from Ag 

NPs and the posrous AgPt NPs upon H2O2 stimulus was investigated and the results showed about 

28 and 16 fold increase in the fluorescence intensity of calcein-loaded AgPt and Ag NPs, 

respectively, after being reacted with H2O2 (Figures 62d and 62e). The larger surface area of the 

porous structure which offers higher calcein loading capacity accounts for this two-fold increase 

in the fluorescence intensity of calcein-loaded AgPt NPs compared to Ag counterparts. The 

triggered calcein release from AgPt NPs is mainly driven by two parallel pathways; 1) high affinity 

of AgPt NPs to H2O2, their peroxidase-like activity and ability to decompose H2O2, and 2) the 

strong etching ability of the highly oxidative H2O2 and their ability to elicit the oxidative 

dissolution of the Ag scaffold of AgPt NPs and the subsequent gradual disruption of the NPs 

followed by the release of calcein dye. These two pathways are parallel and control the release 

kinetics of calcein from the NPs (Figure 62a and Figure 66). It worth noting that the release kinetics 
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of calcein from AgPt NPs is much slower than that from Ag NPs, this effect results from the higher 

chemical stability of the bimetallic AgPt NPs compared with the monometallic Ag NPs, that means 

that the oxidative dissolution rate of AgPt NPs is lower than that of Ag NPs, as mentioned 

earlier.[182] Such cargo release mechanism could form the basis of smart drug carrier with 

sustainable cargo release behavior. The synergistic release of the cytotoxic Ag+ ions, highly 

oxidative •OH,  as well as the cargo-loading efficiency and the triggered and sustainable release of 

the cargo make the AgPt NPs potential cancer treatment modality.  
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Figure 62. Cargo loading into porous AgPt NPs and their oxidative stress-triggered release. a) 

Schematic illustration of calcein-loading into AgPt NPs and its controlled release upon the 

addition of H2O2 stimulus. b) Quantitative assessment of calcein in the supernatants after reaction 

of Ag NPs and AgPt NPs with calcein using a calibration curve (see Figure 63). c) LC and LE 

values of Calcein loading into the AgPt NPs after reacting the AgPt NPs with different 

concentrations of calcein (Figure 65). d) Controlled release of calcein upon the addition of H2O2. 

The inset show photographs of the H2O2-triggered calcein release from the NPs. e) Column 

representation of the fluorescence intensities in (d) before and after triggered calcein release. 

Prepublished in [206].  
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Figure 63. Calcein standard curve. (a) UV-vis absorption spectra of different calcein 

concentrations and b) calibration curve of calcein plotted by measuring the absorbance of 

different calcein concentrations in (a) at λ= 490 nm. The (R2) value represents the correlation 

coefficient. Prepublished in [206].  

 

 

Figure 64. Calcein loading efficiency of NPs. a) UV-vis absorption spectra and b) emission 

spectra of the supernatants after reaction of Ag NPs and AgPt NPs with calcein, respectively, 

relative to control calcein solution. Prepublished in [206].  
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Figure 65. UV-vis absorption spectra of different calcein concentrations a) before and b) after 

reacting with AgPt NPs. Prepublished in [206].  

 

 

Figure 66. Controlled release of calcein after loading AgPt NPs with different concentrations of 

calcein. (a and b) Emission spectra of calcein before and after the addition of H2O2 stimulus to 

the calcein-loaded AgPt NPs, respectively. Prepublished in [206].  
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4. Conclusion and Outlook 

This work showed the use of benign and biocompatible surface ligands in such a way they serve 

either as: i) surface capping agents in order to direct the growth of different anisotropic NPs, for 

instance we have used the BSA protein for the synthesis of popcorn-shaped Au NPs as well as 

prism-shaped bimetallic NPs, or as ii) surface passivating agent to passivate the surface of an 

already synthesized anisotropic NPs, for eg. the surfaces of CTAB-coated GNRs were passivated 

with biocompatible silica layer. In either way the resultant nanoparticles retain their 

physicochemical properties and gain new properties in addition to their biocompatible nature. 

In the current work a plasmophore composed of GNC-functionalized silica-overcoated GNRs 

(GNR@SiO2@GNC) showed enhanced colloidal, thermal and photothermal stability while 

retaining the original optical properties of GNRs and the fluorescence behavior of GNCs. 

Passivating the cationic CTAB layer of GNRs with a biocompatible SiO2 shells reduces the 

cytotoxicity of pristine GNRs. Moreover, the photothermal as well as the fluorescence behavior of 

GNR composites could be tuned by adjusting the silica shell thickness. The nanocomposites hold 

a great promise for diverse applications such as multimodal imaging, PTT and the high surface 

area of silica coating facilitates efficient drug loading capability.  

The current work also reports the efficient, facile, and sustainable synthesis route of colloidally 

stable anisotropic GNPCs using BSA protein. The synthetic route is scalable and liters of GNPCs 

could be synthesized in a single batch. The BSA-capped GNPCs have shown to be non-cytotoxic 

to HeLa cells and MRC-5 cells, while, a similar size CTAB-coated GNPCs elicited apparent 

cytotoxicity in the same cells.  

Moreover, this work pointed out the use of BSA to direct the shape of the grown nanoparticles. In 

the third chapter, BSA protein biotemplate was used for the synthesis of biocompatible porous 

AgPt bimetallic NPs. The porous AgPt NPs exhibit pH-switchable peroxidase-/catalase-mimetic 

activity which could be easily tuned by adjusting their elemental composition. This fascinating 

dual nanozymatic activity exhibited by AgPt NPs at different pH media could be an interesting 

property in various biomedical applications, for instance AgPt nanozymes could elicit oxidative 

damage (as a result of accumulated •OH levels) in acidic environments such as cancerous cells, 

while acting as antioxidants via reducing H2O2 levels attributed to their catalase-like activity at 

neutral pH compartments such as healthy cells. In addition, the porous nature, biocompatible 
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surface ligand of AgPt NPs as well as their profound cargo-loading capacity could offer an 

effective drug loading platform, whereas, triggered cargo release driven by H2O2 etching stimulus 

of their Ag backbone may account for controlled drug release behavior. 

