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ABSTRACT 

 

The main objectives of the research presented in this thesis were to understand 

mechanistic aspects of the photochemistry of ferritin (Ftn) and bioconjugates that 

consisted of Ftn linked to gold nanoparticles (AuNPs). The photochemistry 

investigated in this thesis repurposed Ftn from its role in biological systems as an iron-

sequestration protein to potential applications in photocatalysis and nanobiomedicine. 

The first phase of the thesis research developed a mechanistic understanding of the 

underlying mechanisms involved in the photochemistry of Ftn with relevance to 

photocatalysis. In particular, research was designed to determine whether the light-

induced bandgap excitation of the semiconductor core of horse-spleen ferritin (HSFtn) 

resulted in electron transfer from the inorganic core to aqueous redox active reactant 

via electron transport through the 2 nm thick shell of HSFtn. To investigate this 

mechanistic pathway, 4-5 nm copper (hydr)oxide nanoparticles were mineralized 

within the internal volume of HSFtn (CuFtn). It was shown that, unlike the native iron 

oxyhydroxide-bearing (Ferrihydrite; Fh) Ftn, the visible light photoexcitation of the 

inorganic core of CuFtn (measured optical bandgap to be 3.65 eV) did not exhibit any 

release of redox-active metal cation from the HSFtn cage into solution. By 

photoexciting CuFtn in the presence of aqueous chromate (Cr(VI)) it was shown that 

the Cr(VI) underwent reduction to Cr(III) in solution. The research strategy eliminated 

the possibility that metal cations escaping from the HSFtn during photoexcitation could 

be responsible for Cr(VI) reduction. Hence, the research showed for the first time that 

electrons resulting from a photoexcited metal oxide core of Ftn could transfer through 

the protein shell to reduce an aqueous redox active reactant. The research also 
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investigated the wavelength-dependent photochemistry of CuFtn to show that bandgap 

excitation was indeed responsible for the electrons that transfer across the protein shell.  

In a second project, the research investigated the bioconjugation of anisotropic 

AuNPsðgold nanorods (AuNRs) and gold nanostars (AuNSs)ðto human H-type 

ferritin (HFtn). After attaching the AuNRs or AuNSs to HFtn, it was shown that the 

near-infrared (NIR) radiation excitation of the localized surface plasmon resonance 

(LSPR) of the AuNR or AuNS conjugated to HFtn led to the activation of the Fh core 

of the protein. This NIR photochemistry (‗ = 850 nm light) resulted in the release of 

Fe(II) from the Ftn and also led to the reduction of Cr(VI) when it was present in the 

aqueous phase. The novel synthetic protocols to synthesize the bioconjugates focused 

on attaching the AuNRs and AuNSs to the solvent-exposed cysteines (Cys) on HFtn. 

The research also developed techniques for the removal of colloidal stabilizing 

surfactants, such as cetyltrimethyl ammonium bromide (CTAB), and TritonX-100 

(TX-100), from anisotropic AuNPs (AuNR/AuNS) before their attachment to HFtn. 

The removal of the surfactant was not only important for attachment to the HFtn, but it 

also removed a cytotoxic species so that the bioconjugates could be used in research 

that had applications to biomedicine.  

Research also investigated synthetic strategies to form bioconjugates that consisted 

of spherical gold nanoparticles (AuNSps) attached to HSFtn. In contrast to HFtn, 

HSFtn contains a few solvent exposed Cys groups. Hence, a challenge that was 

overcome in this research was to populate the outer surface of HSFtn with thiol groups 

(-SH) so that AuNSps could be attached. To meet this challenge, the surface primary 

amine-containing amino acids (Lysine) in HSFtn were modified to active Cys using N-
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succinimidyl S-acetylthioacetate (SATA). After this chemical modification of HSFtn, 

it was shown that a relatively high density of AuNSps could be attached to HSFtn. This 

SATA-modified HSFtn bioconjugate system (AuNSp-HSFtn) exhibited the release of 

Fe(II) at wavelengths of light where ɚ > 475 nm. In the absence of AuNSp, HSFtn 

released Fe(II) during exposure to light at wavelengths of light where ɚ < 475 nm. The 

activation of the bandgap at longer wavelengths of light (ɚ > 475 nm) was due to the 

excitation of the 532 nm plasmon resonance of AuNSp and the presumed transfer of 

hot electrons to the inner Fh core of HSFtn.  

A final project investigated the use of the AuNR-HFtn bioconjugates as a 

photodynamic strategy utilizing NIR to suppress the growth of cancer cells with the 

expectation that this process will occur through the mechanism of ferroptosis. We 

carried out experiments that exposed prostate cancer cells (PC3) to AuNR-HFtn, and 

during NIR irradiation, they showed the ability to limit the growth of the cells compared 

to experiments where the cells were exposed to just HFtn or AuNRs.  The results 

suggested that Fe(II) released from the HFtn led to cancer cell death through a process 

that might be ferroptosis. Future studies will need to investigate this possibility and 

whether the bioconjugates developed in this thesis will offer a novel therapeutic 

strategy for cancer/tumor suppression.  
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CHAPTER 1 

 INTRODUCTION  

1.1 Overview 

The objective of the thesis research was to understand mechanistic aspects of the 

photochemistry of ferritin (Ftn) and repurpose this proteinðdesigned by nature to 

sequester iron in organismsðto drive chemistry relevant to environmental remediation 

and biomedicine. Toward this end, the first goal was to understand how the visible 

light-induced photochemistry of Ftn with solution phase redox active species depends 

on the nature of the mineralized metal hydroxide-oxide (hydr(oxide)) core. The second 

goal was to utilize this understanding to develop photoactive bioconjugates consisting 

of Ftn functionalized with plasmonic gold nanospheres (AuNSps), nanorods (AuNRs), 

and nanostars (AuNSs) and to understand their photochemistry in the presence of 

visible and near-infrared (NIR) light. A final objective was to investigate the 

application of these bioconjugates for diverse applications such as environmental 

chemistry and as cancer suppression strategies.  

 Prior research has shown that Ftn containing an iron-bearing oxyhydroxide core 

material can, if exposed to the light of particular wavelengths, drive redox reactions in 

an aqueous solution.1,2,3,4 There are still outstanding issues that prevent a more 

complete understanding of the photochemistry of Ftn with a Ferrihydrite (Fh) core. The 

first issue that needs to be resolved is whether the photochemistry exhibited by the 

protein is due to light-induced Fe(II) release into the solution. Prior studies have shown 

this to be a photochemical pathway if Ftn is exposed to photon energies equal to or 
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greater than the bandgap of the inorganic core material. The aqueous Fe(II) can then 

presumably undergo reactions with redox-active reactants in the solution. A second 

issue is to determine whether the photochemistry exhibited by Ftn is due to the 

excitation of the small bandgap semiconductor core material and the subsequent 

production of conduction band electrons that transfer across the Ftn protein shell to 

reduce redox active species in solution. Prior research has not been able to distinguish 

between these two possibilities in a conclusive manner. We address this issue in this 

thesis research by investigating the photocatalytic behavior of Ftn after assembling a 

small bandgap copper-based core material within the globular protein that was 

insoluble under visible light irradiation. The photochemistry of this copper 

hydr(oxide)-Ftn (CuFtn) was then investigated in the presence of the oxidizing agent 

chromate (Cr(VI)). CuFtn photochemistry was shown to include the reduction of 

hexavalent chromium (Cr(VI)) to trivalent chromium (Cr(III)), showing for the first 

time that the transfer of reducing electrons from the semiconductor core of Ftn to an 

exogenous redox active species was a viable mechanistic pathway. The research also 

showed the potential application of CuFtn for the removal of hazardous environmental 

pollutants (i.e., Chromate).  

 In a second thesis research effort, plasmonic AuNRs and AuNSs were attached to 

human H-chain Ferritin (HFtn). The research showed that the photochemistry of HFtn 

could be sensitized to longer wavelengths by attaching the anisotropic plasmonic 

nanoparticles that have plasmonic resonances in the NIR region of the electromagnetic 

spectrum. In addition, the results will show that the bioconjugate releases Fe(II) during 

exposure to light wavelengths in the NIR (e.g., ɚ = 850 nm). The development of these 
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conjugates is not only novel in structure but also in potential application. In the context 

of a potential application, we also investigated bioconjugates composed of AuNRs or 

AuNSs attached to HFtn (AuNR- and AuNS-HFtn) as a cancer suppression and cancer 

treatment to complement the ongoing interest in using NIR-activated AuNRs for 

photothermal cancer suppression strategies.5,6,7 The advantages of this novel system 

will be discussed later.  

Finally, we investigated an attachment route to link AuNSps to horse spleen ferritin 

(HSFtn). The interaction between chemically synthesized gold nanostructures and 

HSFtn is negligible compared to their interaction with HFtn due to insufficient surface-

exposed, active Cys groups.8 By modifying the surface primary amine-containing 

amino acids (Lysine) via N-Succinimidyl S-acetylthioacetate (SATA) to introduce -SH 

groups in HSFtn, we found that the surface reactivity and connectivity of HSFtn to 

AuNSps was enhanced. The -SH are known to form strong covalent bonds with Au, 

leading to gold-thiol (Au-S) bond formation.9,10  Hence, by introducing excess active -

SH groups through SATA modification, the ability of HSFtn to form stable Au-S bonds 

with AuNSps has improved. In addition, the bioconjugate system composed of AuNSps 

attached to SATA-modified HSFtn (AuNSp-HSFtn) released Fe(II) during exposure to 

longer wavelength light (ɚ > 475 nm) than did HSFtn alone (ɚ < 475 nm).  
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      1.2 Ftn Structure  

Prior to presenting the thesis research, it is beneficial to provide a comprehensive 

overview of the fundamental aspects encompassing the structure and practical 

applications of Ftn. Ftn is a globular protein which in its natural state, consists of a core 

material that has been shown to be similar to the iron oxyhydroxide phase, Fh. Ftn can 

also exist in the absence of the inorganic core material, and in this circumstance, it is 

referred to as apoferritin (apoFtn). The protein shell of Ftn is composed of 24 subunits 

(each about 20 kDa) that self-assemble under a wide range of conditions into the 

globular form. The outer diameter of the protein shell is ~ 12-13 nm, and the inner 

diameter of the protein is ~ 7-8 nm, where the thickness of the protein shell is ~ 2-2.5 

nm.11 Figures 1.1a and b exhibit the spherical 3D ribbon structure of wild-type HFtn 

and HSFtn, respectively. 

 

 

 

 

 

 

 

 

Figure 1.1: The spherical 3D ribbon structure of (a)Wild-type HFtn. The model was        

generated using the UCSF Chimera software package, PDB code 3AJO. (b)HSFtn. The 

model was generated using the UCSF Chimera software package, PDB code 2W0O. 

a b
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In mammalian Ftn, the conformation of the apoFtn subunits consists of two antiparallel 

helix pairs (A, B, and C, D), a short alpha helix (E), and a long loop connecting B and 

C helices (BC loop) assembling into an approximately rhombic dodecahedron shape 

(space group F432)11,12  shown in Figure 1.2.  The A-helix, C-helix of subunits, and BC 

loop form the outer surface, while the B-helix and D-helix assemble the inner surface 

of the Ftn.13 Ftn is characterized by eight 3-fold channels and six 4-fold channels having 

pore sizes between ~ 3 and 5 Å. These different channels bridge the connectivity of the 

inner cavity to the external environment. In animal Ftn, the 3-fold channels are 

hydrophilic, and the 4-fold channels are hydrophobic.14 Therefore, the three-fold 

channels enable most ions to diffuse into the cavity. 

 

 

 

 

 

 

 

 

Figure 1.2: Subunit ribbon structure of wild-type HFtn. Model generated using the 

UCSF Chimera software package, PDB code 3AJO. 

 

A

B
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ApoFtn typically contains a high content of non-polar acidic residues such as 

glutamic acid (Glu) and aspartic acid (Asp), making the inner surface of the Ftn 

negatively charged.12,15 This situation creates a favorable electrostatic gradient and 

dynamics through the pores/channels that enable the uptake of metal cations. Amino 

acid sequences of Ftn exhibit polymorphism within species. In humans, two 

fundamental subunits, H (~ 21 kDa) and L (~ 19 kDa), show different amino acid 

sequences, numbers, and spatial arrangements. The H and L subunits were originally 

assigned because of their predominant availability in the heart and liver, respectively.13 

It is more common currently to refer to the same subunits as heavy (H) and light (L), 

respectively. Apart from the structure, these subunits perform different functions 

during the iron mineralization process. A dinuclear ferroxidase center comprises two 

iron-binding sites of conserved amino acid ligands Glu27, Tyrosine (Tyr) Tyr34, 

Glu62, Histidine (His) His65, Glu107, and Glutamine (Gln) Gln141, located in H 

subunits that enzymatically oxidize Fe(II).11,16,12 The Fe(II) transport efficacy, clearing 

the catalytic site on the H subunits, hydrolysis, nucleation, and core growth is mediated 

by the L subunits.17 In contrast, in the L subunits, some of these residues are substituted 

with various other residues (E27Y, E62K, H65G). However, both L and H subunits 

contain a putative nucleation site (at E61, E64, and E67 residues) that can perform slow 

oxidation of Fe(II). Additional residues at E57 and E60 in L subunits enhance the Fh 

nucleation process. The differences in H and L subunits facilitate fast or slow iron 

metabolism, long-term iron storage, and/or quick release depending on the 

requirements of different tissues.17,11  
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 Various types of mammalian Ftn, such as HFtn,18 HSFtn,19 rat liver Ftn,19 

amphibian Ftn having M (Middle) subunits like bullfrog Ftn,20 bacterioferritin,21 DNA-

binding protein from starved cells (DPS) found in prokaryotes,22 or mini-Ftn are widely 

studied to investigate structural and functional properties, 3D spatial arrangement and 

amino acid sequences. However, the main objectives of this thesis were realized by 

focusing on HSFtn and HFtn. 

1.3 Fh and Biomineralization of Ftn Core 

1.3.1 Fh Structure 

Fh holds significant importance in the thesis as it has been shown to be the core 

material within laboratory-prepared iron loaded Ftn.23 Fh, is a Fe(III)-oxyhydroxide 

material, and despite extensive research, the structure, composition, and water content 

of Fh is still under some debate. In general, the intrinsic nanophase Fh, exists in two 

forms: a less-ordered two-line Fh, and a more-ordered six-line Fh. The number of lines 

refers to the number of reflections in the XRD pattern for that particular material.24 

Originally, Drits et al. put forth a multiphase model to elucidate the structure of six-

line Fh, which involved a hexagonal lattice with a space group of P31c and exclusively 

comprised of octahedral iron sites.25  
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Figure 1.3: (a)The hexagonal unit cell of Fh proposed by Michel et al., showcases a 

polyhedral representation where the yellow bonded atoms form a cubane-like structure 

consisting of four edge-shared Fe octahedra. (b)The ideal Fh structure along the c-axis, 

shows the central FeO4 tetrahedra surrounded by 12 FeO6 octahedra. From Michel et 

al.24 Michel, F. M.; Ehm, L.; Antao, S. M.; Lee, P. L.; Chupas, P. J.; Liu, G.; Strongin, 

D. R.; Schoonen, M. A. A.; Phillips, B. L.; Parise, J. B. The Structure of Ferrihydrite, 

a Nanocrystalline Material. Science (80-). 2007, 316 (5832), 1726ï1729. 

https://doi.org/10.1126/science.1142525 reprinted with permission from AAAS. 