With the basic enhancement of the physicochemical properties as well as the biocompatibility 

demonstrated, further work needed to be done firstly to implement such interesting nanostructures 

to various in vitro studies to evaluate their efficacy. The easily functionalizable-surfaces of the 

nanostructures described in this work thanks to their BSA and silica coating, allow for equipping 

them with wide variety of targeting moieties, imaging and therapeutic agents which make them a 

great choice in many biomedical applications. Of great importance, the unprecedented enzyme-

mimicking activity of the bimetallic AgPt lies in the oxidoreductases family (peroxidase and 

catalase are two examples), future work to explore the possibility of using such NPs in other 

enzymatic category such as hydrolases or lyases would contribute a lot to the current research. In 

addition, the high loading capacity of their porous structure and their cargo release response upon 

reacting with specific stimulus could also be of paramount importance to the field of drug 

nanocarriers. Furthermore, the interesting results exhibited by the GNRs@SiO2@GNCs 

plasmophores could pave the way for future work to explore the using of such plasmonic antennas 

to control the fluorescence behavior of many fluorophores by simply tuning the distance at which 

the fluorophores is located from the plasmonic surfaces and holds therefore great promise for 

super-resolution bioimaging. The interesting photothermal behavior of the GNRs@SiO2@GNCs 

should be further explained for other AR of GNRs and with various laser wavelengths. Besides 

the great biocompatibility exhibited by the gold nanopopcorn, future work on tuning its plasmonic 

peak to reach NIR and testing their photodynamic and photothermal activity. The multiple hot 

spots formed around and between the tips of such BSA-coated gold nanopopcorn should also be 

tested in many SERS application especially for immunoassays.  
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5. Appendix 

5.1 Materials 

Before use, all glassware was appropriately washed with aqua regia (3:1 (v/v) conc. HCl/conc. 

HNO3) followed by rinsing with copious amounts of Milli-Q water. Chloroauric acid (HAuCl4) 

was purchased from Alfa Aesar, sodium citrate, L-Glutathione (GSH), silver nitrate (AgNO3), 

ascorbic acid (AA), sodium borohydride (NaBH4), hexadecyltrimethylammonium bromide 

(CTAB), hydrochloric acid (HCl), Methanol (MeOH), tetraethyl orthosilicate (TEOS), N-

hydroxysuccinimide (NSH), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 

polyvinylpyrrolidone (PVP), bovine serum albumin (BSA), chloroplatinic acid hexahydrate 

(H2PtCl6.6H2O), palladium chloride (PdCl2, 99%), L-glutamine, L-arginine, L-lysine, lysozyme 

from chicken egg white (Lys), L-methionine, catalase (Cat), pepsin of porcine gastric mucosa 

(Pep), L-phenylalanine, L-histidine, L-isoleucine,  L-valine, beta-lactoglobulin from bovine milk 

(Blg), hemoglobin (Hem), L-tryptophan, myoglobin (Mb), L-alanine, human serum albumin 

(HSA), casein from bovine milk (Cas), L-leucine, L-asparagine, L-aspartic acid, L-proline, L-

serine, L-threonine, L-tyrosine, ortho-phenylenediamine (OPD, 98%), peroxidase from 

horseradish (HRP) (150 U/mg), and calcein were purchased from Sigma-Aldrich, (3 

Aminopropyl)triethoxysilane (APTES) was purchased from Fluka, 4-(2 hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) was purchased from Biochrom, sodium oleate (NaOL) 

was purchased from TCI, glycine, glutamic, Sodium chloride (NaCl, 99.9%) and hydrogen 

peroxide (30% in H2O acid sodium hydroxide (NaOH) were purchased from Roth. Phosphate-

buffered saline (PBS), Dulbecco's Modified Eagle Medium (DMEM), Roswell Park Memorial 

Institute culture medium (RPMI), and fetal bovine serum (FBS) were purchased from 

ThermoFischer. 

5.2 Characterization of NPs 

The successful synthesis of different NPs used in this work and their functionalization was 

confirmed using different spectroscopic measurements. The UV-vis absorption spectra as well as 

fluorescence spectra were recorded with an Agilent 8453 UV-vis spectrophotometer and a 

Fluorolog fluorescence spectrophotometer equipped with a 450 W Xe-lamp (FL3-22, Horiba Jobin 

Yvon Inc.), respectively, using 10 mm path length quartz cuvettes. The hydrodynamic diameters 

and zeta potential measurements of NPs was carried out using a Malvern Zetasizer Nanoparticle 
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analyzer (ZEN 3600) instrument. The morphology of different NPs mentioned in this work was 

analyzed using JEOL JEM-2100F-UHR field emission gun transmission electron microscope 

(TEM) (JEOL, Japan), equipped with high angle annular dark field (HAADF) and HRTEM images 

were recorded with TVIPS F216 CMOS camera (2k x 2k). Scanning transmission electron 

microscopy (STEM) studies were performed in STEM mode. The TEM was operated at an 

accelerating voltage of 200 kV. Elemental distribution within the NPs was recorded through 

energy-dispersive X-ray spectroscopy (EDS) spot analysis using a Philips CM 300 UT (LaB6) 

TEM operating at 200 kV, supplied with SDD EDX detector (Ametek) and Gatan CCD camera. 

All samples were drop-casted on ultrathin carbon-coated copper grids (300-400 mesh square) and 

left to dry in a Petri dish before imaging.  

For GNRs work, In order to gain more insights into the spatial distribution and assembly of GSH-

coated GNCs on the GNRs@SiO2 surfaces, STEM tomography reconstruction (3D TEM) was 

carried out by retrieving the 3D structure of the NPs through acquiring TEM images over a tilt of 

±74°, then the acquired images were aligned and processed in respect to each other which results 

ultimately in the 3D reconstruction of the NPs morphology. 

For AgPt work, X-ray photoelectron spectroscopy (XPS) measurements were performed using a 

high-resolution two-dimensional delay line 230 detector. [222] A monochromatic X-ray source 

(photon energy 1486.6 eV; anode operating at 15 kV) was used. The XPS spectra were recorded 

in fixed transmission mode with pass energy of 20 eV and 40 eV chosen for the region and survey, 

respectively. The binding energies were calibrated based on the graphitic carbon 1s peak at 285 

eV and the charging effects were compensated by using a flood gun. The base pressure was around 

2 × 10−10 bar. The NPs were concentrated, drop-casted on a copper film, dried and then inserted in 

the instrument for the measurement. Casa XPS software was used to analyze and deconvolute all 

XPS spectra. 

To reveal the role of BSA in directing the shape of the synthesized GNPCs, Ag nanoprism and 

AgPt NPs and to obtain insights into the evolution of secondary structure elements of BSA during 

the synthesis of the NPs, the conformational modifications, folding and binding properties of BSA 

molecules were evaluated using circular dichroism (CD). Circular dichroism measurements were 

carried out on a Chiralscan™ Circular Dichroism Spectrometer (Applied Photophysics Ltd., UK). 

CD spectra of different controls and NPs were recorded at 25 °C from 190 to 260 nm with a 
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bandwidth of 1 nm and a 2 mm path length quartz cuvettes was used. The CD spectra were 

recorded, averaged over three scans and the data were then introduced to a freely available web 

server “http://bestsel.elte.hu” that uses the Beta Structure Selection method (BeStSel), which 

implements an algorithm used for the secondary structure determination and fold recognition of a 

protein and takes into consideration the twist of β-structures. This method can effectively estimate 

the secondary structure for a broad range of proteins.[169, 223] 

To further investigate the structural changes of BSA during the synthesis of GNPCs, Ag NPs and 

AgPt NPs, fluorescence experiments were carried out. The intrinsic fluorescence behavior of BSA 

originates from two tryptophan residues (Trp-134 in domain I and Trp-213 in domain II). It had 

been shown that the fluorescence intensity and the emission maxima depend on the degree of 

exposure of the Trp-side chains to polar solvents[224, 225] as well as the properties of the 

environment around the Trp residues,[226] respectively. The conformational alternation of BSA 

during the synthesis of Ag NPs could be probed by the selective excitation of Trp-residues at 295 

nm.[166] 

5.3 Experimental Design 

5.3.1 Surface passivation of CTAB-coated GNRs using biocompatible silica 

shell and fluorescent GNCs 

5.3.1.1 Synthesis of GNRs@CTAB 

GNRs of different aspect ratios have been synthesized using the previously reported seed-mediated 

route[83] with minor modifications. In brief, the seed solution was synthesized by mixing 5 mL of 

HAuCl4 soltion (0.5 mM) with 5 mL of CTAB solution (200 mM) for 5 minutes. Then 1 mL of 

freshly prepared NaBH4 solution (6 mM) was injected to the reaction mixture under vigorous 

stirring. The color changes immediately into brownish yellow. After 2 minutes of stirring, the 

solution was then removed and the seed solution was left to age for 30 min at room temperature 

before further use. Then the growth of GNRs was performed using a mixture of binary surfactants 

(CTAB and sodium oleate (NaOL)). In the growth step, 7 g of CTAB solution and 1.234 g of 

NaOL were completely dissolved in 250 mL of warm MQ water. The solution was then cooled 

down to 30° C and different volumes of AgNO3 (4 mM) were added in order to grow GNRs of 

different AR. After 15 min, 250 mL of HAuCl4 solution (1 mM) was injected to the reaction 

mixture under moderate stirring for 90 min. then the pH of the growth solution was adjusted using 
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different volumes of HCl (12.1 M) to obtain the desired AR. After 15 min of slow stirring, 1.25 

mL of 64 mM ascorbic acid was injected under vigorous stirring for 30 seconds. Afterwards, 

different amounts of seed solution was added under vigorous stirring for another 30 seconds to 

obtain the desired AR. The GNRs of desired AR were then obtained after leaving the reaction 

mixture undisturbed at 30° C for 12 h. The purification of GNRs was then performed in order to 

remove excess CTAB and other unreacted impurities. Of particular importance, the CTAB 

concentration in the as-prepared GNR solutions should be adjusted for the subsequent silanization 

of GNRs.  

To do that, the as-synthesized GNR solution was divided into equal volumes ( ̴ 50 mL) in 50 mL 

falcon tubes and was subsequently washed by two consecutive cycles of centrifugation at 8000 

rpm for 20-30 min. The resultant pellets were resuspended in 5 mL of MQ water and pooled 

together so that to bring the total volume of GNR solution into 50 mL with a final CTAB 

concentration of about 15 mM (initial concentration of CTAB in the as-synthesized GNR solution 

is 37 mM). 

The concentration of GNRs was then determined based on their absorption values at LSPR maxima 

via the Beer-Lambert law using previously reported molar extinction coefficients (ε) values of  

GNRs of different aspect ratios.[227]  

5.3.1.2 Synthesis of fluorescent GSH-capped GNCs 

The GSH-capped GNCs were synthesized according to a previously reported method[228] with a 

slight modification. In brief, 10 mL of freshly prepared aqueous solution of HAuCl4 (20 mM) and 

3 mL of GSH (100 mM) were mixed with 87 mL of MQ water under moderate stirring. The 

reaction mixture was subsequently heated to 70°C under reflux for 24 h. The appearance of a 

yellow colored solution with orange fluorescence indicates the successful synthesis of GSH-

capped GNCs. The resultant GNCs were purified by ultrafiltration (MWCO= 3 kDa) and 

suspended in MQ water for further experiments. 

5.3.1.3 Synthesis of GNRs@GNCs and GNRs@LBL@GNCs 

Two methods, namely, direct electrostatic interaction and the layer-by-layer (LBL) technique have 

been firstly checked for their applicability to functionalize the GNRs with GNCs. The former 
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technique was performed by incubating 1 mL of the positively charged GNRs@CTAB (1nM) with 

1 mL of the as-synthesized negatively charged GSH-capped GNCs under moderate stirring for 2 

h. The resultant solution was then purified by 2 cycles of centrifugation and the pellet was then 

redispersed in MQ water. The LBL process was carried out by overcoating GNRs@CTAB with 

consecutive layers of differently charged polyelectrolytes as previously described[59] with slight 

modification. In brief, 1 mL of the as-synthesized GNRs were transferred into centrifuge vials and 

centrifuged at 8000 rpm for 20 min. The pellets were then resuspended in 1 mL of NaCl (1 mM) 

and 200 μL of the negatively charged PSS polyelectrolyte (10 mg/mL in 1mM NaCl) and vials 

were immediately sonicated for 30 min.  The excess polyelectrolyte was removed by centrifugation 

at 8000 rpm for 20 min. The pellets were then resuspended in 1 mL of NaCl (1 mM) and 200 μL 

of the positively charged PDADMAC polyelectrolyte (10 mg/mL in 1mM NaCl) and sonicated for 

30 min. The GNRs can be coated by multiple polyelectrolyte layers of opposite charges in the 

same manner. The GNR were purified at the end of the coating process by two cycles of 

centrifugation at 8000 rpm for 20 min and the pellets were resuspended in MQ water. The 

conjugation of GNCs to the PDADMAC-coated GNRs was carried out by adding 1 mL of 

PDADMAC-coated GNRs with 1 mL of the as-synthesized negatively charged GNCs under 

moderate stirring for 2 h. The resultant solution was then purified by 2 cycles of centrifugation and 

the pellet was then redispersed in MQ water.  