More recent studies by Michel et al. contend that the structure of Fh, characterized 

by domain sizes ranging from 2 to 6 nm, can be effectively represented by a single-

phase model (Figure 1.3a,b). This model corresponds to the hexagonal space group 

P63mc, with a unit cell exhibiting average dimensions of ~ a = 5.95 Å and ~ c = 9.06 

The chemical formula for Fh is determined to be Fe10O14(OH)2 (Fe5O8H).24 This 

stoichiometry was later supported by neutron scattering measurements that indicated 

a

b

https://doi.org/10.1126/science.1142525
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that Fh was associated with a Fe5O8H stoichiometry.26 Although, it is mentioned that 

various other chemical formulas for Fh have been suggested based on the varying 

proportions of OH and H2O in relation to Fe, including 2Fe2O3·9H2O,27 Fe2O3·3H2O,28 

FeOOH,29 and Fe10O14(OH)2.
30  

Neutron scattering measurements have confirmed that the core of Fh exhibits the 

Fe5O8H stoichiometry, supporting the model proposed by Michel et al., which 

effectively describes the observed properties of Fh so far.26 According to the Michel 

model, the structure of Fh, characterized by domain sizes ranging from 2 to 6 nm, can 

be effectively represented by a single-phase model. This model corresponds to the 

hexagonal space group P63mc, with a unit cell exhibiting average dimensions of ~ a = 

5.95 Å and ~ c = 9.06 Å (Figure 1a). The chemical formula for Fh is determined to be 

Fe10O14(OH)2 (Fe5O8H).24 

1.3.2 Iron Bearing Core in Ftn 

By changing the physiological pH of the medium, the solubility of different 

materials inside Ftn can be adjusted to facilitate aggregation/precipitation in the 

proteinôs nanocavity with controlled size and morphology. Typically, up to a maximum 

of 4500 iron atoms can be accommodated in Ftn and maintain colloidal stability.31 

However, the loading capacity can be adjusted within the range according to the 

solution phase conditions. The diameter of the core inorganic Fh material depends on 

the loading. When the iron loading per protein cage is lower, the mineral form of Ftn 

resembles two-line Fh, and as the iron loading per cage increases, it transitions towards 

six-line Fh.32 
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While laboratory-prepared, iron-loaded Ftn has been addressed, it is mentioned that 

naturally occurring Ftn was first analyzed by electron microscopic techniques. (X-ray 

and neutron scattering (XRNS) and single crystal X-ray diffraction (SCXRD).33,34 

SCXRD and high-resolution transmission electron spectroscopic (HRTEM) studies 

indicate the diameter of the core material of wild-type Ftn to be 6-7 nm in diameter. 

According to Galvez et al., the HSFtn core contains Fh with a magnetite surface.35 

These workers used bright-field transmission electron microscopy (BFTEM), small-

angle X-ray scattering (SAXS), and X-ray absorption near-edge spectroscopy 

(XANES) techniques to analyze the inner core material. However, recent research 

using electron energy loss spectroscopy (EELS) has demonstrated that electron beam 

damage can cause significant changes in Fh, including the reduction of Fe3+ to Fe2+ and 

the migration of iron between octahedral and tetrahedral sites. Hence, multiphase 

models for Fh structure may be a result of electron beam-induced alterations rather than 

representing its inherent structure.24  

1.3.3 Non-Iron Bearing Cores in Ftn  

 Nature's primary purpose for Ftn is to sequester free Fe(II) as a relatively insoluble 

Fe(III) mineral iron (oxy)hydroxide phase to avoid the Fenton reaction in organisms. 

Such a reaction, if not controlled in organisms, generates harmful free radicals that can 

damage genetic material.36 While not of primary biological significance, but very 

relevant to the first part of this thesis is that laboratory-based studies have shown that 

Ftn also has a distinctive affinity for nonferrous metal ions (Cd2+, Zn2+, Cu2+, Co2+, 

Mn2+, and Mg2+) and oxoanions (PO4
3-, VO4

3-, AsO4
3- and MoO4

2-).37 Laboratory-based 
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research has shown that various non-iron bearing cores can be mineralized within the 

hollow nanocavity under in vitro conditions.  

 

 

Figure 1.4: Laboratory-based biomineralization synthetic strategies for Ftn 

(A)Oxidation-base (B)Reduction-based (C)Two-step reduction-based (D)Oxidation 

and deposition-based (E)pH-dependent disassembly-reassembly based (F)Outer 

surface reduction- based biomineralization of Ftn. Adapted with permission from Jiang, 

B. et al.57 Jiang, B.; Fang, L.; Wu, K.; Yan, X.; Fan, K. Ferritins as Natural and 

Artificial Nanozymes for Theranostics. Theranostics 2020, 10, 687ï706. 

https://doi.org/10.7150/thno.39827. Copyright 2020 Ivyspring International 

Publisher. 

Figure 1.4 summarizes some of the biomineralization strategies used to mineralize 

inorganic metal (oxy)hydroxide in the Ftn cavity. Cobalt was mineralized in Ftn as 

cobalt oxide (Co(O)OH) by oxidative hydrolysis of Co(II) under H2O2
38 (Figure 1.4A), 

and X-ray absorption spectroscopy (XAS) was used to analyze a metastable 

oxyhydroxide phase of manganese mineralized in HSFtn, which closely corresponds to 

in ‎ and ‍-MnOOH phases.39 

https://doi.org/10.7150/thno.39827
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Meldrum et al. utilized the Ftn cavity to mineralize a ferrimagnetic iron oxide core 

(Fe3O4), also called "magnetoferritin," which could be used for biomedical imaging 

and cell labeling.40 Copper (Figure 1.4B) and CuFe Prussian blue nanoparticles41 

(Figure 1.4D) and precious materials like platinum,42 palladium,43 iridium,44 rhodium45 

(Figure 1.4B), and quantum dots like PbS,46 CdSe,47 CdS,48 and CuS nanoparticles49 

were mineralized in the apoFtn cavity for photocatalytic and energy applications. 

Amendola and coworkers developed AuïFe alloy nanoparticles for safe clinical 

translations (Figure 1.4C).50  

Kasyutich et al. showed that the Ag nanoparticles could be mineralized more 

successfully in bacterioferritins than other Ftn types due to conserved specific binding 

and nucleation sites of Ag(I).51  Okuda et al. fabricated both nickel or chromium 

hydroxide nanoparticles inside the Ftn cavity under precisely controlled pH and CO2 

dissolution.52 Gadolinium ion (Gd3+) is a well-known contrast agent, which could 

shorten the spin-lattice relaxation time (T1) and enhance the quality of the MRI images. 

Hence, Gd3+ encapsulated Ftn could be a beneficial bioconjugate for MRI scanning.53  

Bio-organic compounds like curcumin nanoparticles are well known for their 

antibacterial properties. Curcumin fabrication in Ftns could be useful for effective 

antibiotics (Figure 1.4E).54,55 Moreover, palladium and silver nanoparticles attached to 

the outer surface of Ftn have exhibited catalytic and enzymatic properties (Figure 

1.4F).56  
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1.4 Plasmonic Gold Nanomaterial Synthesis and Properties  

 

 A major focus of this thesis was to form bioconjugates containing AuNPs and Ftn. 

This section briefly reviews background information about AuNP synthesis that is 

relevant to my studies. By varying the size, shape, and dimension of gold 

nanostructures, unique optical properties can be obtained. Brust and coworkers 

prepared simple single-step gold quantum dots (< 5 nm) using tetrachloroaurate 

(AuCl4
-) freshly prepared sodium borohydride, alkyl thioether end-functionalized 

poly(methacrylic acid).58 Changing polymer concentration could change the particle 

sizes from 2.2-4.6 nm. Sardar and Parry synthesized gold quantum dots (< 5 nm) using 

9-borabicyclo[3.3.1]nonane (9-BBN) as the reducing agent. They explained how the 9-

BBN concentration and reaction temperature affect the nucleation rate and growth of 

the particles.59 Jana et al. fabricated uniform AuNPs between 5ī40 nm by 3.5 nm gold 

particles as seeds prepared by borohydride reduction of AuCl4
- in citrate.60 Various 

morphologies were obtained by further modifying the spherical gold seed particles with 

more AuCl4
-, reductants (NaBH4, ascorbic acid, hydrazine, and dimethylformamide 

(DMF)), other cations (Ag+), and shape-templating surfactants cetyltrimethyl 

ammonium bromide (CTAB), cetyltrimethyl ammonium chloride (CTAC), sodium 

dodecyl sulfate (SDS), Polyvinylpyrrolidone (PVP), TX-100, DMF and hydroxylamine 

sulfate. The popular approach for AuNR synthesis is seed-mediated growth by either 

citrate or CTAB-capped AuNPs. Cationic surfactant micelles function as a soft 

template for AuNR growth, Ag+ ions control the shape and crystalline structure, and 

ascorbic acid is a mild reducing agent during the reaction. A few research groups 
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(Mulvaney and coworkers,61 El-Sayed and coworkers,62 Murphy and coworkers63 and 

Guyot-Sionnest and coworkers64) have improved seed-mediated AuNR synthesis 

methods to strengthen their chemical stability and monodispersity and change the 

aspect ratio. Chang et al. developed an electrochemical method to generate suspended 

AuNRs with controlled aspect ratios and high yields.65 

 

Figure 1.5: (A-G) TEM images of AuNR with a varying aspect ratio (H)Ultra Violet-

Visible (UV-Vis) absorbance spectra of each AuNR solution with varying longitudinal 

absorbance at 500-750 nm range (I)AuNR samples from left to right show distinct 

colors ranging from brownish red through green to purplish red. Adapted with 

permission from Zheng, Y. et al.66 Zheng, Y.; Xiao, M.; Jiang, S.; Ding, F.; Wang, J. 

Coating Fabrics with Gold Nanorods for Colouring, UV-Protection, and Antibacterial 

Functions. Nanoscale 2013, 5 (2), 788ï795. https://doi.org/10.1039/C2NR33064D. 

Copyright 2013 RCS Publisher. Permission conveyed through Copyright Clearance 

Center, Inc. 

 

Figure 1.5 shows how the color and longitudinal UV-Vis absorbance of the AuNRs 

change when the aspect ratio is altered. Other anisotropic nanostructures such as 

https://doi.org/10.1039/C2NR33064D
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triangular, hexagonal, and polygonal gold plates exhibit inherent sharp edges that result 

a high local electric field in applications like optical biosensing and surface-enhanced 

Raman spectroscopy (SERS). Chen et al. developed a method to get monodispersed 

triangular gold nanoprisms (morphological yield > 90%) through a seedless growth 

process with edge lengths tuned between 40 and 120 nm,67 whereas Porel et al. 

developed polygonal gold nanoplates using a heat-treated poly(vinyl alcohol) film. The 

synthesis span over a large variety of triangular, square, hexagonal, and rare pentagonal 

plates by tuning the Au/PVA ratio.68  

 Another anisotropic gold nanostructure, AuNS, exhibits complex structures and 

morphology. They can be synthesized using either the seeded-growth method or the 

one-pot synthesis method. A pH-controlled one-pot AuNS synthesis method was used 

by Das et al. using gelatin to enhance the radio-sensitization of cancer therapeutics.69 

Srivastava and coworkers performed a protein-mediated one-pot green synthesis of 

AuNS for Imaging and photothermal cancer therapy.70 According to Vorster and 

coworkers, by adding AgNO3, HEPES-mediated one-pot AuNS synthesis was 

improved.71 A surfactant-free one-pot AuNS synthesis conducted by Huynh et al. 

showed its antibacterial properties.72 In 2009, the first synthesis of penta-branched 

AuNS by a seeding growth approach was reported by Huang and coworkers.73 Fabris 

and coworkers produced six-branched AuNS using a high-yield, seed-mediated 

method.74 They have further shown how the morphology of the AuNS can be tuned by 

varying TX-100, ascorbic acid, and AgNO3 as precursors. Moreover, Kereselidze et al. 

used a silver seed-mediated AuNS synthesis method for biomedical applications.75  
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1.4.1 Localized Surface Plasmon Resonance (LSPR) 

 

Excitation of the LSPR of a gold nanostructure occurs when the oscillation 

frequency of free electrons at the surface resonates with the frequency of the impinging 

electromagnetic radiation (Figure 1.6). This process results in interesting surface-

enhanced optical properties.76 As an example, for AuNSps (< 60 nm), the LSPR 

absorbance peak appears around 500 - 550 nm (resulting in a red color).77 The optical 

properties due to LSPR may depend on the size and shape, type of solvent, surface 

ligand, charge density, pH, and temperature.78 Unlike isotropic AuNPs such as 

AuNSps, anisotropic gold nanostructures possess distinct shapes, such as AuNRs, 

AuNSs, nanocubes, or nanowires, which give rise to unique plasmonic properties. 

Anisotropic nanoparticles that include AuNRs79 and AuNSs74 are associated with two 

distinct plasmon bands (i.e., transverse and longitudinal bands). The transverse band 

occurs around Ḑ 520 nm, whereas the longitudinal band position may vary depending 

on the length/width ratio (ranging from 500 to 1600 nm). By altering the shape of 

AuNPs, the optical properties can be extended across a broad spectrum (visible to NIR). 
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Figure 1.6: The LSPR process, in which free conduction electrons of the AuNPs 

undergo oscillation due to the interaction with the incoming light. Adapted with 

permission from Hammond, J.L. et al.80 Hammond, J. L.; Bhalla, N.; Rafiee, S. D.; 

Estrela, P. Localized Surface Plasmon Resonance as a Biosensing Platform for 

Developing Countries. Biosensors 2014, 4 (2), 172ï188. 

https://doi.org/10.3390/bios4020172. Copyright is retained by the authors, 2020 

MDPI journals Publisher. 

1.4.2 Hot Electron Generation and Transfer 

LSPR-induced hot electrons generated by plasmonic gold nanostructures attached to 

semiconductors have been widely investigated in photovoltaics and 

photocatalysis.81,82,83 The LSPR decay results in photothermal effects and plasmonic 

heating. It triggers with Landau damping, generating hot electron-hole pairs.84 

Plasmonic heating is induced by electronïelectron scattering (< 100 fs), electronï

phonon scattering (1ï10 ps), and phononïphonon (phïph) scattering (Ḑ 100 ps) and 

this heat is dissipated to the surroundings.84 Fe and Cu-based metal oxides (within 

Ftn) investigated in this thesis have a high density of states in the conduction band 

https://doi.org/10.3390/bios4020172
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due to d-orbitals. Hence, they are better electron acceptors which can efficiently 

couple with hot electrons. 

There is an ongoing discussion on the mechanisms of plasmon-driven chemistry. 

One commonly accepted mechanistic pathway during excitation of the LSPR 

involves hot carrier injection into the conduction band of the semiconductor and 

tunneling across the Schottky barrier (S.B).85 A Schottky junction is created when 

metal and semiconductors come in contact. Hot carriers can be created by both 

intraband (from occupied s-band to empty s-band within the conduction band) and 

interband (from other bands such as d-band to the unoccupied s-band states in the 

conduction band) transitions, with the type of transition being influenced by the 

energy of excitation.86 Notably, these two processes result in distinct hot carrier 

distributions. The hot carriers generated from d Ÿ sp interband transitions of gold 

nanostructures have much lower kinetic energies but higher populations. In addition, 

the process requires an excitation energy greater than 2.38 eV (< 539 nm).87 These 

highly energetic hot electrons can be extracted by n-type acceptor semiconductors 

with a high Fermi level and high density of state (DOS) in the conduction band.88 

The S.B height is crucial for injecting hot electrons into semiconductors through 

inter or intra-band transition.89 When the energy of the radiation is low, the intraband 

transition is a common occurrence in gold. The schematic in Figure 1.7 illustrates 

how hot electrons are produced within a metal nanorod that has been optically 
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stimulated and then transferred over the S.B at the metal-semiconductor interface 

and injected into the semiconductor. 

 

Figure 1.7: Mechanism of how hot electrons move from a metal nanorod to a 

semiconductor through a S.B at their interface. The direction of the wave vector k0, the 

electric field E0. Adapted with permission from Kumarasinghe, C.S. et al.90 

Kumarasinghe, C. S.; Premaratne, M.; Bao, Q.; Agrawal, G. P. Theoretical Analysis of 

Hot Electron Dynamics in Nanorods. Sci. Rep. 2015, 5 (1), 12140. 

https://doi.org/10.1038/srep12140. Copyright is retained by the authors, 2015 

Springer Nature Publisher. 

1.5 Surface Functionalization/ Modification of Ftn 

Bioconjugates investigated in this thesis consist of AuNPs chemically linked to 

HFtn or HSFtn. In the HFtn circumstance, solvent-exposed Cys groups are present on 

the 24 self-assembling H-subunits allowing Au-S bonding to link the AuNPs and 

protein. In the HSFtn circumstance, there are few solvent-exposed Cys groups (one in 

H-subunits), so we functionalized HSFtn with -SH groups by reacting Ftn with N-

https://doi.org/10.1038/srep12140
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succinimidyl S-acetylthioacetate (SATA). In the next two sections, background 

relevant to these methods is presented. 