5.3.1.4 Silanization of GNRs@CTAB 

The silanization of GNRs was carried out through modification of the Stöber method[229] which 

proceeds via the hydrolysis of alkyl silicates and the subsequent condensation of the hydrolyzed 

product (orthosilicic acid) in alcoholic solutions at alkaline pH to form silica NPs. In order to 

functionalize GNRs with silica shells of different thickness, the concentration of CTAB, which 

will serve as the template for silica deposition, should be firstly adjusted in the as-synthesized 

GNRs solution.[89] To do that, the as-synthesized GNRs@CTAB solution was divided into equal 

volumes ( ̴ 50 mL) in 50 mL falcon tubes and was subsequently washed by two consecutive cycles 

of centrifugation at 8000 rpm for 20-30 min. The resultant pellet was resuspended in 5 mL of MQ 

water and pooled together so that to bring the total volume of GNR solution into 50 mL with a 

final CTAB concentration of about 15 mM (initial concentration of CTAB in the as-synthesized 

GNR solution is 37 mM).  



101 

To start the silanization of GNRs, 10 mL of 1 nM GNRs was mixed with different volumes of 

CTAB solution (100 mM) in 20 mL scintillation vials for 12 h to bring the final concentration of 

CTAB below or well close to the critical micelle concentration of CTAB (0.90−0.98 mM).[90] 

Adjusting the CTAB concentration is very crucial to obtain different thickness of silica shells.[89] 

The pH of the resultant solutions was adjusted to 10.3-10.6 by mixing them with 40-50 μL of 

NaOH (100 mM) for 30 min, afterwards, 90 μL of methanolic TEOS solution (20%) was added 

dropwise over a period of 3 min at a low stirring rate for 30 min, after which, the vials were 

removed and incubated at 30° C undisturbed for 24 h. The resultant solutions were transferred to 

50 mL centrifugation tubes and were purified under centrifugation at 9000 rpm for 30 min. The 

purification was accomplished by 3-5 centrifugation cycles using methanol to remove free silica 

formed apart from the plasmonic cores. The final pellets were redispersed in 5 mL of methanol for 

further use.  

5.3.1.5 Functionalization of GNRs@SiO2 with GNCs 

The conjugation of the silanized GNRs (GNRs@SiO2) with the fluorescent glutathione-capped 

GNCs was performed through our developed method. To functionalize the silanized GNRs with 

GNCs, the surfaces of the silanized GNRs were first modified with amino groups through their 

reaction with APTES. In brief, 2 mL of the previously obtained GNRs@SiO2 was mixed with 0.5 

mL of methanolic APTES solution (20%) under moderate stirring at 37° C for 24 h.  The reaction 

mixtures were then transferred into centrifuge tubes and washed two times by MQ water by 

centrifugation at 5000 rpm for 45 min and the pellets were resuspended in 2 mL MQ water. The 

silanized GNRs with terminal amino groups after APTES functionalization are now ready to 

interact with the activated carboxylic groups of GSH-capped GNCs. The terminal carboxylic 

groups of GNCs@GSH were activated through the EDC chemistry to facilitate their interaction 

with NH2-functionalized GNRs. In a typical experiment, 0.5 mL of GSH-capped GNCs was 

allowed to react with a mixture of 50 μL of EDC solution (100 mM) and 150 μL of NHS (100 

mM) in a 3 mL of HEPES buffer (20 mM, pH 7.4) under vigorous stirring for 10 min at 37° C. 

Afterwards, 1.5 mL of amine terminated GNRs@SiO2 was injected to the reaction mixture. The 

reaction mixture was stirred at moderate rate while incubated for 12 h at 37° C in the dark. The 

resultant GNC-functionalized GNRs@SiO2 solutions were purified by 2-3 cycles of centrifugation 

at 5000 rpm for 45 min until all the free GNCs are collected in supernatants. The pellets were 

resuspended in 2mL of MQ water for further assessments.  
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5.3.1.6 Colloidal stability studies 

The colloidal stability of GNRs, GNRs@GNCs, GNRs@LBL and GNRs@SiO2@GNCs have 

been studied in different ionic strength solutions of NaCl as well as in different biological media 

such as PBS, FBS-supplemented DMEM, FBS-free DMEM, FBS-supplemented RPMI, and FBS-

free RPMI by recording the change in their UV-vis extinction spectra over time. For that, 0.1 mL 

of GNRs solutions was incubated with 0.9 mL of NaCl solutions of different ionic strengths (25 - 

1250 mM) or with 0.9 mL of PBS, FBS-supplemented DMEM, FBS-free DMEM, FBS-

supplemented RPMI, and FBS-free RPMI and the UV-vis of different GNRs were recorded 

directly after incubation (0 h) as well as after 6 h and 24 h post-incubation.  

5.3.1.7 Evaluating plasmon-enhanced fluorescence of GNRs@SiO2@GNCs as a 

function of distance from plasmonic GNRs 

The fluorescence behavior of GNCs as a function of distance from the surfaces of the plasmonic 

GNRs have been studied using the silica shell dielectric spacer. The GNRs were firstly coated with 

different silica shell thickness ( ̴ 21-29 nm) and the resultant silica-coated GNRs were then 

functionalized by GNCs as described above. The as-synthesized GNRs@SiO2@GNCs were 

purified by 2-3 cycles of centrifugation at 5000 rpm for 45 min until all the free GNCs are collected 

in supernatants. The pellets were resuspended in 2 mL of MQ water and the supernatants were 

saved for further assessments. The fluorescence intensity of NPs was then recorded under UV 

lamp and was evaluated using spectrofluorometer (λexc= 365 nm).  

5.3.1.8 Evaluating the thermal stability of GNRs 

To study the thermal stability of GNRs before and after functionalization with silica shell and 

GNCs, in situ TEM heating experiments were carried out. The in situ heating was carried out in a 

TEM facility equipped with a high-temperature specimen stage which allows the heating of 

samples at different temperature (25-1000°C). The in situ TEM facilitates the real-time imaging 

of heating-induced morphological and structural changes of GNRs systems as well as the 

conjugated GNCs. The TEM images were taken after approx. 60 min dwell time at a given 

temperature. 
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5.3.1.9 Evaluating the photothermal stability of GNRs 

The photothermal stability of GNRs of different AR (LSPR= 800 nm and 975), GNRs@SiO2 of 

different thickness and their corresponding GNRs@SiO2@GNCs were studied by recording the 

optical changes in the UV-vis spectra as well as the morphological changes through TEM imaging 

after irradiating the NPs with different nanosecond (ns) laser pulses. In brief, 500 μL sample of 

different GNRs was transferred into a glass cuvette with a path length of 10 mm and was stirred 

during laser irradiation in order to ensure all NPs will be homogeneously irradiated with laser 

pulses. Nanosecond laser pulses were generated by a Nd:YAG laser source (Innolas, SpitLight 

DPSS250-100) with a pulse width of 9 ns and a wavelength of 1064 nm. The pulse repetition 

frequency was set at 100 Hz. This produced pulse energy of 10 mJ and total energy fluence per 

pulse of 320 mJ/cm2. After the GNRs were irradiated with different laser pulses (200-9000 pulses), 

the changes in their optical properties were studied by recording the UV-vis spectra of the 

irradiated GNRs using UV-vis spectroscopy, whereas, the morphological and structural changes 

of GNRs and GNCs were probed by TEM imaging of a drop-casted specimen of the irradiated 

samples. The fluorescence of the irradiated samples of GNRs@SiO2@GNCs was also recorded to 

check the robustness of the conjugated GNCs after the ns laser irradiation.   

5.3.2 BSA-directed synthesis of colloidally stable and biocompatible Au 

nanopopcorn 

5.3.2.1 Synthesis of NPs 

The BSA-protected GNPCs were synthesized via a two-step seed-mediated route. The seeds were 

first prepared by mixing 25 μL of 100 mM sodium citrate with 10 mL of Milli-Q water in 40 mL 

scintillation vial and was then heated to 90 °C. Then, 25 μL of 100 mM HAuCl4 and 50 μL of 20 

mM freshly prepared NaBH4 were simultaneously injected to the reaction mixture under moderate 

stirring for 30 s. The resulting seed NP solution was allowed to cool down to room temperature 

and was aged for 24 h in the fridge before any further use. The growth of the seed was carried out 

by mixing 50 μL of 100 mM HAuCl4, 60 μL of 750 μM BSA, 300 μL of seed NPs, and 60 μL of 

100 mM ascorbic acid with 10 mL of MQ water in a 40 mL scintillation vial under moderate 

stirring for 30 min. The successful synthesis of GNPC@BSA was confirmed by the appearance of 

deep blue color. 
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Similar procedure was followed to check whether different surface ligands are able to produce the 

popcorn by replacing the BSA with other ligands.  The scale-up synthesis of GNPCs was carried 

out by simply increasing the volumes of all solution by a factor of 25.  

The role of surface capping agents in dictating the physicochemical and biological properties of 

NPs, three NPs of almost similar size were prepared for the sake of comparing their colloidal 

stability and cytotoxicity with those of our GNPCs@BSA.  

The 50 nm citrate-capped GNP was synthesized according to a previously reported method.[230] 

Briefly, seeds of 18 nm diameter were firstly synthesized by heating 150 mL of 1.32 mM sodium 

citrate until boiling in a 250 mL three-nicked flask under reflux. Then, 1.5 mL of 25 mM HAuCl4 

was injected to the reaction mixture after 5-10 minutes of boiling under vigorous stirring. An 

immediate color change to soft red indicates the successful synthesis of NPs. The resultant 

solurtion was boiled for additional 10 min before being removed.  

The growth of seeds was performed as follows: 1 mL of 25 mM HAuCl4 solution was mixed with 

the seed solution at 90 °C and HAuCl4 under moderate stirring for 30 min. Two more injections 

of HAuCl4 separated by 30 min interval were done. Then, 55 mL was taken out from the reaction 

vessel followed by the addition of 53 mL of MQ water and 2 mL of 60 mM SC. The previous 

procedure was repeated for 4 times after which GNPs of 50 nm can be obtained.  

The synthesis of surfactant-free gold nanostars was performed using a previously reported seed-

mediated approach.[231] The seed NPs were firstly prepared by mixing 15 mL of 1% sodium 

citrate solution with 100 mL of 1 mM boiling solution of HAuCl4 under vigorous stirring for 15 

min. The resultant solution was then cooled down to room temperature and filtered using a 0.22 

µm nitrocellulose membrane and was kept subsequently at 4 °C. The growth of GNS was carried 

out by mixing 10 mL of 0.25 mM HAuCl4 with 100 µL of the seed solution. Shortly after that, 50 

µL of 100 mM ascorbic acid and 100 µL of 3 mM AgNO3 were simultaneously injected under 

vigorous stirring for 30 s. The appearance of greenish-black color confirms the formation of GNS. 

The synthesis of CTAB-protected GNPC was performed through the seed-mediated growth.[36] 

The seed solution was firstly prepared by mixing 60 µL of 100 mM freshly prepared NaBH4 with 

20 mL solution composed of of 0.1 mM sodium citrate and 0.25 mM HAuCl4 under vigorous 

stirring. The color turns immediately into wine red which confirms the formation of seed GNPs. 
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The growth of GNPC was then carried out by mixing 46.88 mL of 3 mM CTAB with 2 mL of 10 

mM HAuCl4 and 0.3 mL of 10 mM AgNO3 under moderate stirring. Then, 0.32 mL of 100 mM 

ascorbic acid was added drop wise and the color immediately changed to colorless. Then, 500 µL 

of seed solution was subsequently injected. The color instantly turns to deep blue within 2 min, 

which indicates the formation of GNPC@CTAB. 