1.5.1 Ftn-Thiol and Gold Nanostructure Interaction 

Cys has a significantly high affinity to gold due to the interaction between its 

sulfhydryl/thiol (-SH) side chain and gold surface.91 Exploiting the affinity of the Au 

to S has been central to prior studies that have been interested in the bonding of Cys-

containing peptides and proteins to gold nanostructures.92 The formed ñAuïSò bond 

(thiolateïAu+) is a coordinative interaction with a homolytic strength of Ḑ 40 

kcal/mol.93 The HFtn carries 100% H subunits and three Cys residues per subunit, 

namely Cys90, Cys102 located on the shell surface, and Cys130 inside the pore.94 

HSFtn contains about 90% L-chain and 10% H-chain.95 The HSFtn L-chain subunits 

contain two Cys, (Cys52, Cys130), but they are not solvent exposed and available for 

linking to AuNRs and AuNSs.95 

1.5.2 SATA Modified Ftn 

To overcome the lack of solvent-exposed Cys groups on the surface of HSFtn, 

SATA, a well-known thiolation reagent, was used. SATA reacts with primary amines 

via its N-hydroxysuccinimide (NHS) ester, forming a stable covalent amide linkage 

(Figure 1.8).96 Various antibodies, antigens, proteins, and viruses modified by SATA 

to introduce thiol groups for different applications have been widely investigated in the 

literature. Rösch and coworkers found a novel method to synthesize stable radioarsenic 

labeled proteins by modifying the two globulins, the mabs ch3G4 and Rituximab 

antibody, with SATA. After deprotection of the thiol by deacetylation of the SATA-
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modified antibody, radioactive Arsenic iodide [*As]AsI3 was conjugated via As-S 

bond formation.97 Similarly, an anti-TAR DNA-binding protein 43 (anti-TDP-43)was 

modified by Dai et al. using SATA-mediated thiolation as a sensing scaffold for 

identifying various biomarkers.98 Lin et al. developed a ruthenium-based fluorescent 

complex for biosensing by crosslinking with SATA-modified protein G. The complex 

has been proven to be a universal fluorescent probe for immunoassays.99 Furthermore, 

Greener bioreduction of AuCl4
- at neutral pH on the SATA-modified M13 

bacteriophage (M13-SH) was introduced by Zhang and coworkers. They showed 

residual hydroxylamine converted AuCl4
- to fused AuNPs, which linearly deposited on 

the virus. Pfs230 antigen is a candidate for a potential malaria transmission-blocking 

vaccine.100 SATA-modified Pfs230 antigen has been tested for improving the 

functional activity of the vaccine.101  

In my thesis research, SATA was employed to conjugate the amino acid Lys present in 

HFtn. Modification of Lys using SATA resulted in the formation of stable and 

protected -SH groups. These protected -SH groups could be subsequently deprotected 

using hydroxylamine-HCl. Furthermore, the thesis provides comprehensive details 

regarding the utilization of SATA-modified HFtn for achieving highly efficient 

attachment of AuNSps via Au-S interactions. 
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Figure 1.8: The reaction of SATA with primary amines introduces protected thiols.     

The deprotection with hydroxylamine leaves the -SH residue free for subsequent 

chemical reactions. The functionalization of HSFtn with SATA was carried out in this 

thesis research.  

1.5.3 Ellmanôs Reagent (5,5ô-dithiobis(2-nitrobenzoic acid) Modified Ftn 

To quantify the amount of thiolation, 5,5ô-dithiobis(2-nitrobenzoic acid (DTNB) 

was used in this thesis. DTNB reacts with the free sulfhydryl side chain of Cys, forming 

a S-S bond between the Ftn protein and a thionitrobenzoic acid (TNB) residue (Figure 

1.9). The modification of Cys with DTNB is usually performed at pH = 7.0-8.0 and can 

be quantitatively and qualitatively analyzed by UV-Vis spectroscopy. The TNB2- anion 

released from the reaction shows a peak at 412 nm, which corresponds to its yellow 

color.   
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Figure 1.9: The reaction involved with the DTNB capping with thiol containing      

molecules. 

1.5 Applications of Ftn  

1.6.1 Biomineralized HSFtn as a Catalyst 

The mineralized Ftn cavity can be utilized in vitro with a range of inorganic oxides, 

sulfides, and zero-valent metal nanoparticles for catalysis. The electronic properties of 

single-walled carbon nanotubes (SWNTs) mainly depend on tube diameter and 

chirality. Jeong et al. used cobalt-filled apoFtn as a wet catalyst for synthesizing 

SWNTs with a narrow diameter distribution.102 A stable ironïsulfur cluster mineralized 

in apoFtn was utilized as a model photocatalyst for photocatalytic hydrogen generation 

at neutral pH. The researchers observed a long-distance electron diffusion from 

photosensitizers to the catalyst through the protein shell.103 Fh core in Ftn was used for 

cytochrome c and viologens reduction,104 and Au-decorated Ftn was an effective 
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photocatalyst for reducing Cr(VI), which is the toxic form of chromium.19 Pd and Au 

metal nanoparticles encapsulated in Ftn have shown catalytic transformations in several 

organic redox reactions and CīC bond-formation reactions.105 

1.6.2 Ftn used for Cancer Therapeutics 

Different drug molecules can be encapsulated in the nanocavity or attached to 

modified amino acid residues on the inner or outer surfaces of Ftn using the 

'disassembly-reassembly of Ftn' method.106,107 In addition, the passive diffusion method 

of small drug molecules (Eg. cisplatin) through the hydrophilic and hydrophobic 

channels under controlled temperature conditions has been investigated.108 

A primary function of the intracellular Ftn is preventing the oxidation of toxic Fe(II) 

to Fe(III) by storing Fe(II) inside the cavity as an insoluble form of iron, Fh.109 Hence, 

it supports inhibiting the Fenton reaction from occurring inside the cells. On the 

contrary, Ftn can be degraded and release Fe(II) to the cells and can be accumulated. 

The phenomenon is called ferritinophagy.110 As the metabolism, DNA synthesis, and 

proliferation rate of cancer cells are generally elevated compared to healthy cells, 

cancer cells indicate a higher demand for iron.111 As Ftn is a source of mineralized iron, 

naturally, cancer cells prefer Ftn. The excess Fe(II) accumulated can react with H2O2 

available in the cancer cells and produce reactive oxygen species (ROS).112 Hence, 

there can be an imbalance between ROS production and the available antioxidant 

(oxidation stress).113 Ultimately, it can provoke lipid peroxidation followed by plasma 

membrane damage to regular cell death (ferroptosis). The transferrin receptor 1 (TfR1) 

is a transmembrane glycoprotein receptor that naturally binds with transferrin,114 
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HFtn,115 and HSFtn,18 regulating cellular iron uptake. Subsequent studies have shown 

that the TfR1 receptor is significantly up-regulated and over-expressed in various 

cancers such as glioma, breast cancer, leukemia, and ovarian cancer.116 Hence, by 

targeting the TFR1 receptor, cancer progression (proliferation, migration, and invasion) 

could be suppressed.111 

1.6 Organization of Thesis  

Chapter 2 of the thesis delves into a comprehensive description of the experimental 

methodologies employed to obtain crucial experimental results. It outlines the specific 

techniques, instruments, and procedures utilized to carry out the experiments conducted 

for this thesis. Following the detailed account of the experimental methods, Chapters 3 

to 8 present an in-depth exploration of mechanistic aspects pertaining to the 

photochemistry of Ftn as well as the bioconjugates formed by combining Ftn with 

AuNPs. These subsequent chapters aim to address fundamental questions and provide 

a deeper understanding of the underlying mechanisms governing the photochemical 

properties and behavior of these systems. Chapter 3 presents experiments that address 

the first goal of this thesis work. In particular, the experiments were designed to 

determine whether electron transfer across the 2 nm thick protein shell of Ftn from the 

photoexcited inorganic metal oxide core of Ftn to redox active species in solution is a 

viable pathway. To accomplish this task, experiments are presented that focus on the 

photochemistry of CuFtn and aqueous Cr(VI). Electron transfer through the protein 

shell is revisited in Chapter 4, where the focus is on the synthesis of bioconjugates 

composed of HFtn and AuNRs linked to the outer surface of the protein. Chapter 5 

investigates the photochemistry of this novel bioconjugate. A key finding elaborated on 
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in the chapter is that the excitation of the plasmonic mode of the AuNR in the NIR 

results in the dissolution of the Fh core (observed as Fe(II) release) or the reduction of 

solution phase Cr(VI). Chapter 6 revisits the AuNR-HFtn bioconjugate and investigates 

its effect on the cell viability of cancer cells in the presence of NIR. The goal here is to 

determine whether the Fe(II) that is released during NIR exposure results in ferroptosis, 

an iron-induced cell death mechanism. Chapter 7 focuses on the synthesis, 

characterization, and photochemistry of a bioconjugate composed of AuNSs and HFtn. 

Furthermore, it discusses the potential of utilizing AuNS-HFtn bioconjugates for dual 

antibacterial-anticancer properties as future applications. Chapter 8 shows how HSFtn 

can be modified through a thiolation process via SATA to allow the linking of AuNSps. 

Finally, Chapter 9 summarizes the entire work and looks to the future. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES  

This chapter offers a review of the analytical characterization techniques used in each 

chapter and their theoretical background. This information will provide valuable 

background knowledge to understand the research outcomes, analyses, and interpretations 

presented in the following chapters. 

2.1 Transmission Electron Microscopy (TEM) 

TEM imaging is a powerful technique with a magnification (< 50 million) that 

allows atomic-level spatial resolution (~ 0.2 nm). The technique is essential to visualize 

the structure of materials at the nanoscale.1 In TEM, a beam of electrons is transmitted 

through an ultrathin (> 100 nm) specimen, and the resulting interactions between the 

electrons and the sample provide detailed information about its morphology, crystal 

structure, and elemental composition.2 The high atomic-scale spatial resolution of TEM 

allows for the examination of fine details within materials.3 By manipulating the electron 

beam, various imaging modes can be employed, including bright-field imaging,4 dark-field 

imaging, and high-resolution imaging,5 each providing unique contrast mechanisms. TEM 

imaging has found widespread applications in materials science, nanotechnology, biology, 

and other scientific fields, enabling researchers to explore and understand the intricate 

features and properties of nanomaterials and biological specimens with exceptional detail.6 
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Figure 2.1: Stained TEM images of (a)HSFtn. The spherical structures with a dark core 

represent the HSFtn protein. It consists of a dark spherical Fh inner core and a white outer 

shell. (b)Photochemically grown AuNPs attached on HSFtn. The spherical structures with 

a dark core represent the HSFtn protein, and the dark spheres attached to the HSFtn are 

AuNPs. Unstained TEM images of (c)AuNS-HFtn. The dark spheres attached to the AuNS 

are the Fh core of HFtn (d)CTAB capped AuNR (AuNR-CTAB) (e)Fe2O3 coated Janus 

AuNRs (f)SiO2 coated AuNRs. 

All the TEM images for the research were collected using a JOEL JEM-1400 TEM 

operating at 120 kV. All Ftn protein samples were prepared on copper mesh-supported 

holey carbon TEM grids (Ted Pella) and allowed to dry as a thin film. A 10 ‘L aliquot of 

sample was deposited on the grid and allowed to sit for 10 min. Excess liquid was removed 

a b

c d

e f
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by filter paper, and the grid was then rinsed with 10 ‘L of water. Some samples were 

negatively stained with a 2% phosphotungstic acid (PTA) solution at pH = 7 to allow the 

visualization of the Ftn protein shell. In order to stain the sample, 2 ‘L of the PTA solution 

was deposited, allowed to sit for 2 min, and the excess was removed by drawing the liquid 

droplet from the surface using filter paper. A 2% PTA staining process was followed to 

image the Ftn protein outer shell. Usually, the negative staining process wraps the particles 

with electron-dense material and allows the stained area to be highlighted. This 

highlighting occurs from the contrast between the stained area (dark) and unstained areas 

(light). TEM images of Ftn typically show the dense inner core as black spheres, whereas 

when stained, the outer protein shell becomes visible with the inner core (Figures 2.1a and 

2.1b). The morphology of the AuNPs, AuNRs, and AuNSs were characterized throughout 

this thesis with TEM (Figure 2.1c-f). For my thesis, Chapter 3 presents stained and 

unstained CuFtn, Chapters 4,5 and 6 present stained and unstained AuNR-HFtn 

bioconjugates along with images of AuNRs. Chapter 7 exhibits AuNS and AuNS-HFtn and 

finally in Chapter 8 TEM is used to image AuNSp-HSFtn. 

2.2. Selected Area Electron Diffraction (SAED) 

SAED is a powerful technique used in materials science and electron microscopy 

to study the crystal structure and orientation of materials at the nanoscale.7 It involves 

directing a beam of high-energy electrons onto a small selected area of a sample. The 

electrons interact with the crystal lattice of the material, causing them to scatter.8 The 

scattered electrons then form a diffraction pattern, which is captured by a detector. The 

diffraction pattern provides information about the arrangement of atoms within the material 

and can be used to determine the crystal structure, crystal symmetry, and lattice parameters. 
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SAED is particularly useful for analyzing crystalline materials such as metals, alloys, 

semiconductors, and minerals. It allows researchers to obtain valuable insights into the 

microstructure, phase composition, and defects present in the material. SAED is commonly 

employed in TEM and scanning transmission electron microscopy (STEM) techniques, 

enabling researchers to investigate the atomic structure and properties of materials with 

high spatial resolution.9 By interpreting the diffraction patterns, a deeper understanding of 

the materials' properties and behavior can be developed, facilitating advancements in 

materials design, characterization, and engineering. 

2.3 UV-Vis Spectroscopy  

UV-Vis is used to measure the UV or visible light absorbed by, or transmitted 

through, a sample with respect to a reference. Absorbance (A) under the different UV-Vis 

wavelength ranges can be calculated from the transmittance (T).10 Absorbances can be 

converted to concentrations via BeerïLambert's equation11 (2.1). Hence, the UV-Vis 

spectrum shows the different absorbances of the compound of interest at different 

wavelengths.12 

ὃ  ‐ ὅ ὰ ὰέὫ ὰέὫ  ὰέὫ
Ϸ

ς  ὰέὫϷὝ                      (2.1)                           

Where, A = absorbance, ‐ = molar absorptivity of the absorbing species, C = concentration 

of the absorbing species, l = length of the light path, Ὅ = Intensity of incident light, I = 

intensity of the transmitted light, and %T = Percent transmittance 
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Figure 2.2: A schematic diagram of a single-beam UV-Vis spectrophotometer. 

Either a single high-intensity xenon lamp, which can simultaneously generate UV 

and visible light, or two lamps consisting of a tungsten or halogen lamp for visible light 

and a deuterium lamp for UV light are used as radiation sources. A monochromator and 

dispersive element allow specific wavelengths to be selected (Figure 2.2). The light passes 

through the sample, and the transmitted radiation is detected by a photoelectric 

semiconducting material to generate a readable signal. The output of UV-Vis is typically 

shown as absorbance, optical density, or transmittance vs. the wavelength (Figure 2.2). In 

Chapter 3, UV-Vis spectroscopy was employed to obtain the absorbance spectrum of 

CuFtn and CuCtrl. Chapters 4, 5, and 6 focused on measuring the longitudinal absorbance 

of AuNRs and AuNR-HFtn bioconjugates in the NIR region. Similarly, in Chapter 7, the 

longitudinal absorbance of AuNS and AuNS-HFtn bioconjugates was measured. Chapter 

8 involved measuring the UV-Vis absorbance of AuNSps and AuNSp-HSFtn. Fe(II) 

release was determined in Chapters 4, 5, 6, 7, and 8 by measuring the absorbance of the 



 44 

Fe(II)-Ferrozine complex (Fe(II)-Fz) at ɚ = 562 nm. The UV-Vis absorbance at ɚ = 372 

nm was utilized to measure the Cr(VI) reduction, and Cu(II)- 4-(2-pyridylazo)resorcinol 

(PAR) complex absorbance was measured at ɚ = 510 nm in Chapter 3. 