5.3.2.2 Colloidal stability Studies 

The colloidal stability of GNPs in MQ water and biological media was studied by DLS.[150] To 

assess their colloidal stability, 100 µL of different GNP solutions was incubated with 900 µL of 

MQ water, PBS, and DMEM+FBS for up to 36 h (up to 7days for GNPC@BSA and 

GNPC@CTAB). The hydrodynamic diameter (dh) of the respected GNP was then measured over 

time using DLS and the mean dh values were determined from the intensity distribution curves.  

5.3.2.3 Biocompatibility studies of NPs 

The cytotoxicity of GNPs was evaluated in HeLa cells as well as the Medical Research Council 

cell strain 5 (MRC-5) cells using the previously reported Resazurin assay.[65] In brief, HeLa and 

MRC-5 cells were plated in 96 well plate (cell density= 7500 cells/well) and kept for 24 h (37°C, 

5% CO2). The cells were then incubated with different concentrations of NPs (CAu, mass 

concentration elemental gold as determined by inductively coupled plasma-mass spectrometry 

(ICP-MS)) for 24 and 48 h. The cells were subsequently washed with PBS and was incubated with 

10% Resazurin solution for another 4 h (37°C, 5% CO2). The fluorescence intensity of wells was 

then recorded using a spectrofluorometer equipoised with mircroplate reader and the % cell 

viability after exposure to different NPs was assessed compared to the control (untreated cells). 

Viability data are provided as mean value ± SD from three independent experiments at different 

passage number. 

The membrane integrity of HeLa cells and MRC-5 cells was evaluated using the Promega 

CytoTox-ONE™ Homogeneous Membrane Integrity Assay (Promega, USA) according to the 

manufacturer’s instructions. In brief, cells were seeded in 96 well plate at a density of 7500 

cells/well and were kept for 24 h (37°C, 5% CO2). The cells were then incubated with different 

concentrations of NPs for 24 and 48 h. Then, 100 µL of CytoTox-ONETM Reagent containing 

diaphorase and resazurin was added to 100 µL of cell culture medium present in each well, and 

the plate was shaken for 30 s and incubated at room temperature for 10 min. The reaction was 
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subsequently terminated by adding 50 µL of stop solution to each well, and the plate was shaken 

for 10 s. The fluorescence intensity of each well was recorded using microreader-equipped 

spectrofluorometer (λexc= 560 nm and λem= 590 nm). The maximum LDH release (RLDH = 100%) 

was carried out by lysing the cells using Triton X-100 solution (9% wt./vol.) and was defined as 

100% leakage (positive control), with the fluorescence intensity Icells+Triton. The % LDH release 

(RLDH %) due to exposure of cells to NPs is proportional to the percentage of dead cells in each 

well and can be calculated as follows: 

𝑅𝐿𝐷𝐻(%) =
( 𝐼𝐶𝑒𝑙𝑙𝑠+𝑁𝑃𝑠  − 𝐼𝐶𝑒𝑙𝑙𝑠 )

(𝐼𝐶𝑒𝑙𝑙𝑠+𝑇𝑟𝑖𝑡𝑜𝑛 − 𝐼𝐶𝑒𝑙𝑙𝑠)
× 100 

 

5.3.3 BSA-directed synthesis of Porous Bimetallic AgPt NPs 

with pH-switchable nanozyme activity and cargo loading capability 

5.3.3.1 Synthesis of NPs 

The synthesis off silver nanoprism was carried out using a seed-mediated approach.[65] First, the 

seed NPs were prepared by mixing 25 µL of 100 mM AgNO3 and 25 µL of 100 mM sodium citrate 

in a scintillation vial containing 10 mL of MQ water and the mixture was heated to 90 °C under 

vigorous stirring for 15-20 min. Then, 100 µL of 20 mM freshly prepared NaBH4 was injected 

rapidly to the reaction mixture. The color turns light-yellow instantly, which confirms the 

successful synthesis of seed NPs. The solution was then cooled down to room temperature, after 

which the vial was covered with aluminum foil and was aged for 24 h at 4°C. The growth of Ag 

nanoprism was carried out by mixing 10 mL of MQ water with 50 µL of 100 mM AgNO3, 120 

µL of 752 μM BSA, and 300 µL of seed solution in a 20 mL scintillation vial under vigorous 

stirring. Then, 60 µL of 100 mM ascorbic acid was subsequently injected and the solution kept 

under stirring for 25 min. The successful synthesis of Ag nanoprism was confirmed by the 

appearance of violet color and the characteristic plasmonic peaks of Ag nanoprism.[232] The NPs 

were then purified by two cycles of centrifugation at 9000 rpm for 15 minutes. The pellet was 

redispersed in MQ water for further work. 

The synthesis of porous bimetallic AgPt NPs was carried out by mixing 50 µL of 25 mM 

platinum precursor (H2PtCl6) with 10 mL of purified Ag nanoprism solution under vigorous 

stirring for 15 min. After which the color of the solution turns dark navy blue. The NPs were then 
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purified by two consecutive cycles of centrifugation (9000 rpm, 15 minutes). The pellet was 

redispersed in MQ water for further work. The effect of changing the amount and concentration of 

H2PtCl6 on the properties of the resultant AgPt bimetallic NPs was investigated by mixing the Ag 

nanoprism solution with different amounts of 2 mM and 25 mM H2PtCl6. Similar procedure was 

used for the synthesis of AgPd and AgAu bimetallic NPs by replacing the H2PtCl6 solution with 

PdCl2 and HAuCl4 solutions, respectively. 

The effect of changing the Ag:Pt molar ratio of the AgPt NPs on the elemental composition of the 

resulting AgPt NPs was evaluated by inductively coupled plasma mass spectrometry (ICP-MS) 

using a previously reported method.5 

5.3.3.2 Concentration determination of NPs  

Determining of the concentration of complex-shaped NPs is complicated and often can only be 

estimated.[233] One approach lies in calculating the volume and mass of NP using the density of 

the NP material. Using the elemental concentration in a NP solution using ICP-MS results allows 

then for estimating the molar concentration of NPs in the solution.[150] It has to be pointed out, 

however, that these calculations are rough estimates. 