2.4 Inductively Coupled Plasma ï Optical Emission Spectrometry (ICP-OES) 

ICP-OES is a powerful analytical technique to determine the elemental composition 

of samples. The technique is based upon the spontaneous emission of photons from the 

gaseous atoms and ions in the sample that are excited by Argon (Ar) plasma and relaxed 

back to the ground state. The unique wavelength corresponding to the emitted photons can 

be used to determine the elements.13 

In the ICP-OES setup, a peristaltic pump helps to deliver the sample solution to the 

nebulizer. There, the sample fluid decomposes into droplets by the Ar gas flow. The 

downstream spray chamber can break the larger sample droplets. The atomized sample 

aerosol is transferred to the plasma-generating chamber filled with Ar. A RF power supply 

coupled to the plasma coil generates a high-frequency (40 MHz) electric current, which 

transfers energy to the Ar gas. The resulting plasma is generated from the ionized Ar (T = 

6000-10,000 K) and is mixed with the sample. The dichroic spectral combiner (DSC) 

enables synchronizing between the radial and axial measurement modes. The 

polychromator consists of prisms, gratings, and mirrors, and separates the light that enters 

into the multiple component wavelengths simultaneously, and the dispersed spectrum 

generated in the polychromator is focused onto the detector. A charge-injection device 

(CID) sensor or charged coupled device (CCD) sensor is utilized to detect the signal 

(Figure 2.3). 



 45 

 

 

Figure 2.3: Schematic diagram of the ICP-OES. 

        In Chapter 3, ICP-OES was employed to determine the Cu and Cr content in CuFtn 

after exposure to Cr(VI) in the presence of light. Chapters 4, 7, and 8 utilized ICP-OES to 

determine the gold concentration in various gold nanostructures. 
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2.5 Dynamic Light Scattering (DLS) 

DLS, also called photon correlation spectroscopy, is utilized to investigate the 

hydrodynamic size of nanostructures.14 The DLS technique is a non-invasive technique 

that requires only minimal sample preparation. DLS measurements can be influenced by 

various factors such as solvent type, sample homogeneity, sample concentration, color, 

fluorescence, and the shape of the particles being studied.15 Nanostructures dispersed in  

solution scatter incident light proportional to the 6th power of their radii.16 The fluctuation 

rate in scattered light is related to the diffusion rate of the particles in the solvents and their 

hydrodynamic radii.17 The time-dependent fluctuation in the scattered light is measured in 

the DLS technique.18 Hence, the fluctuation rates can be manipulated to obtain the diffusion 

coefficients and the particle sizes via the Stokes-Einstein equation19 (2.2). 

 

Ὀ                              (2.2) 

 

where Dt is the diffusion coefficient, kB is Boltzmann's constant, T is the temperature in 

Kelvin, ɖ = absolute viscosity, and rh = hydrodynamic radii 
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Figure 2.4: The Schematic diagram of DLS.   

For DLS experiments carried out in this thesis, 1 mL of transparent and 

homogeneous samples were used in a clean, square cuvette made of translucent plastic. 

The schematic diagram of the DLS instrument is shown in Figure 2.4. The laser source 

provides a steady beam of coherent monochromatic light, whereas the attenuator can adjust 

the laser power. The laser beam transfers through the sample to the detector via a focusing 

lens. The detectors are placed at 90° and 173° angles. The detector at 173° angle can detect 

the backscattering and filter excess light scattering. After several data fittings and analyses, 

the final size distribution can be obtained. The Malvern Zetasizer particle size analyzer was 

used to measure the hydrodynamic particle size distribution throughout the dissertation.  
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2.6 Attenuated Total Reflectance ï Fourier Transform Infrared Spectroscopy (ATR-

FTIR)  

In Chapters 5 and 7, ATR-FTIR was used to confirm the removal of CTAB and 

TX-100 surfactants from AuNPs, respectively. All experiments were conducted by using a 

Nicolet Magna 750 FTIR spectrometer with a single bounce diamond crystal ATR cell 

(SpecacTM) and mercury cadmium telluride A (MCTA) detector cooled by liquid N2. 

ATR-FTIR is a tool that can probe in situ chemical reactions and the structure (functional 

groups) of single or multiple layers of adsorbed or deposited species at a solid or liquid 

interface. The IR beam is internally reflected at the diamond crystal-sample interface while 

traveling through the crystal. During the internal reflection process, part of the IR beam 

can penetrate into the sample (~ 0.50-5 ‘m) as an evanescent wave and be absorbed (Figure 

2.5). The penetration depth of the evanescent wave can be calculated by the following 

equation (Equation 2.3).20   

Ὀ
 

 Ȣ
                       (2.3) 

where,  Ὀ= depth of penetration, ɚ = wavelength of the light, ὲ = the refractive index 

of the diamond crystal, ὲ = the refractive index of the sample, and ɗ = the angle of 

incidence of the light. 
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Figure 2.5: Schematic diagram representing the ATR process inside the single bounce 

diamond ATR apparatus used in this thesis. 

The attenuated IR beam is directed to the FTIR detector from the diamond crystal. 

The detector records the IR beam as an interferogram signal, and Fourier transforms it to 

generate an IR spectrum. 

2.7 Fluorimeter  

A fluorimeter is an analytical instrument commonly used in scientific research and 

various industries to measure the fluorescence properties of samples. It operates on the 

principle of exciting a sample with a specific wavelength of light and then detecting the 

emitted fluorescence.21 The instrument consists of an excitation source, such as a high-

intensity lamp or laser, which emits light of a specific wavelength onto the sample. The 
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sample absorbs the excitation light energy and re-emits it at a longer wavelength, known 

as fluorescence emission. The emitted light is then collected by a detector, typically a 

photomultiplier tube or a photodiode, which converts the light signal into an electrical 

signal. The intensity of the emitted fluorescence is measured and recorded, providing 

valuable information about the sample's properties, such as its chemical composition, 

molecular structure, and concentration. Their sensitivity, accuracy, and versatility make 

fluorimeters indispensable tools in scientific research and industrial applications. In 

Chapter 6, a fluorimeter was utilized to measure the fluorescence of 7-hydroxycoumarin at 

~ 455 nm generated due to the reaction with hydroxyl radicals and coumarin.  

2.8 Powder X-Ray Diffraction (PXRD) 

The occurrence of diffraction hinges upon the interaction between the incident X-

ray beam and the surfaces of crystalline solids. Braggôs law expresses that when the 

incident X-ray beam hits the crystal surface of the solid, its incidence (ɗ) will reflect with 

the same angle of scattering (ɗ).22 If the path difference (d) is a whole number of 

wavelengths, constructive interference will occur. If not, destructive interference will 

appear on the crystal surfaces. X-ray diffraction (XRD) is based on constructive 

interference of monochromatic X-rays and a solid crystalline sample. Bragg's equation is 

as follows23 (Equation 2.5). 

ὲ‗ ςὨ ίὭὲ—                         (2.5) 

Where, n = integer, ‗ = the wavelength of X-ray, d = spacing of the crystal layers (path 

difference), — = incident angle (the angle between the incident ray and the scattering plane) 

(Figure 2.6). 
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PXRD is generally used to identify unknown crystalline materials such as minerals 

and inorganic compounds.23 Additionally, PXRD is utilized to ascertain the crystalline or 

amorphous nature, assess material purity, determine unit cell dimensions, and analyze the 

orientation of crystal grains in polycrystalline materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Schematic representation of Bragg's law conditions. 

X-rays are generated in a cathode ray tube by bombarding the target material with 

high-energy electrons. Copper is the most common target material (CuKŬ radiation = 

1.5418¡) KŬ and Kɓ core electrons of the target material are typically excited to generate 

characteristic X-ray spectra. In a powdered sample, generally, all the particulates are 

randomly orientated. When the sample and the detector rotate through a range of 2ɗ (2ɗ = 

0Ј-80Ј), if the geometry of the incident X-rays fulfills the Bragg law requirements, 

constructive interference occurs. The resulting X-ray signal can be detected. (Figure 2.7) 
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Figure 2.7: Schematic diagram of PXRD  

All PXRD measurements in this dissertation were carried out by the Bruker D8 

advanced power X-ray diffractometer equipped with a 2 kW CuKŬ radiation 

monochromator. In Chapter 3, the pure CuCtrl, CuO, and Cu(OH)2 commercial samples 

were finely ground and suspended in isopropyl alcohol. Prior to the analysis, samples were 

drop cast and concentrated on a Si low background sample holder (BrukerAXS) and dried.  
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CHAPTER 3 

PHOTOCHEMISTRY OF BIOMINERALIZED COPPER HYDR(OXIDE) 

NANOPARTICLES IN HORSE SPLEEN FERRITIN  

(Note: Content of this Chapter is adapted from a manuscript ready for submission for 

publication, ñShashiprabha P. Dunuweera, and Daniel R. Strongin et al., ñPhotochemistry 

of biomineralized copper hydr(oxide) nanoparticles in horse spleen Ferritin.ò) 

3.1 Introduction 

 

Ftn is an iron-sequestration protein found in archaea, bacteria, algae, higher plants, and 

animal kingdoms. With a hollow spherical structure, apoFtn consists of 24 protein subunits 

that, when assembled, form a nanocage architecture (~ 450 kDa) with an internal and 

external diameter of 8 and 12 nm, respectively.1,2 While wild-type Ftns sequester iron as a 

ferric iron oxyhydroxide inner core, similar in structure to the mineral Fh, laboratory-based 

research has shown that various non-iron bearing cores can also be mineralized within the 

hollow cage. Among the inorganic compounds that have been grown in the internal volume 

of Ftn are Co(O)OH,3 Mn(O)OH,4 magnetite,5 silver,6 nickel and chromium nanoparticles,7 

CuFe Prussian blue derivative nanoparticles,8 CaCO3,
9 CeO2,

10
 precious metals like 

platinum,11 palladium,12 rhodium,13 and iridium,14 contrast agents like gadolinium (III),15 

bio-organic compounds like curcumin,16 and quantum dots like PbS,17 CdSe,18 CdS,19 and 

CuS nanoparticles.20 Overall, Ftn is a versatile nanoreactor with a fixed volume for 

biomimetic inorganic material synthesis to generate unique structures for applications in 

medicine,21,22 environmental remediation,23,24,25 water splitting,26 imaging and drug 

delivery,26,27,28 and nanodevice production.29 
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Prior research has shown that Ftn containing the native iron oxyhydroxide, Fh core 

behaves as a small band gap semiconductor, and in the presence of hole scavengers, 

aqueous Cr(VI) can be reduced by Ftn to Cr(III) when the system is exposed to wavelengths 

of light shorter than 475 nm.30 A fundamental question arising from this research is whether 

the mechanism of Cr(VI) reduction proceeds via a homogenous or heterogenous pathway. 

Specifically, in a homogenous scenario, photo-produced ferrous iron (Fe(II)) would leave 

the Ftn cage and reduce Cr(VI) in solution, while in a heterogenous pathway, photoexcited 

conduction band electrons could traverse the protein shell and reduce Cr(VI) on the outer 

surface of the protein.31,32,33 The possibility of the latter channel, which includes the 

transfer of electrons through the 2 nm protein cage, is a particularly interesting possibility. 

Unfortunately, prior research has been somewhat inconclusive on whether such an electron 

transfer process can occur due to the inability to isolate this process from the homogeneous 

redox chemistry of aqueous Fe(II). For example, one study concluded that the excited 

electrons generated by bandgap excitation could not cross the Ftn outer shell by using a 

large polyoxomolybdate (POM) complex, a moiety that could not enter the protein due to 

the mismatch of size to the protein pore.34 The work observed that the reduction of POM 

only occurred when Fe(II) ions were available in the solution. However, prior studies 

carried out by our research group show evidence that electron transfer can occur through 

the Ftn protein shell.30,31,35 When Ftn was attached to plasmonic AuNSps, photoreduction 

of Cr(VI) was observed below the threshold bandgap energy of the Fh core. Control 

reactions ruled out the possibility of reduction directly on the gold surface, and the 

observed concentration of aqueous Fe(II) was below the stoichiometric value necessary for 
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the quantity of Cr(VI) reduced. The evidence suggested that Cr(VI) must either be reduced 

at the protein surface or within the protein cage.  

  In this contribution, copper hydroxide Cu(OH)2, a small bandgap semiconductor, 

was mineralized within the protein cage (i.e., CuFtn). The photochemistry of the system 

was investigated to isolate and understand the transfer of excited conduction band electrons 

across the protein cage. The use of Cr(VI) as the probe oxidant allowed a convenient 

comparison to prior iron-based work. Importantly, the use of CuFtn instead of FeFtn (with 

a Fh core) eliminated the potential for the photoproduction of an aqueous reductant (i.e., 

Fe(II) in the Ftn circumstance), as Cu(II) would be the only potential stable aqueous species 

(Cu(I) is anticipated to exhibit lower stability in aqueous solutions attributed to its weak 

hydration energy and tendency to undergo disproportionation to yield Cu(II) and Cu(0)) 

and would not undergo redox chemistry with Cr(VI). Results, however, presented in this 

contribution will show that Cu(OH)2 mineralized within the Ftn does not release Cu(II) 

into solution when exposed to simulated solar radiation (SSR) and a hole scavenger. In 

addition, and critical to the focus of this contribution, it is shown that the photoexcitation 

of the CuFtn in the presence of aqueous Cr(VI)  resulted in the reduction of Cr(VI) to 

Cr(III), suggesting that the transfer of electrons through the 2 nm protein cage is a viable 

mechanistic pathway. 
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3.2 Experimental  

 

3.2.1 Chemicals 

 

 All chemicals were used as received. Pure analytical grade solid chemicals, 

solvents, and Deionized (DI) water (18 Mɋ cm-1) were used in all solution preparations. 

ApoFtn from equine spleen (25 mg mL-1, 443000 g mol-1), sodium hydroxide (NaOH, ACS 

reagent, Pellets, Ó 97.0%), copper(II) sulfate pentahydrate (CuSO4.5H2O, ACS reagent, Ó 

98.0%), phosphotungstic acid hydrate (H3[P(W3O10)4].xH2O, 99.995%), 4-(2-

Pyridylazo)resorcinol monosodium salt hydrate (PAR, powder, 96%), Trisma base 

(primary standard and buffer, Ó 99.9%), sodium acetate (CH3COONa, anhydrous, 

molecular biology grade Ó 99% ) were purchased from Sigma-Aldrich. Sodium dichromate 

(Na2Cr2O7, crystalline/certified ACS Plus, inclusive between 99.5%), Sodium potassium 

tartrate (KNaC4H4O6·4H2O, Certified ACS), glacial acetic acid (CH3COOH, Certified 

ACS plus, Assay: Ó 99.7% w/w), hydrochloric acid (HCl, Certified ACS plus, 36.5 to 

38.0%), were purchased from Fisher ChemicalÊ. The Precision Red advanced protein 

assay reagent (1x stock) was purchased by Cytoskeleton, Inc. 

3.2.2 Mineralization of CuFtn  

 

 The preparation of CuFtn was adapted from prior methods with slight 

modifications.36,37 Briefly, 200 ‘ὒ of HSFtn solution (25 mg mL-1) was added to 10.0 mL 

of acetate buffer (pH = 5.5, 0.1 M) and was mixed at room temperature. To purify the 

HSFtn, 10 mL of HSFtn in acetate buffer (pH = 5.5, 0.1 M) was mixed with 10 mM EDTA 

and dialyzed three times using a molecular porous dialysis membrane (MWCO: 12-14 

kDa) for 60 min. Then the protein solution was centrifuged (14,000 rpm, 15 min) using 
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ultra-0.5 mL protein concentrator (PierceÊ Protein Concentrators-Collector kit, PES, 30K 

MWCO, Thermo-Fisher), and the concentrated protein was resuspended in 10.0 mL of 

acetate buffer (0.1 M, pH = 5.5). Then, aliquots of CuSO4·5H2O (12 mM, 2.5 mL) were 

added to the apoFtn solution over a 50 min period at 10 min intervals. During the initial 

Cu(II) incubation period, the pH of the system was maintained at pH = 5.0 to ensure the 

maximum Cu(II) binding to the HSFtn.38 The solution mixture was slowly stirred 

throughout the additions. The Cu(II)-apoFtn solution was left standing overnight for 

incubation after the final CuSO4·5H2O addition, which resulted in a final Cu(II) 

concentration of 2.4 mM. At this point, a pale sky-blue homogenous solution was observed 

without any visible precipitation. Excess Cu(II) was removed by centrifugation (14,000 

rpm, 15 min) using an ultra-0.5 mL protein concentrator (PierceÊ Protein Concentrators-

Collector kit, PES, 30K MWCO, Thermo-Fisher), and the concentrated protein was 

resuspended in 12.5 mL of acetate buffer (0.1 M, pH = 5.5). The resulting solution was 

dialyzed three times (1.5 h per dialysis) to remove trace Cu(II)  (Molecular porous dialysis 

membrane, MWCO: 12-14 kDa) in fresh acetate buffer (pH = 5.5, 0.1 M, 1000 mL). After 

the dialysis, the pale blue homogeneous solution became colorless. Next, the pH of the 

solution was carefully adjusted to pH = 8.2 with 0.01 M NaOH while stirring. The solution 

acquired a pale blue color consistent with Cu(OH)2 formed inside the apoFtn cavity.39 The 

resultant mixture was dialyzed against DI water and heated to 60 °C for 20 min, and then 

cooled with ice. The CuFtn-containing solution was centrifuged (14,000 rpm, 15 min) by 

ultra-0.5 mL protein concentrator (PierceÊ Protein Concentrators-Collector kit, PES, 30K 

MWCO, Thermo-Fisher) and the concentrated protein was resuspended in 10.0 mL of Tris 
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HCl (pH = 8.2, 0.1 M). The CuFtn solution was further dialyzed 3 times with Tris HCl (pH 

= 8.2, 0.1 M) for 6 h, and then kept at 4 ЈC. (Appendix: Figure A1) 

 A reference Cu(OH)2 bulk solid was also synthesized to augment the CuFtn studies. 

The reference material was synthesized in the absence of apoFtn (CuCtrl), but the solution 

conditions (e.g., pH and temperature) were kept similar to the conditions used to synthesize 

CuFtn. 

 

3.3 Characterization 

 

3.3.1 Determination of Protein Concentration  

 

The concentration of CuFtn was quantitatively determined by the Precision Red 

advanced protein assay40,41 and the A280 method42,43 using a 150 W UV-Vis 

spectrophotometer (Thermo-Fisher Scientific, UL 61010-1). The Precision Red advanced 

protein assay was performed according to the manufacturer's instructions. For highly 

concentrated protein samples (> 10 mg mL-1), 200 ‘L of the assay was added to 1800 ‘L 

of protein, thoroughly mixed by inverting, and then the sample was incubated for 1 min at 

room temperature. The protein concentration was calculated by measuring the absorbance 

at 600 nm, where an absorbance of 1.00 equals the presence of 100 mg mL-1 of protein. 

The A280 method uses the unique molar absorptivity of a protein at 280 nm, assigned to 

the aromatic amino acids, to determine the concentration of the protein present. For HSFtn, 

the molar absorptivity44 at 280 nm is 4.8x 105 M-1cm-1. 
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3.3.2 TEM and SAED Analysis 

TEM and SEAD analysis were carried out using a JOEL JEM-1400 microscope 

operating at 120 kV. All Ftn samples were prepared on copper mesh-supported holey 

carbon TEM grids (Ted Pella) and allowed to dry as a thin film. Some samples were 

negatively stained with a 2% PTA solution at pH = 7. For these samples, a 10 ‘L aliquot 

of protein solution was deposited on the grid and allowed to sit for 10 min. Excess liquid 

was removed by filter paper, and the grid was then rinsed with 10 ‘L of water. Finally, 2 

‘L of the PTA solution was deposited and allowed to sit for 2 min, and then the excess 

PTA solution was removed by filter paper. Individual core particles were measured from 

TEM images using the freeware, ImageJ (NIH, USA). 

3.3.3 PXRD Analysis  

 

PXRD measurements were carried out using a Bruker D8 advance A25 powder 

diffractometer with CuKŬ1 radiation and a Johansson monochromator. Reference samples 

that were prepared without protein or were bought commercially were finely ground and 

suspended in isopropyl alcohol. Prior to the analysis, samples were drop cast and 

concentrated on a Si low background sample holder (BrukerAXS) and dried. 

 

3.3.4 DLS Studies 

 

A Malvern Zetasizer particle size analyzer was used to measure the hydrodynamic 

particle size distribution of Copper hydroxide nanoparticles (CuHNPs) of CuFtn before 

and after photochemical reactions. In general, 1 mL of 0.25 ‘M solutions were placed 

inside a disposable plastic cell (DTS0012), for DLS analysis. 
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3.3.5 ICP-OES Studies  

 

ICP-OES (Thermo-Scientific, iCAP 7400-ASX520) was used to quantify copper 

(324.754 nm, axial mode) and chromium (360.533 nm, axial mode) solution 

concentrations. Samples for analysis were diluted to 10 mL and acidified by 2% by volume 

with nitric acid (HNO3). 

3.4 Photochemical Batch Reactions  

 

3.4.1 UV-Vis Spectroscopy and SSR Studies 

 

All photochemical experiments were conducted in a 1 cm2 quartz cuvette (Thor 

Labs) using a 200 W Xe lamp (Oriel Instruments, 66002/58) as the SSR radiation source. 

An absorbance spectrum was acquired for each photochemical reaction using a UV-Vis 

spectrophotometer at t = 0 before the sample was exposed to SSR. At each time point of 

interest (t = 5, 10, 15, 20, 30, 40, 60, 80, 100, and 120 min), the cuvette, which contained 

the reaction solution, was removed from the SSR light path, and an absorbance spectrum 

was obtained. Samples were individually illuminated for a total of 120 min for all 

photochemical experiments. All reactions contained 3.2 mL total volume. Longpass 

wavelength cutoff filters (355, 330, and 300 nm optical glass filters from Schott) were 

employed to investigate the wavelength dependence of the Cr(VI) reduction photochemical 

reactions. 
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Copper release studies were conducted in a solution containing CuFtn (0.8 ‘M 

apoFtn, 45 ‘M Cu(II)), 32 mM sodium potassium tartrate, and 80 mM PAR in 0.1 M Tris 

buffer (pH = 8.2). Cr(VI) reduction experiments were conducted under the same conditions 

but replaced PAR with 0.200 mM potassium dichromate (K2Cr2O7). Any volume changes 

were compensated by adding Tris HCl buffer (pH = 8.2). Unless specifically stated, all 

control studies were conducted under the same conditions for both apoFtn and CuFtn 

solutions. Quantitation of Cu(II)-PAR and Cr(VI) were determined by UV-Vis 

spectroscopy at 510 nm45 and charge-transfer band at 372 nm46, respectively. 

3.5 Results and Discussion 

 

3.5.1 TEM, SAED and DLS Studies  

 

The structure and the morphology of CuFtn was analyzed by TEM obtained from 

both stained (Figure 3.1a) and unstained (Figure 3.1b) samples, which emphasized the 

structure of the Cu-bearing core and protein cage, respectively. TEM grids containing 

CuFtn were briefly exposed to 2% PTA to obtain negatively stained images. An image of 

a negatively stained CuFtn (Figure 3.1a) displays the protein shells as white hollow circles 

which were ~ 10-12 nm in diameter against a dark field. Inspection of the image also 

indicates that there was no disruption of the protein cages during copper mineralization. 

Figure 3.1b exclusively shows the Cu-bearing cores within Ftn as dark features.  
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Figure 3.1: TEM image of purified and concentrated (a)Stained CuFtn heterostructures 

with 2% PTA where dark spheres are CuHNP cores and light spheres are protein cages. 

(b)Unstained CuFtn heterostructures where dark spheres are CuHNP cores. (c)Particle size 

analysis of CuFtn inner core diameter from TEM photographs using ImageJ (d)Diffused 

electron diffraction rings of the CuFtn from SAED analysis. 

The lack of aggregation of these particles is consistent with the inorganic material 

being confined within the Ftn cages, as protein-free CuHNPs would likely aggregate during 

drying on the TEM grid (Appendix: Figure A2). Particle size analysis (TEM images and 

ImageJ) of the core particles yielded an average diameter of 3.9 ± 0.8 nm (Figure 3.1c). 

a b

dc
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SAED of the CuHNPs of CuFtn yielded diffuse rings (Figure 3.1d), likely indicating that 

the mineralized Cu(OH)2 core lacked a significant degree of crystallinity. 

DLS was used to analyze the hydrodynamic diameter (HD) size distribution of the 

apoFtn and CuFtn, assuming they are approximately spherical before and after 

mineralization. Consistent with the microscopy analysis, the DLS of CuFtn exhibited a 

primary peak at ~ 13 nm, slightly larger than the apoFtn cages (Appendix: Figure A3). This 

result is consistent with the CuHNP being encapsulated within the Ftn since Ftn with a 

mineralized core would be expected to result in only small changes in HD.47 Also, the 

absence of a DLS peak at ~ 5-10 nm supports the notion that there are no free, unaggregated 

Cu(OH)2 particles outside of the Ftn interior volume.   

3.5.2 PXRD Analysis of CuCtrl 

 

Due to the limited quantity of the CuFtn sample available, we encountered 

challenges in conducting PXRD. However, we proceeded with PXRD analysis on other 

samples, including CuCtrl, commercial Cu(OH)2, and commercial CuO (Appendix: Figure 

A4). Upon examining the PXRD pattern of the commercial Cu(OH)2 sample using the peak 

positions from the JCPDS database for Cu(OH)2 (JCPDS 13-420),48 it was observed that 

there were additional peak positions present, corresponding to CuO (JCPDS 54-937).48 On 

the other hand, the PXRD pattern of the commercial CuO sample exhibited an exact match 

with the data provided by the JCPDS database.48,49,50 The PXRD spectrum of CuCtrl 

exhibits prominent reflections at (020), (021), (111), (022), and (200), which can be 

attributed to Cu(OH)2. Additionally, there are noticeable reflections at (-110), (-112), and 

(-202), which are indicative of CuO. Based on the PXRD  analysis, it can be concluded 
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that CuCtrl predominantly consists of Cu(OH)2, accompanied by a certain presence of 

CuO, which is in agreement with the prior literature.37 

3.5.3 Optical Band Gap of the Inorganic Core of CuFtn 

 

        The optical bandgap (EBG) of the Cu(OH)2 core of CuFtn was determined using the 

Tauc analysis.51 Central to the Tauc analysis is that the absorbance, Ŭ, of the inorganic core, 

can be related to the optical band gap by the following equation: 

‌
     

                                               (3.1)                                                                                                         

Where ɓ is the band tailing parameter, h is Planckôs constant, ◒ is the frequency of 

light, and EBG is the energy of the average optical bandgap. The final constant, n, can be 

either 2 or ½ for allowed electronic transitions associated with indirect or direct band gaps, 

respectively. The energy intercept of the plot of (ahtcerid a rof gE sdleiy ‮h susrev 2(‮ 

transition.52 Based on the tauc analysis, the average optical direct bandgap of the core in 

CuFtn was estimated to be 3.65 eV, and Cu(OH)2 particles, formed in the absence of Ftn 

(CuCtrl), exhibited a smaller value of 3.21 eV. Prior research demonstrates that the optical 

bandgap values are in a comparable range for Cu(OH)2 bulk nanoparticles (3.08 eV).53 The 

increase in the band gap of the mineralized CuHNP core (Appendix: Figure A5) may be 

attributed to quantum confinement effects as the size of the materials becomes proximate 

to the de Broglie wavelength of an electron.54  
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3.5.4 Copper Release Studies from CuFtn 

 

Experiments were carried out to determine whether the photoexcitation of the 

CuHNP core of Ftn with SSR in the presence of the hole scavenger, tartrate, led to 

photocorrosion of the core material and the release of stable Cu species from the Ftn cage. 

It is mentioned that under similar conditions, Ftn with an Fh core releases Fe(II) into the 

solution, which can be detected in situ by the Fe(II)-specific chelating agent, Ferrozine 

(Fz).30 To assess the possibility of Cu release from the Ftn cage during photoexcitation, a 

Cu(II) chelator, PAR, was used. In the absence of Cu(II), PAR shows a distinct absorbance 

at 414 nm but once complexed with Cu(II), PAR exhibits a strong absorbance at 510 nm 

(Appendix: Figure A6a and b).55 The absorbance spectra of the PAR-Cu(II) complex as a 

function of Cu(II) concentration (Appendix: Figure A7a) shows that as the concentration 

of Cu(II) increased to a max of 100 mM, the absorption feature at 510 nm steadily 

increases.  
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Figure 3.2: (a)UV-Vis absorbance spectrum of Cu(II) ion release studies from CuFtn 

during exposure to SSR. Inset shows the  vs time plot under SSR for 120 min. 

and (b)UV-Vis absorbance spectrum of Cu(II) ion release studies from CuFtn under dark 

conditions. PAR absorbance. Inset shows the  vs time plot under dark for 120 

min. PAR and PAR-Cu(II) complex absorb at ‗  414 nm and ‗  510 nm respectively. 

 

 

a
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In contrast, the 414 nm feature, associated with uncomplexed PAR, decreases to 

zero. The illumination of CuFtn in the presence of the hole scavenger tartrate resulted in 

an insignificant amount of Cu(II) release during the exposure to SSR for 120 min (Figure 

3.2a). Based on the change in the 510 nm absorbance, the concentration of Cu(II) released 

from CuFtn after 120 min was < 1 µM. This amount of Cu(II) represents < 2% of the total 

Cu within CuFtn. In contrast, our previous work under similar conditions demonstrated 

that > 82% of Fe available in the core of Ftn was released as Fe(II).30  

Exposure of a PAR complex to SSR resulted in an insignificant change in the 

intensity of the 414 nm feature until 30 - 40 min. For 120 min longer exposure, the PAR 

does show slight degradation (~ 24.3 ‘M), indicating that the complex is slightly unstable 

for more prolonged exposure to SSR (t Ó 60 min). A control reaction carried out with the 

same conditions, PAR (80 mM) in Tris-HCl (0.1 M, pH = 8.2), and sodium potassium 

tartrate (32 mM), showed the same PAR degradation (~ 23.6 ‘M) at 414 nm (Appendix: 

Figure A7b). According to the UV-Vis absorbance spectrum of PAR and PAR-Cu(II) 

complex shown in Appendix Figure A7a, if the 24.3 ‘M [PAR] decrease was due to Cu(II) 

chelation, the chelated [Cu(II)] should have been between 10 ‘M- 50 ‘M (Calculated 

[Cu(II)] in the main reaction was < 1 ‘M). Hence, it confirmed that the [PAR] decrease 

during a SSR long exposure was due to a slight degradation of the PAR and not due to the 

Cu(II) chelation. Thus, by externally replenishing the degraded PAR, any loss or 

degradation of the chelator during the SSR exposure was effectively compensated, 

enabling reliable observations and measurements throughout the study. Under dark 

conditions, a solution of CuFtn (45 ‘M), sodium potassium tartrate (32 mM), PAR (80 
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mM), and Tris-HCl (0.1 M, pH = 8.2) showed no change in absorbance at 414 or 510 nm, 

the uncomplexed and complexed moieties respectively, after 120 min (Figure 3.2b). These 

results indicate that PAR does not induce the release of Cu from the protein core or that 

PAR can enter into the protein cage. 

3.5.5 Photoreduction of Cr(VI) by CuFtn 

The exposure of a solution containing CuFtn (45 ‘M) in Tris HCl (pH = 8.2) 

sodium potassium tartrate (32 mM), and Cr(VI) (200 ‘M) to SSR for 120 min resulted in 

an approximately 80% reduction of the initial concentration of  Cr(VI). The change in 

Cr(VI) concentration over the exposure time is shown in Figure 3.3a (blue circles), where 

the Cr(VI) concentration was determined by quantitatively following the absorbance of the 

chromate charge transfer band at 372 nm (Appendix: Figure A8a). Control experiments 

showed that in the absence of light, there was no reduction of Cr(VI) in the presence of 

CuFtn. Also, in the presence of apoFtn (no mineralized core material) and light there was 

no Cr(VI) reduction (Figure 3.3b).  

To determine the wavelength dependence of the Cr(VI) reduction in the presence 

of CuFtn, SSR was passed through various long-pass filters: ɚ Ó 355 nm, ɚ Ó 330 nm, ɚ Ó 

300 nm, corresponding to energies h’ Ò 3.49 eV, h’ Ò 3.76 eV and h’ Ò 4.13 eV, 

respectively (Figure 3.3b). Analysis of the data shows that there is no reduction of Cr(VI) 

when h’ Ò 3.49 eV, consistent with our determination of the bandgap of the mineralized 

core in CuFtn to be 3.65 eV. In contrast, Cr(VI) reduction was experimentally observed 

when photons with energies of h’ Ò 3.76 eV or h’ Ò 4.13 eV impinged on the reaction 

solutions. After individual light exposures for 120 min, using the ɚ Ó 330 nm and ɚ Ó 300 
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nm filters, the final [Cr(VI)] was 150.9 ‘M (21.5% of Cr(VI) reduced) and 114.4 ‘M 

(41.9% of Cr(VI) reduced), respectively (Figure 3.3b). The total Cr(VI) reduction study for 

each longpass wavelength cutoff filter throughout 120 min exposure time has been 

illustrated in Appendix: A8b.  The reduction of Cr(VI) in these circumstances is expected, 

considering that a fraction of the photons impinging on the reacting solution had energies 

greater than the bandgap of the semiconductor core of CuFtn. 