To calculate the concentration of AgPt NPs, the surface area of the triangular prism (ANP) was 

calculated using the Heron’s formula[234] as follows:  

A𝑁𝑃 = √𝑆(𝑆 − 𝑎)(𝑆 − 𝑏)(𝑆 − 𝑐) 

Where side lengths of the triangular prism a ≃ b ≃ c ≃ LE ≈ 45 nm (values roughly estimated 

from the TEM images) and S is the semiperimeter of the prism and calculated using the following 

formula:  

𝑆 =  
1

2
 (𝑎 + 𝑏 + 𝑐) 

The volume of each triangle (VNP) was then calculated as follows. 

𝑉𝑁𝑃 = 
1

4
ℎ√2(𝑎𝑏)2 − 𝑎4 + 2(𝑎𝑐)2 − 𝑏4 + 2(𝑏𝑐)2 − 𝑐4 
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Where h is the height of the prisms and is ≃ 15 nm.  

The volume of single NP (VNP) is therefore ≈ 1.3 × 10-17 cm3. The mass of single NP (mNP) can 

be calculated as follows:  

𝑚𝑁𝑃 = 𝑉𝑁𝑃 × ρ𝑁𝑃 

 

Where ρNP is the material density and is equal to that of Ag, ρNP = ρAg= 10.5 g/cm3. 

 

Therefore, the mass of single NP is = 1.4·10-13 mg. 

The concentration of the NPs could be then estimated using the elemental concentration measured 

by ICP-MS. The number concentration of NPs in the solution (NNP) can be calculated as follows: 

𝑁𝑁𝑃 = 𝐶𝐴𝑔/𝑚𝑁𝑃 

Where CAg is the elemental concentration of Ag. In one representative experiment CAg was 

measured 84 mg/L and this led to NNP ≈ 6 × 1014 NPs/L. The molar concentration of the NPs 

(cNP) can be then calculated as follows: 

𝐶𝑁𝑃 = 𝑁𝑁𝑃/𝑁𝐴 

Where NA is the Avogadro’s number. Hence the concentration of NPs (cNP) in the example is ≈ 

0.996 nM ≈ 1 nM.  
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We want to emphasize again that this calculations are rough estimates and the concentration of 

AgPt NPs is assumed to be equivalent to the concentration of original Ag NPs sacrificial templates. 

5.3.3.3 Colloidal stability studies 

The colloidal stability of Ag NPs and AgPt NPs in NaCl solutions and different  biological media 

was studied by DLS.[150] To assess the colloidal stability, 100 µL of different NP solutions was 

incubated with 900 µL of different ionic strength NaCl, PBS, DMEM-FBS, DMEM+FBS, RPMI-

FBS, or RPMI+FBS  for up to 24 h. The hydrodynamic diameter (dh) of the respected NP was then 

measured over time (0 h, 6 h, 12 h, and 24 h post-incubation) using DLS and the mean dh values 

were determined from the intensity distribution curves.  

5.3.3.4 Peroxidase-like activity of AgPt NPs 

The peroxidase-mimic activity of NPs was investigated through the catalytic oxidation of the 

colorless peroxidase substrate ortho-phenylenediamine (OPD) in the presence of H2O2 to produce 

a yellow colored 2,3-diaminophenazine (DAP). In brief, 25 µL of AgPt NPs (final concentration, 

cNP = 0.0332 nM) was mixed with 3 mL sodium acetate buffer (pH 4) and freshly prepared OPD 

(0.32 mM) in the presence of H2O2 (312.6 mM) at 37°C. UV-vis absorption spectra were recorded 

at 2 min time interval, for a period of 22 min and the reaction kinetics were determined thereof.  

The peroxidase-like activity of the AgPt NPs was compared to that of the standard horseradish 

peroxidase (HRP) by replacing the NPs with the same amount of HRP (final concentration, cHRP 

= 0.1 nM. Control experiments were carried out where MQ water, Pt NPs of an equivalent Pt 

content, Ag nanoprisms, Ag NPs@SC and AgPt NPs@SC replaced the AgPt NPs. The peroxidase-

like activity of AgPt NPs was also investigated at pH 7 and 11 following the same protocol with 

replacing the sodium acetate buffer with phosphate buffer solutions of pH 7 and 11, respectively. 

The effect of changing the elemental composition of AgPt NPs on their peroxidase-like activity 

was also investigated following the same protocol.  

The reaction rates (V) of OPD oxidation which also corresponds to the amount of DAP produced 

in a unit time using different NPs and different concentration of the substrates (OPD and H2O2) 

have been calculated by plotting the absorption values at λ= 425 nm as a function of time, then the 

data points have been fitted using second-order polynomial fit. The reaction rate (V) could be then 
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calculated by dividing the regression coefficient (B1) values extracted from the quadratic equation 

(y= Intercept+B1*x1+B2*x2) of the fit model by the extinction coefficient of DAP.  

The steady-state kinetic parameters of the OPD oxidation reaction, Km, and Vmax, were evaluated 

by plotting the obtained reaction rate values, while varying the concentration of either the 

peroxidase substrate, OPD or H2O2 and keeping the other constant. The Km and Vmax values are 

generated after fitting the substrate concentration dependent reaction rate curves to the Michaelis-

Menten fit model.  

5.3.3.5 Catalase-like activity of AgPt NPs 

The catalase-mimic activity of AgPt NPs was evaluated by monitoring their ability to decompose 

H2O2 and the generation of O2. In a typical experiment, the catalase-like activity was performed 

by mixing 1 mL of AgPt NPs (cNP = 0.0332 nM) with 5 mL of phosphate buffer solution (pH 11) 

in the presence of H2O2 (750 mM) at room temperature and the dissolved oxygen levels (CO2) were 

recorded using an Extech DO210 model dissolved oxygen meter every minute over a period of 10 

min and the reaction rates of the catalse-like activity of were evaluated by plotting concentrations 

of the liberated oxygen versus time. 

The catalase-like activity of the AgPt NPs was compared to that of the catalase by replacing the 

NPs with the same amount of catalase (20 U/mL).  