To investigate the presence of the reduced species Cr(III), resulting from the Cr(VI) 

reduction reaction, we employed EDTA as a chelating agent. EDTA forms a stable 

complex with Cr(III), which can be conveniently detected using UV-Vis spectroscopy.56 

However, the formation of the Cr(III)-EDTA complex is highly dependent on the pH of 

the reaction medium.57 According to the speciation diagrams, the predominant complex 

expected to form is [Cr(EDTA)(OH)]2-, which exhibits a characteristic absorption peak at 

581 nm.58,59 The gradual increase in absorbance at 581 nm over the time of Cr(VI) 

reduction indicated the formation of the [Cr(EDTA)(OH)]2-complex. (Appendix: Figure: 

A9a) Furthermore, to confirm the pH sensitivity of the Cr-EDTA complex, the pH of the 

reaction medium was modified to 5.0, subsequent to the reduction of Cr(VI) with CuFtn 

after 120 min. The observed peak at 581 nm was blueshifted to 541 nm (Ů = 202.5 dm3 

molï1cmï1)59, indicating the formation of the [Cr(EDTA)]- complex, which is known to be 

the stable complex under weakly acidic conditions.58,59 (Appendix: Figure A9b) Therefore, 

these results validate the formation of Cr(III) from the Cr(VI) reduction reaction with 

CuFtn exposed to SSR. 
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Figure 3.3: (a)Reduction of Cr(VI) in the presence of CuFtn under SSR, control reactions 

under dark conditions and with apoFtn. (b)Variation of [Cr(VI)] in the presence of CuFtn 

under SSR with long-pass filters ɚ Ó 355 nm, ɚ Ó 330 nm, ɚ Ó 300 nm, and Full SSR for t 

= 0 and t =120 min. 
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Also included in Appendix A10 is data for Cr(VI) reduction in the presence of 

CuFtn, hole scavenger, and PAR. According to the results, UV-Vis absorbance peaks at 

372 and 267 nm gradually decreased over 120 min. An additional broad peak growing 

around 414 nm indicated that there was the degradation of PAR during the reaction. 

However, no peak growth at 510 nm strongly suggested that there was no Cu(II) during the 

Cr(VI) reduction reaction (Appendix: Figure A10a). In addition, the experimental results 

for reaction kinetics of Cr(VI) reduction are similar if PAR is absent from the solution 

(Appendix: Figure A10b). Hence, we conclude from these experiments that the strong 

absorbance of the PAR in solution does not affect the photoexcitation of the CuFtn core 

and the subsequent Cr(VI) reduction chemistry. 

3.5.6 Elucidation of the Cr(VI) Reduction Mechanism 

 

There are perhaps two likely potential mechanisms for the catalyzed photochemical 

reduction of Cr(VI) by the conduction band electrons of photoexcited CuFtn: (1) Cr(VI) 

enters the protein cavity, where reduction occurs directly on the photoexcited CuHNP core 

and/or (2) Cr(VI) is reduced on the outer surface of the Ftn cage via electron transfer from 

the CuHNP core (Figure 3.4a and 3.4b). In the latter scenario, a mechanistic requirement 

would presumably be the transfer of reducing electrons through the 2 nm thick protein 

shell.  
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Figure 3.4: Proposed Mechanism of Cr(VI) reduction to Cr(III) by CuFtn illumination. 

(a)Cr(VI) ions migrate to CuFtn core across the protein shell and get reduced directly by 

excited electrons from the CuFtn core excitation (b)Photochemical excitation of the 

CuHNP core transfers electrons via tunneling across the CuFtn shell to reduce the Cr(VI).  

To address the first possibility, where Cr(VI) reduction occurs within the Ftn cage, 

experiments were carried out where the same sample of CuFtn was exposed to three 

successive Cr(VI) reduction cycles. Each individual cycle consisted of exposing solutions 

a

b
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containing CuFtn (45 ‘M) in Tris HCl (pH = 8.2), Cr(VI) (0.020 mM), to 180 min of SSR. 

As noted above, this exposure time led to the complete reduction of the Cr(VI) initially 

present. After each full Cr(VI) reduction cycle of 180 min, a small aliquot was removed 

from the reaction cuvette for ICP analysis, where the aqueous samples were either analyzed 

directly or dialyzed (into pH = 8.2 Tris-HCl buffer) prior to analysis. The expectation here 

was that if Cr was deposited within the cage, it would not be removed by dialysis, and the 

Cr concentrations in both the non-dialyzed and dialyzed samples would be equivalent. 

After cycles 1, 2, and 3, the Cr concentrations [Cr(VI)] of non-dialyzed samples 

were 182.5, 370.4, and 554.7 ‘M, representing percent [Cr(VI)] recoveries of 91.3, 92.6, 

and 92.5%, respectively. The theoretical [Cr(VI)] for cycles one, two, and three would be 

200, 400, and 600 ‘M, respectively, a finding which was consistent with ICP-OES data. 

As these samples were not dialyzed, all Cr, whether aqueous or precipitated, was sampled. 

After dialysis of each cycle against Tris-HCl buffer, no Cr was detected by ICP-OES in the 

fractions associated with the CuFtn. (Appendix: Figure A11a).  This result shows that after 

irradiation, any Cr product was present in the solution outside of the protein cage; thus, it 

was able to pass through the dialysis membrane into the dialysate. Hence, the ICP-OES 

results for the cycling experiments show no evidence of Cr residing in the interior of CuFtn 

after irradiation. (Appendix: Figure A11c and d).   

The location of the Cu componentðinside or outside the Ftn cageðwas also 

investigated by ICP-OES. It was found that the concentration of Cu [Cu(II)] was constant, 

where the percent recovery of [Cu(II)] was greater than 95% for all samples, whether 

dialyzed or not (Appendix: Figure A11b), indicating that the Cu remained inside the Ftn 
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cage. It is also mentioned that this result further supports the notion that the CuHNP core 

of CuFtn does not undergo photocorrosion during exposure to SSR. 

3.5.7 Comparison of the Photochemistry of CuFtn and Ftn 

 

Our prior work demonstrated that the reduction of Cr(VI) by iron-loaded Ftn is 

facile and may precede by both a homogeneous and heterogeneous mechanism. Our current 

study of CuFtn suggests that only the heterogenous mechanism is feasible. To directly 

compare Ftn and CuFtn, for the reduction of Cr(VI) we duplicated prior experiments for 

the reduction of Cr(VI) in the presence of Ftn and SSR (Appendix: Figure A12a). 

Examination of these data shows that the reduction kinetics of Cr(VI) in the presence of 

FeFtn were faster than CuFtn. Photoreduction of Ftn includes the conversion of Fe(III) to 

Fe(II), with the latter species being soluble and able to exit the protein shell to reduce 

Cr(VI) directly.30 Hence, for Ftn there are at least two mechanistic pathways that can lead 

to the reduction of Cr(VI) in the presence of SSR. Additionally, the band gap of the Fh 

core within Ftn is smaller than that in CuFtn: 2.60 vs. 3.65 eV, respectively. The band gap 

value determines the minimum energy required to excite the valence electrons to the 

conduction band. The larger the band gap value, the smaller the number of electrons that 

can be promoted to the conduction band via photoexcitation. FeFtn and CuFtn can utilize 

~ 15 and ~ 6% of the energy output of the SSR based on the spectral distribution of the Xe 

arc lamp intensity output. Thus the enhanced rate of Cr(VI) reduction observed with Ftn 

can be attributed in part to both the multiple mechanistic pathways and the increased flux 

of photons, which can excite the bandgap, resulting in more Cr(VI) reduction.  

Prior studies have shown that the conduction band of copper-oxides is positioned 

above the conduction band of Fh within Ftn. (Eg. In copper oxides60 (CuO and Cu2O) ~ -
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(3.00 - 4.00) eV, copper sulfides61 (CuS,Cu2S) ~ -(4.00 - 4.50) eV, Cu(OH)2 ~ -(4.00 - 4.50 

eV).62  Compared with the literature values, the conduction band of the CuFtn (Cu(OH)2) 

core (4.00 - 4.50 eV) is above the level of the Fh conduction band (-5.08 eV).30 Hence, the 

excited electron in the copper system has a lower potential (-5.83 eV)  to reduce Cr(VI) 

(Appendix: Figure A12b). 

3.5.8 Mechanistic Discussion of Ftn Photochemistry 

 

The experimental data taken as a whole suggest that the photoexcitation of the 

CuHNP core of CuFtn with photons having an energy greater than its band gap leads to the 

photoreduction of aqueous Cr(VI). Since the copper core of the CuFtn does not undergo 

photocorrosion and the Cr photoproduct is located in solution (outside the Ftn cage), we 

surmise that Cr(VI) reduction occurs via the transfer of electrons across the 2 nm thick 

protein shell of Ftn. This contention is not inconsistent with prior nonphotochemical 

studies. For example, while research has shown that small molecules, including dithionite, 

cysteine, glutathione, and ascorbate, can enter the Ftn cage and reduce the Fe(III) core,63,64 

other studies have shown that relatively large molecules, such as phenothiazine and 

phenoxazine dyes, plastocyanin, stellacyanin, and cytochrome c, can undergo charge 

transfer with the inorganic core through the protein shell.65,66,67 Further, it has been 

suggested that the entry of oxidants to the interior of the protein cage is not a strict 

requirement for inorganic core formation in Ftn. Instead, it has been postulated that long-

range electron transfer processes are operative, allowing Fe(II) oxidation to a Fe(III) 

bearing core to occur by indirect interaction with external oxidants.68 For example, one 

study indicated that this long-distance electron transfer could occur by electron tunneling 

through the 2.0 -2.5 nm Ftn protein shell with the assistance of adequately arranged 
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aromatic amino acids.68 Additional research has suggested that electron transfer occurs 

through the protein shell during the interaction with Azotobactor vinelandii bacteria via 

redox-active centers.69 Moreover, a long-distance electron diffusion through the protein 

shell was observed by Chen et al. from photosensitizers to the iron-sulfur model catalyst 

mineralized in apoFtn.70 Finally, prior research has shown the ability of electrons to tunnel 

across Ftn-based junctions.71 

Based on prior studies and our results, the photochemical heterogenous reduction 

pathway seems the most reasonable explanation for Cr(VI) reduction in the CuFtn system. 

Here photoexcitation would generate a conduction band electron, which would be followed 

by electron transfer (ET) through the ~ 2 nm protein cage to initiate Cr(VI) reduction to 

Cr(III) on the outside of the protein. We bring forward the possibility that the nature of the 

Ftn used may influence the photochemistry of the protein. Ftn is composed of 24 

monomers, which can either be the heavy (H) or light (L) chain subunit. Prior studies have 

shown that the two different subunits have been demonstrated to have different properties 

in regard to potential electron transfer, with the L-chain showing a higher conductivity.67 

Furthermore, electron transport through L-chain in Ftn is thought to be bi-directional, 

facilitating both mineralization and demineralization of the inner core.34 In this study, the 

protein used to synthesize CuFtn was HSFtn, which consists of 90% L-chain subunit. One 

might speculate that differences in the photochemistry of Ftn may arise from samples 

containing different proportions of L and H-chain subunits, and the investigation of this 

possibility would present an interesting path forward to better understand electron transfer 

in Ftn. 
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3.6 Summary 

The research conducted in this study revealed that HSFtn has the ability to 

mineralize an insoluble inorganic core predominantly consisting of CuHNP. Based on the 

PXRD analysis conducted on the bulk material of Cu(OH)2 (CuCtrl), it was observed that 

the presence of minor quantities of CuO in addition to the predominant phase of Cu(OH)2. 

TEM images provided visual evidence showing the mineralized core to have a size of 

approximately 4 - 5 nm. Analysis of Tauc plots derived from UV-Vis absorption data 

indicated that the band gap of the semiconductor core was determined to be 3.65 eV. 

Furthermore, experiments involving the irradiation of CuFtn with steady-state radiation 

(SSR) in the presence of a hole scavenger and Cu-chelator demonstrated that no copper 

ions were released from the interior of the Ftn core. This finding suggests that the reducing 

electrons present in the conduction band of the CuHNP core of CuFtn have the ability to 

traverse the 2 nm thick protein cage of Ftn during exposure to SSR, ultimately facilitating 

the reduction of Cr(VI) on the exterior surface of the protein. These results highlight the 

unique properties and functionality of CuFtn in mediating redox reactions and provide 

valuable insights into the mechanisms involved in the reduction of Cr(VI) by this protein-

based system.  
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CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF GOLD NANOROD H -CHAIN 

FERRITIN BIOCONJUGATES 

(Note: Content of this Chapter is adapted from a manuscript being prepared for submission 

for publication, ñShashiprabha P. Dunuweera, and Daniel R. Strongin et al., ñSynthesis and 

Photochemistry of Gold nanorod H-chain Ferritin bioconjugates.)  

4.1 Introduction 

 

The development of heterostructures composed of proteins chemically attached to 

plasmonic particles has been of significant interest to image biomolecules. The intense 

plasmonic absorption of the nanoparticle (e.g., gold) makes spectroscopic detection 

schemes feasible even at relatively low concentrations. In the context of the environment, 

research also has been interested in understanding how nanorods interact with 

proteins.1,2,3,4 The attachment of the nanoparticles to the biomaterial often results in a 

protein corona.5 There is a dynamic equilibrium between the protein corona on a 

nanomaterial. The adsorption-desorption rates and the equilibrium binding constants 

depend on the affinity and curvature of the nanomaterial surface, the presence of binding 

ligands, and the surrounding medium. In these types of prior studies, the energy transfer 

between the plasmonic particle and bound protein has generally not been a direct 

motivation.  

One common AuNP morphology that has been intensely investigated is the AuNR, 

which features distinctive optical properties depending on its size, aspect ratio, and the 
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refractive index of the medium in which they reside.6,7,8,9  AuNRs, depending on their size 

and aspect ratio, can absorb both in the visible and NIR region, generating two unique 

LSPR bands. The transverse plasmon excitation band is positioned around 530-540 nm in 

the visible region, and the longitudinal excitation band can be in the visible or NIR region.10  

One area of intense interest that exploits the NIR absorbance and likely the interaction of 

plasmonic AuNPs and biomaterial are photothermal therapies that rely on the local heating 

effect of AuNRs upon NIR excitation. During in-vitro studies, it has been demonstrated 

that AuNRs (usually capped with PEG) localize specifically to cancer cells and experience 

induced NIR localized heating, resulting in the destruction of the cancer cells.11 

Research has also recently shown that the chemical attachment of AuNPs to protein 

architectures allows for the repurposing of the protein function via the light-induced 

excitation of the nanoparticle.12,13,14,15 One such example involves the chemical attachment 

of AuNSps (plasmon resonance at 532 nm) to the globular protein Ftn. Ftn is a 24-mer 

protein that sequesters, stores, and releases iron in living organisms. It primarily consists 

of an iron mineralized ~ 7-8 nm inner core surrounded with an 11-12 nm thickness protein 

shell.16,17,18 In Ftn, up to ~ 450019 iron atoms can be stored as superparamagnetic crystalline 

ferric oxyhydroxide, known as Fh.20 Fh is a semiconductor with a tunable bandgap between 

1.3 and 2.6 eV.21,12 

 In this chapter, we describe research that investigated the synthesis and 

photochemical properties of AuNR-HFtn bioconjugates. Results detailed in this chapter 

demonstrate that AuNRs can be attached to the outer surface of HFtn, presumably due to 

the formation of Au-S bonds via the interaction of the AuNR and solvent-exposed thiol 
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groups on HFtn. To make this possible, we show a protocol to remove the surfactant on the 

AuNRs, CTAB, prior to attachment to the HFtn.  