Control experiments were carried out where MQ water, Pt NPs of an equivalent Pt content, Ag 

nanoprisms, Ag NPs@SC and AgPt NPs@SC replaced the AgPt NPs. The catalase-like activity of 

AgPt NPs was also investigated at pH 4 and 7 following the same protocol with replacing the 

phosphate buffer solution (pH 11) with sodium acetate buffer (pH 4) and phosphate buffer 

solutions (pH 7), respectively. The effect of changing the elemental composition of AgPt NPs on 

their peroxidase-like activity was also investigated following the same protocol. 

The rate of catalytic reaction and steady state kinetics as a function of varying the concentrations 

of H2O2 were evaluated as described above in case of peroxidase-like activity. 
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5.3.3.6 Cargo-loading/controlled-release into/from the AgPt NPs 

In order to evaluate the cargo-loading efficiency of the porous AgPt NPs, the hydrophilic calcein 

dye was used as model cargo. In brief, 10 mL of NPs solutions was mixed with 1.5 mL calcein 

solution of different concentrations in a 20 mL scintillation vial under moderate stirring for 60 

min. Unbound calcein dye was then removed by repetitive centrifugation and washing with MQ 

water until no further calcein could be detected. The concentration of free unbound calcein in the 

supernatants could be evaluated by recording the absorption and fluorescence spectra (λex = 490 

nm and λem = 515 nm) using a calibration curve.  

AgPt NPs were then incubated with different amounts of calcein dye, to assess their loading 

content (LC) (mg calcein/mg AgPt NPs) and % loading efficiency (LE) using the following 

formulas: 

𝐶𝑎𝑙𝑐𝑒𝑖𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑐𝑎𝑙𝑐𝑒𝑖𝑛

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑃𝑠
 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑐𝑎𝑙𝑐𝑒𝑖𝑛

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑐𝑎𝑙𝑐𝑒𝑖𝑛
× 100 

The triggered calcein release from AgPt NPs was evaluated by recording the fluorescence intensity 

of calcein-loaded NPs before and after the addition of H2O2. In brief, 20 µL of 30% H2O2 was 

added to 1 mL of calcein-loaded NPs. The fluorescence intensity was then immediately recorded 

at λem = 515 nm.  
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5.4 List of hazardous substances used in the work 

Chemical CAS-No. GHS Pictogram(s) H-Sentences 

(Hazard) 

P-Sentences 

(Precaution) 

Silver nitrate 7761-88-8 

 

H272-H290-

H314-H410 

P210-P220-

P260-P273-

P280-P303 + 

P361 + P353-

P304 + P340 + 

P310-P305 + 

P351 + P338-

P370 + P378-

P391 

CTAB 57-09-0 

 

H302-H315-

H318-H335-

H373-H400 

P260-P280-P301 

+ P312 + P330-

P305 + P351 + 

P338 + P310 

NaBH4 16940-66-2 

 

 

H260-H301-

H314-H360F 

P201-P231 + 

P232-P280-P308 

+ P313-P370 + 

P378-P402 + 

P404 

HAuCl4 27988-77-8 

 

 

H302-H314-

H317 

P280-P305 + 

P351 + P338-

P310 

HCl 7647-01-0 

 

 

H290-H314-

H335 

P260-P280-P303 

+ P361 + P353-

P304 + P340 + 

P310-P305 + 

P351 + P338 + 

P310 

TEOS 78-10-4 

 

 

 

H226-H319-

H332-H335 

P210-P261-

P280-P303 + 

P361 + P353-

P304 + P340 + 

P312-P370 + 

P378 

APTES 919-30-2 

 

 

 

H302-H314-

H317 

P280-P305 + 

P351 + P338-

P310 

EDC 1892-57-5 

 

 

H314 P280-P305 + 

P351 + P338-

P310 
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H2PtCl6 18497-13-7 

 

H301-H314-

H317-H334 

P261-P280-P301 

+ P310-P305 + 

P351 + P338-

P310 

PdCl2 7647-10-1 

 

H301-H317 P280-P301 + 

P310 

Methanol 67-56-1 

 

H225 - 

H301+H311

+H331 - 

H370 

P210 - P233 - 

P240 - P241 - 

P242 - P243 - 

P260 - P264 - 

P270 - P271 - 

P280 - 

P301+P310 - 

P303+P361+P35

3 - P304+P340 - 

P330 - 

P361+P364 - 

P370+P378 - 

P501 

Calcein 154071-48-

4 

 

H302- 

H312- 

H315- 

H319- 

H332- 

H335 

P261, P264, 

P270, P271, 

P280, 

P301+P312, 

P302+P352, 

P304+P312, 

P304+P340, 

P305+P351+P33

8, P312, P321, 

P322, P330, 

P332+P313, 

P337+P313, 

P362, P363, 

P403+P233, 

P405, and P501 

Nitric acid 7697-37-2 

 

 

 

H272-H290-

H314 

P210-P220-

P260-P280-P305 

+ P351 + P338-

P370 + P378 

o-

Phenylenediamin

e 

95-54-5 

 

H301-H312 

+ H332-

H317-H319-

H341-H351-

H410 

P261-P280-P305 

+ P351 + P338 

Hydrogen 

peroxide 

7722-84-1 

 

 

H302-H318-

H412 

P280-P301 + 

P312 + P330-

P305 + P351 + 

P338 + P310 
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Triton™ X-100 9002-93-1 

 

 

 

H302-H315-

H318-H410 

P280-P301 + 

P312 + P330-

P305 + P351 + 

P338 + P310 

Resazurin 62758-13-8 

 

H315 -H319- 

H335 

P264- P280-

P362+364-P261- 

P302+352-

P332+313- 

P305+351+338-

P337+313- 

P309+311- 

P304+340 

NaOH 1310-73-2 

 

H290-H314 P260-P280-P303 

+ P361 + P353-

P304 + P340 + 

P310-P305 + 

P351 + P338 

Bovine serum 

albumin 

9048-46-8 

 

Not hazardous substance 

GSH 70-18-8 

 

Not hazardous substance 

Ascorbic Acid 50-81-7 

 

Not hazardous substance 

NaOL 143-19-1 

 

Not hazardous substance 

NHS 6066-82-6 Not hazardous substance 

Sodium citrate 6132-04-3 Not hazardous substance 
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