4.2 Experimental  

 

4.2.1 Chemicals 
 

 All chemicals were used as received. Pure analytical grade solid chemicals, 

solvents, and deionized (DI) water (18 Mɋ cm-1) were used in all preparations. sodium 

borohydride (NaBH4, 98+%), sodium hydroxide (NaOH, ACS reagent, Pellets, Ó 97.0%), 

sodium tetrachloroaurate(III) dihydrate (NaAuCl4.2H2O, > 99%), phosphotungstic acid 

hydrate (H3[P(W3O10)4]. xH2O, 99.995%), hexadecyltrimethylammonium bromide 

(CTAB, for synthesis), 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,pǋ-disulfonic acid 

monosodium salt hydrate (Ferrozine, 98+% pure), Trisma base(primary standard and 

buffer, Ó 99.9%) and, L-(+)-Ascorbic acid (AA, 98+%), were purchased from Sigma-

Aldrich. Silver nitrate (AgNO3, 99%), hydrochloric Acid (HCl, Certified ACS plus, 36.5 

to 38.0%), hydrogen Peroxide (H2O2, 30%, Certified ACS, Assay: 29.0 to 32.0%), ferrous 

ammonium sulfate hexahydrate (Fe(NH4)2(SO4)2·6H2O, Crystalline/Certified ACS, Assay: 

Ó 98.5 to 101.5%), sodium potassium tartrate (KNaC4H4O6·4H2O, Certified ACS), were 

purchased from Fisher ChemicalÊ and HEPES buffer (ultra-pure) from American Bio. 

The Precision Red advanced protein assay reagent (1x stock) was purchased by 

Cytoskeleton, Inc and ToxinSensorTM Endotoxin Detection System Kit was purchased 

from GenScript 
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4.2.2 HFtn Expression and Purification  

 

Protein purification was performed by Lori Cobani from Valentineôs group. 

Expression of HFtn (homopolymer consisting of 100% H chain) was performed in E.coli 

BL21 cells containing the plasmid with the gene for HFtn.22 1000 mL Luria Bertani (LB) 

culture media mixed with 30 ‘g mL-1 kanamycin was inoculated with 5 mL of E.coli BL21 

cell culture grown at 37 ЈC overnight with 225 rpm shaking. (until OD600 = 0.6) Then 1 

mM Isopropyl ɓ- d-1-thiogalactopyranoside (IPTG) was added to the medium, and the 

culture grown for an additional 5 h. Next, the cells were centrifuged (3000 xg, 30 min), 

and the cell pellet was resuspended in 20 mL lysis buffer (100 mM HEPES, 50 mM NaCl, 

pH = 8.0), and cooled for 30 min in an ice bath. Finally, the cells were sonicated and 

centrifuged (10000 xg, 10 min) to remove any remaining cell debris. 

 The supernatant was separated and heated at 65 ЈC for 10 min to precipitate out the 

denatured proteins. Then, they were centrifuged at (10000 xg, 10 min), and the supernatant 

containing the HFtn was dialyzed overnight in 1000 mL buffer (100 mM Tris, 200 mM 

NaCl, pH = 7.4). The protein sample was concentrated (Millipore Centriprep centrifugal 

concentrators, MWCO 30,000) and filtered (0.2 ‘M syringe filter) prior to loading on a 

size-exclusion chromatography column (HiPrep 16/60 Sephacryl S-300). The column was 

pre-equilibrated with buffer. (100 mM Tris, 200 mM NaCl, pH = 7.4). The HFtn (the 24-

mers) was eluted using the same buffer from other oligomers. Protein purity was evaluated 

by SDS PAGE, and the concentration of the apoferritin was measured by a UV-Vis 

spectrophotometer at 280 nm (‐ = 23,000 M-1cm-1) for each subunit of the 24mer.23 
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4.2.3 Endotoxin Detection and Removal 

 

 The ToxinSensorTM Endotoxin Detection System Kit was used according to the 

manufacturerôs instructions. The endotoxin was removed using 0.2 ‘M Mustang E 

membrane filters. A working concentration of 0.30 mg mL-1 (0.6 ‘M) Ftn was used for the 

studies with an endotoxin concentration of 0.084 EU mL-1 ApoFtn samples were stored at 

4 ЈC prior to use. 

4.2.4 Iron Mineralization of HFtn 

 

 Briefly, 2.0 mL of endotoxin-free purified apoFtn (0.631 mg mL-1) was added to 

20 mL of HEPES buffer (pH = 7.4, 0.1 M) and gently combined through slow mixing. The 

mixture was then subjected to dialysis using a molecular porous dialysis membrane 

(MWCO: 12-14 kDa) in 1000 mL of HEPES buffer (pH = 7.4, 0.1 M), while N2 gas was 

continuously bubbled through the HEPES solution for a duration of 1.5 h. Then aliquots of 

Fe(NH4)2(SO4)2·6H2O (4.06  ‘M, 500 ‘L) were added to the apoFtn solution over a 150 

min period at 30 min intervals targeting 2000 iron loading. (HFtn). After each Fe(II) 

addition, the solution was shaken slowly and kept air-tight for 30 min. The solution slowly 

turned to a yellowish-orange color from colorless and a homogeneous solution was 

observed without any visible precipitation. Excess Fe(II) and other excess ions were 

removed by dialysis (Molecular porous dialysis membrane, MWCO: 12-14 kDa) in fresh 

Tris buffer (pH = 7.4, 0.1 M, 1000 mL) for 180 min intervals three times and stored at 4 

ЈC. 
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4.2.5 Preparation of the Gold Seed Solution 

 

 CTAB-stabilized AuNRs (AuNR-CTAB) were synthesized using a method by 

Nikoobakht and El-Sayed mentioned elsewhere.24 Briefly, CTAB solution (5 mL, 0.20 M) 

and 5.0 mL of υȢπὼρπ M HAuCl4 solution were mixed while stirring, and 0.60 mL of 

the ice-cold ρȢπὼρπ M NaBH4 was added, which suddenly turned the solution into a 

brownish yellow solution. Then the solution was shaken vigorously by hand for 2 min and 

kept in a water bath at 25 °C for 5 min. 

4.2.6 Preparation of AuNR-CTAB with Plasmon Bands at 800 nm.  

 

 AuNR growth solution was prepared by the following method. CTAB (100.0 mL, 

ςȢπὼρπ M) was added to 5.0 mL of τȢπὼρπ M AgNO3 solution kept at 25 °C. Then, 

HAuCl4 (100.0 mL, ρȢπὼρπ M) was added, and the solution was gently mixed, followed 

by 1.4 mL of χȢψψὼρπ M ascorbic acid. Ascorbic acid changed the solution from dark 

yellow to colorless, yielding the growth solution. Finally, 240 ‘L of the seed solution (kept 

at 27ī30 ÁC) was added to the growth solution to form AuNR with the plasmonic band at 

800 nm. The color of the growth solution gradually changed from colorless to pale pink 

within 10-15 min. Then the solution was purified by centrifugation at 6000 rpm for 30 min 

and redispersed in 100.0 mL of 10 mM CTAB. 

4.2.7 Bioconjugation of HFtn with AuNR (AuNR-HFtn) 

 

 As a preliminary step to the synthesis of AuNR-HFtn, a centrifugation process was 

carried out on 8.0 mL of AuNR-CTAB at 14000 rpm for 10 min, and subsequently, the 

supernatant was discarded. Then, the AuNR pellet was mixed with 8.0 mL of distilled 

water, vortexed, and centrifuged at 12000 rpm for 10 min, and the resulting supernatant 
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was removed. Subsequently, another 8.0 mL of distilled water was added to the new AuNR 

pellet, mixed by vortexing, and centrifuged at 10000 rpm for 10 min. The dispersion was 

adjusted to the critical micelle concentration (CMC) of CTAB by adding 1.0 mM CTAB 

2.0 mL to the remaining AuNR pellet. Then the solution was mixed thoroughly by 

vortexing to get a clear AuNR dispersion. In order to prepare the AuNR-HFtn 

bioconjugates HFtn (0.068 ‘M) protein solution 2.0 mL was added slowly under 

ultrasonication for 2 min. (HFtn/AuNR dispersions, 1:1 v/v). Then the AuNR-HFtn 

conjugate solution was further sonicated for 30 min, centrifuged at 10000 rpm for 5 min, 

decanted excess protein/ CTAB, and dispersed in 2.0 mL of HFtn in Tris-HCl buffer. (pH 

= 7.4, 0.1 M), and stirred for at least 24 h. Next, the AuNR-HFtn solution was centrifuged 

at 10000 rpm for 2 min and decanted excess protein/ CTAB. Then HFtn in Tris HCl 20 ‘L 

was added to the pellet, mixed, kept for 30 min, and dispersed in a 2.0 mL Tris-HCl buffer. 

(pH = 7.4, 0.1 M), and concentrated as desire. 
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4.3 Characterization 

 

4.3.1 Determination of HFtn concentration  

 

 The Precision Red advanced protein assay was used to determine the concentration 

of the HFtn quantitatively. The assay was performed according to the manufacturer's 

instructions. Briefly, 200 ‘L of the assay was added to 1800 ‘L of HFtn protein, 

thoroughly mixed by inverting, and then the sample was incubated for 1 min at 25 ЈC. The 

protein concentration was calculated by UV-Vis spectroscopy (Thermo-Fisher Scientific, 

UL 61010-1) at 600 nm. A single absorbance unit equals 100 mg mL-1 of HFtn protein.  

4.3.2 TEM analysis  

 

 TEM was used to image pure AuNR and AuNR-HFtn bioconjugates using a JOEL 

JEM-1400 microscope operating at 120 kV (under 50,000 -100,000 magnifications and 20 

nm/ 50 nm resolution). All the samples were prepared on copper mesh-supported holey 

carbon TEM grids (Ted Pella) and allowed to dry as a thin film. The AuNR-HFtn sample 

was centrifuged at 5000 rpm for 5 min thrice and diluted each time with Tris-HCl buffer 

(0.1 M, pH = 7.4) to remove excess HFtn in the soft corona and used for the TEM imaging. 

TEM Images were taken with and without staining. To visualize the outer shell of the HFtn 

protein in the AuNR-HFtn bioconjugates, a 2% PTA negative staining solution at pH = 7 

was used. When the TEM grids were prepared, 10 ‘L aliquots of the sample were deposited 

on the grid and air-dried for 10 min. The excess sample was removed with filter paper and 

then rinsed with 10 ‘L of water. Next, 3 ‘L of the PTA solution was deposited, allowed to 

sit for 2 min, and the excess was removed by filter paper to prepare stained grids.  
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4.3.3 DLS Studies and Zeta Potential (Z.P) Measurements 

 

 The Malvern Zetasizer particle size analyzer was used to measure the 

hydrodynamic particle size distribution of AuNR-CTAB and dispersed in HFtn (Tris-HCl 

buffer (0.1 M, pH = 7.4) ) 1 mL solutions was used in a disposable plastic cell (DTS0012) 

for the particle size analysis and Z.P measurements. 

4.3.4 ICP-OES Studies 

 

 To determine the iron content mineralized inside the HFtn and the gold 

concentration ([Au]) in the AuNR, ICP-OES (Thermo-Scientific, iCAP 7400-ASX520) 

was utilized. HFtn protein samples for analysis were diluted to 10 mL with DI water and 

acidified by 2% by volume with nitric acid (HNO3). To analyze the [Au] in the AuNR, a 

AuNR sample was dissolved in an aqua regia solution. Briefly, the AuNR and AuNR-HFtn 

conjugates were treated with 5 mL concentrated aqua regia (25% HCl, 75% HNO3) and 

digested for at least 24 h, and the final samples were diluted to 10 mL DI water prior to 

metal analysis with ICP-OES. 

4.3.5 ATR-FTIR Measurements 

 

 ATR-FTIR analysis was performed to confirm the CTAB removal from the AuNR-

HFtn bioconjugates. All experiments were conducted in Nicolet Magna 750 FTIR 

spectrometer with a single bounce diamond crystal ATR cell (SpecacTM) and mercury 

cadmium telluride A (MCTA) detector cooled by liquid N2. 
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4.4 Results and Discussion 

 

4.4.1 UV-Vis Spectroscopic Studies and TEM of AuNR-HFtn 

 

 TEM images and NIR plasmon spectra of the AuNR-CTAB are shown in Figure 

4.1. Figure 4.1a shows the UV-Vis spectrum of the AuNRs and they exhibit two different 

modes, a weak transverse band (perpendicular to the long axis of the rod) at 520 nm and a 

sharp and intense longitudinal band (parallel to the long rod axis) at 800 nm. TEM images 

(Figure 4.1b) showed that the average width and length of the AuNRs are ~ 12 and ~ 50 

nm, respectively (an aspect ratio of ~ 1:4). The AuNR-CTAB was stable in 10 mM CTAB 

solution. However, the AuNRs became unstable and started to aggregate if CTAB was 

removed from the solution (via centrifugation).  
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Figure 4.1: (a)UV-Vis absorbance spectra of AuNR-CTAB, which shows a weak 

transverse band at 520 nm and a sharp longitudinal band at 800 nm. (b)Unstained TEM 

image of AuNR-CTAB (c)Unstained TEM image of AuNR-HFtn bioconjugates (d)Stained 

TEM image of AuNR-HFtn bioconjugates. 

TEM images of HFtn stained with PTA shows the protein shell (white features, 

Appendix, Figure B1a). Unstained TEM images show the black spherical inner core with 

a b

c d
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HFtn outer shell

AuNR

HFtn inner Fh core

AuNR
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an ~ 8 nm diameter, consistent with the stained TEM images. (Appendix, Figure B1b). The 

unstained and stained TEM images of the AuNR-HFtn conjugates have been illustrated in 

Figures 4.1c and 4.1d, respectively. Both unstained and stained TEM images support our 

contention that the AuNRs are attached to HFtn. Black dense spheres represent the inner 

core of HFtn consisting of Fh core, and the white color coating surrounding the core in the 

stained TEM image represents the HFtn shell which has a thickness of ~ 2 nm.  

The interactions of AuNRs with HFtn were further analyzed using UV-Vis 

spectrophotometry. Figures B2a and b (appendix), the unstained TEM images of AuNR 

illustrate the AuNR-CTAB and AuNR-HFtn conjugates dispersed in Tris HCl (0.1 M, pH 

= 7.4). The LSPR longitudinal band position of AuNR-CTAB is at 800 nm. The unstained 

TEM image of the AuNR-CTAB has a distinct rod feature resulting from seed-mediated 

AuNR synthesis. Figure B2c, it is shown that the transverse absorbance intensity and full-

width half maxima (FWHM) of the LSPR band of AuNR increased after HFtn conjugation. 

The longitudinal band of the nanorods is more susceptible to chemical changes and the 

dielectric constant around the vicinity of the AuNR.25 The longitudinal LSPR absorbance 

of AuNR-HFtn shows a protein-induced redshift (~ 50 nm) to 850 nm compared with 

AuNR-CTAB's absorbance at 800 nm. The peak broadening likely indicates coupling 

interactions between plasmonic AuNRs with HFtn.26 AuNR-HFtn conjugates were totally 

dispersed in the Tris buffer with no aggregation, whereas AuNR showed a rapid, 

irreversible aggregation when dispersed alone in Tris (Appendix: Figure B2c) Typically, 

the longitudinal peak position depends on the aspect ratio (A.R) of the AuNR. According 

to TEM images shown in Appendix: Figure B3a and b, the average width ranges from 10 

-15 nm whereas the length varies from 45 to 55 nm, resulting in an AR of ~ 4. The A.Rs 
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calculated from the TEM images using ImageJ, for the AuNR and the AuNR-HFtn were 

4.00  0.07 and 4.02  0.03, respectively (Appendix B3c and d). This result signifies that 

the A.R remains almost the same even after the bioconjugation and longitudinal band 

redshift. According to a study carried out by El-Sayed and coworkers, there was a linear 

relationship between the A.R and the LSPR wavelength maximum (‗  ).
27  

‗  = (445.4 + 90.6 x (A.R))               (3.1) 

Calculations based on this equation yields ‗  values for AuNR-CTAB and AuNR-HFtn 

of 807.8 nm and 809.6 nm, respectively. These values agree with the LSPR of the AuNRs 

we observed from our TEM images. 

4.4.2 CTAB-Free AuNR-HFtn Bioconjugates Synthesis and Characterization 

 

During the seed-mediated synthesis of AuNRs, quaternary ammonium surfactant 

CTAB stabilizes the AuNRs as a colloidal suspension. The chemical structure of CTAB 

surfactant can be found in Appendix Figure B4a. Although, AuNR-CTAB cannot be used 

for biological and/or therapeutic applications due to the proven cytotoxicity of CTAB.28 In 

our work, we developed a protocol to remove the CTAB from the AuNR surface prior to 

attachment to HFtn. Our procedure was a modified version of a protocol developed for the 

attachment of bovine serum albumin (BSA) protein and AuNR.29 We lowered the CTAB 

concentration of AuNR stock solution (10 mM) by a factor of ten below its CMC (CMC = 

1 mM) before HFtn addition.  

  ATR-FTIR analysis (Appendix: Figure B4b) provided evidence for the removal of 

the positively charged CTAB bilayer from AuNR-HFtn. An intense asymmetric stretching 
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at 2915 cm-1, symmetric C-H stretching at 2850 cm-1, C-H scissoring at 1430 cm-1 and 1462 

cm-1, C-H bending at 720 cm-1 and 730 cm-1 can be observed for both pure CTAB and 

AuNR-CTAB corresponding to the (CH2)n  chain of the CTAB. The distinctive C-N 

stretching frequency of the quaternary ammonium nitrogen bound to the carbon chain 

appears at 935 cm-1. HFtn and AuNR-HFtn conjugates do not show any of these peaks 

corresponding to CTAB, indicating that the CTAB was wholly removed from the AuNR 

surfaces.30 Furthermore, a surface Z.P analysis study carried out on the CTAB-AuNR and 

AuNR-HFtn confirmed the CTAB removal from the AuNR surface. At first, the Z.P 

recorded for CTAB-AuNR was +64.6 mV. However, as the synthesis of AuNR-HFtn 

conjugates progressed, this potential gradually became negative, ultimately reaching a 

value of -13.9 mV. This significant shift in value indicated the removal of CTAB from the 

AuNR-HFtn bioconjugates. 

4.4.3 DLS and Z.P Studies 

 

 When HFtn is attached to a AuNR, the size of the nanoparticles will increase due 

to specific chemical binding and non-specific adsorption and interactions.31 DLS studies 

were carried out to analyze AuNR-CTAB and AuNR-HFtn conjugates. The results show 

two distinguishable DLS peaks for AuNRs. Prior studies have shown that the DLS size 

distribution curves for non-spherical AuNRs show two distinctive peak sizes.1 The small 

size peak, around 2.3 nm, represents the rotational diffusion of the AuNRs, and the large 

size peak is the hydrodynamic diameter positioned at 59.3 nm. HFtn shows a hydrodynamic 

diameter of 13.4 nm. When AuNR was conjugated with HFtn, the small size peak 
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disappeared, and two new broad DLS bands emerged at 42.8 nm and 301.1 nm. (Figure 

4.2).  

 

 

Figure 4.2: Hydrodynamic diameters of AuNR-CTAB, AuNR-HFtn bioconjugates, and 

pure HFtn 
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In Z.P studies, the surface charge is typically used to determine the particle stability 

in a dispersed medium, surface adsorption, and surface chemistry due to the net charge of 

the different particles.32 When AuNRs are dispersed in CTAB, an electric double layer 

(EDL) is developed. The immobile layer close to the AuNR surface (the stern layer) 

neutralizes the surface charge of the AuNR, and an outer layer (the diffuse layer) is in 

equilibrium with diffusive ions with the bulk solution due to random thermal motion.33 The 

boundary between the edge of this solvated diffuse layer and the bulk solvent is called the 

slipping plane. Hence, the potential of the slipping plane referenced to the bulk would 

provide the Z.P measurement.34 The Z.P study and ATR-FTIR characterization were 

performed to investigate the removal of CTAB from AuNR surfaces. The initial positive 

Z.P of AuNR-CTAB (+64.6 mV) decreased to -13.9 mV after the successful synthesis of 

AuNR-HFtn conjugates, as depicted in Figure 4.3. This change in Z.P closely matched the 

Z.P value of HFtn (-14.5 mV), indicating the attachment of HFtn to the AuNRs, leading to 

the colloidal stability of the AuNR-HFtn conjugate system. We hypothesize that an 

electrostatically induced positive charge on the surface of AuNRs contributes to the 

stabilization of the bioconjugate.35 

 

 

 

 

 



 105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Z.P values of AuNR-CTAB, AuNR-HFtn bioconjugates, and pure HFtn, 

extracted from the DLS studies. 

4.5 Conclusion 

 

The study investigated the interaction, synthesis and properties of AuNRs 

conjugated with HFtn. The UV-Vis spectrum of AuNR-CTAB exhibited distinct transverse 

and longitudinal bands at 520 nm and 800 nm, respectively. TEM images showed support 

for the attachment of HFtn to AuNRs. The UV-Vis spectrophotometry analysis revealed a 

~ 50 nm redshift and broadened longitudinal plasmon resonance absorbance in AuNR-

HFtn conjugates compared to AuNR-CTAB. The A.R of AuNR-CTAB and AuNR-HFtn 
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were calculated to be ~ 4. The study focused on the removal of CTAB from the surface of 

AuNRs during their synthesis and the subsequent functionalization of the AuNRs with 

HFtn. ATR-FTIR analysis confirmed the complete removal of CTAB from the AuNR 

surface in the presence of HFtn. DLS studies revealed that AuNR-CTAB exhibited two 

distinct hydrodynamic diameter peaks. This experimental observation suggested that the 

presence of large HFtn assemblies on AuNRs facilitated the formation of spherical-shaped 

AuNR-HFtn conjugates. The initial positive Z.P of AuNR-CTAB was measured at +64.6 

mV. However, after the complete synthesis of AuNR-HFtn bioconjugates, the Z.P shifted 

to -13.9 mV. This value was close to the Z.P of HFtn (-14.5 mV), indicating that the HFtn 

molecules became attached to the surface of the AuNRs. Overall, the findings highlight the 

successful conjugation of HFtn to AuNRs and the modulation of their plasmonic properties. 
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CHAPTER 5 

PHOTOCHEMISTRY OF GOLD NANOROD H -CHAIN FERRITIN 

BIOCONJUGATES 

(Note: Content of this Chapter is adapted from a manuscript being prepared for submission 

for publication, ñShashiprabha P. Dunuweera, and Daniel R. Strongin et al., ñSynthesis and 

Photochemistry of Gold nanorod H-chain Ferritin bioconjugates.)  

5.1 Introduction 

 

The prior research shows that the excitation of the Au nanosphere at 532 nm results 

in the (1) release of Fe(II) from the protein cage structure into solution and (2) the transfer 

of conduction band electrons from Fh core through the 2 nm protein shell, to reduce an 

exogenous oxidizing agent (e.g., Chromate) in solution. The primary motivation tested in 

the current chapter is to determine whether AuNRs chemically attached to HFtn can result 

in similar chemistry to when AuNSps are attached to Ftn. In particular, will the NIR 

excitation of AuNRs attached to the exterior of Ftn lead to activation of the Fh core and 

result in Fe(II) release and electron transfer between the core and exogenous redox active 

species in the solution? To answer this question, we first chemically attached AuNRs 

(adsorbs at 800 nm) to HFtn (AuNR-HFtn). HFtn has solvent-exposed cysteine groups on 

its 24 subunits, allowing Au-S bond formation to secure the AuNRs to the Ftn. The 

chemical synthesis of AuNRs, AuNR-HFtn bioconjugates, and the characterization have 

been discussed in detail in Chapter 3. In Chapter 4, we investigated the photochemistry of 

the AuNR-HFtn system in two ways. Firstly, our experimental procedure involved 

subjecting the AuNR-HFtn hybrid heterostructure to the illumination of an 850 nm NIR 
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lamp. Through this process, we conducted a detailed examination and precise 

quantification of the release of Fe(II) into the surrounding solution. To accomplish this, we 

employed a sensitive analytical method utilizing Fz, which enabled us to accurately 

measure and quantify the concentration of Fe(II) ions that were liberated during the 

experimental procedure. In a subsequent experiment, we introduced chromate (Cr(VI)) into 

the solution containing the AuNR-HFtn and proceeded to expose it to NIR light. This step 

aimed to investigate the reduction of Cr(VI) to Cr(III) that occurred during the NIR 

exposure. By monitoring the amount of Cr(VI) reduction, we gained insights into the 

capability of the hybrid bioconjugate system to facilitate this specific redox chemical 

transformation under NIR illumination. Additionally, we employed a pulsed laser source 

characterized by a higher energy density compared to the 810 nm NIR lamp. By subjecting 

the heterostructure to this laser exposure, we aimed to examine and analyze the dynamics 

of Fe(II) release and Cr(VI) reduction. 

5.2 Experimental  
 

5.2.1 Chemicals 
 

 All chemicals were used as received. Pure analytical grade solid chemicals, 

solvents, and Deionized (DI) water (18 Mɋ cm-1) were used in all preparations. TEOS 

(99.9%), Sodium hydroxide (NaOH, ACS reagent, Pellets, Ó 97.0%), 5,5ǋ-Dithiobis(2-

nitrobenzoic acid (DTNB, Ó 98%), Tetraethyl orthosilicate (TEOS, analytical standard), 

Ethanol (200 proof, ACS reagent, Ó 99.5%), Phosphotungstic acid hydrate (H3[P(W3O10)4]. 

xH2O, 99.995%), 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,pǋ-disulfonic acid 

monosodium salt hydrate (Ferrozine, 98+% pure), Trisma base (primary standard and 
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buffer, Ó 99.9%), were purchased from Sigma-Aldrich. Sodium potassium tartrate 

(KNaC4H4O6·4H2O, Certified ACS), Hydrochloric Acid (HCl, Certified ACS plus, 36.5 to 

38.0%), Hydrogen Peroxide (H2O2, 30%, Certified ACS, Assay: 29.0 to 32.0%), were 

purchased from Fisher Scientific and HEPES buffer (ultra-pure) from American bio. 

 

5.2.2 Synthesis of HFtn Attached to SiO2 Coated AuNRs (AuNR(SiO2)-HFtn) 

 

 In a typical synthetic process, the initial synthesis and purification of a 10 mM 

AuNR-CTAB solution were followed by centrifugation at 14000 rpm for 15 min. The 

resulting supernatant was carefully removed, and the precipitate was subsequently 

dispersed into a 1 mM CTAB solution (5.0 mL). While gently stirring the mixture, the pH 

was adjusted to 10.4 by adding 0.1 M NaOH. Over the course of 30 min, three 5 ‘L 

injections of 20% (v/v) Tetraethyl orthosilicate (TEOS) in ethanol (TEOS: ethanol ratio of 

1:9, v/v) were introduced at 30 min intervals. The solution was then left under stirring 

conditions for a minimum of 12 h at room temperature. Following this, the solution 

underwent centrifugation at 12000 rpm for 10 min, followed by three washes with ethanol 

and subsequently with DI water. Then 50 ‘L of HFtn was added to the AuNR pellet and 

mixed in 2 mL of Tris-HCl (0.1 M, pH = 7.4) to prepare the AuNR(SiO2)-HFtn 

 

5.2.3 Synthesis of AuNR Attached to DTNB Capped HFtn (AuNR-HFtn(DTNB)) 

 

 Ellman's reagent (4.0 mg L-1) in sodium phosphate buffer (0.1 M, pH = 8.0, 1 mM 

EDTA) was prepared, and 20 ‘L was added to HFtn, mixed, and incubated for 15 min at 

room temperature. Afterward, UV-Vis absorbance was measured at 412 nm. The total 
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solvent-exposed free thiol residues in the HSFtn molecules were determined using the 

calibration curve established with L-cysteine.  

5.3 Photochemical batch reactions  

 

5.3.1 UV-Vis Spectroscopy, NIR Studies, and Laser 

 

 All photochemical experiments were conducted in a 1 cm2 quartz cuvette (Thor 

Labs) with a 3.2 mL total sample volume using an 850 nm NIR illuminator (Univivi IR 

illuminator with 12 V/ 1A adaptor) as the light source. AuNR-HFtn ([AuNR] = 304 ‘M) 

samples and controls were individually exposed for 120 min, and absorbance spectra 

(1100-200 nm) were acquired for each photochemical reaction from the UV-Vis 

spectrophotometer. Iron release studies were conducted with AuNR-HFtn, 32 mM sodium 

potassium tartrate, and 80 mM Fz in 0.1 M Tris buffer (pH = 7.4). Quantitation of Fe(II) 

release was determined by UV-Vis spectroscopy at 562 nm due to Fe(II)-Fz complex 

formation. The Laser used in the experiments is produced from a Titanium Sapphire 

regenerative amplifier system. The linearly polarized laser pulse wavelength is in the 750-

900 nm range with an adjusted center wavelength of ~ 830 nm. The pulse width (FWHM) 

is < 100 fs at a repetition rate of 1 kHz, with a maximum energy per pulse of 2.5 mJ. 

5.4 Results and Discussion 

 

5.4.1 NIR Excitation of AuNR-HFtn and Fe(II) Release  

 

 Releasing bioavailable Iron for metabolic processes is one of the functions of Ftn.1 

According to Carmona et al., two well-known mechanisms for the iron release as Fe(II) 

cationic form are proposed.2 Various reductants and iron chelators can be transported 

through the C3, and C4 channels, corresponding to hydrophilic and hydrophobic molecular 



 115 

pathways in Ftn, respectively.3,4 These small molecules can reduce the mineralized iron 

oxyhydroxide core of Ftn to generate Fe(II) and chelate them out of the Ftn.5,6 

Our prior studies have shown that the Ftn protein can be repurposed to release Fe(II)  

during exposure to light having an energy greater than the bandgap of the Fh bandgap: ~2.6 

eV (‗  475 nm), at least for laboratory mineralized Ftn.6 The chemical attachment of gold 

nanospheres on Ftn with a plasmonic resonance at 532 nm allows Fe(II) release to occur at 

much longer wavelengths of visible light. Data in Figures 5.1a and b was acquired from a 

solution consisting of AuNR-HFtn in Tris HCl buffer (pH = 7.4), Fz and, sodium potassium 

tartrate. Fz was used as a Fe(II) chelator that gives a sharp absorbance peak at 532 nm, 

which can be used to calculate the [Fe(II)] quantitatively. Analysis of data in Figure 5.1a 

shows that the AuNR-HFtn heterostructure allows Fe(II) release to occur during exposure 

to NIR radiation (well below the bandgap of the Fh core of Ftn). The Fz was used to chelate 

any Fe(II) leading to the AuNR-HFtn heterostructure during exposure to 850 NIR for 2 h.  
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Figure 5.1: (a)UV-Vis absorbance spectrum of the supernatant from the centrifuged 

AuNR-HFtn conjugate system exposed to NIR Illuminator at 850 nm for 60, 120, 180, and 

300 min. Absorbance at  ʇ  562 nm indicates the unique absorbance peak of Fe(II)-Fz 

complex (b)Release [Fe(II)] calculated from absorbance data at  ʇ  562 nm in 60, 120, 

180, and 300 min time intervals 

 

a

b
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When the reaction mixture was exposed to 850 nm NIR, 12.8 nM of Fe(II) was 

released from the heterostructure within 2 h. The Fe(II) release increased gradually with 

exposure times. According to Figure 5.1b, the Fe(II) release was 30.7 nM and 61.5 nM 

after 3 h and 5 h of exposure, respectively. Furthermore, a significant release of Fe(II) did 

not occur when the system was kept in the dark or when either HFtn or apoHFtn were 

utilized without AuNR under 850 nm NIR irradiation. These control experiments indicate 

that AuNRs must be attached to HFtn to facilitate Fe(II) during exposure to 850 nm NIR. 

Tartrate was added as a hole scavenger to provide sufficient electrons to the valence band 

of the AuNR to enhance hole-electron separation. The Fe(II) release was close to zero when 

the system did not contain tartrate. (Figure 5.2a) 

5.4.2 Fe(II) Release when AuNRs and HFtn are not Chemically Attached 

 

 To further understand the mechanism involved with the iron release from the 

conjugated system, we synthesized AuNR incorporated with HSFtn (AuNR-HSFtn), 

(AuNR(SiO2)-HFtn), and AuNR-HFtn(DTNB). A study was conducted to determine the 

release of Fe(II) in these three systems and compared it with (AuNR-HFtn) (Figure 5.2b). 

In addition, TEM images were taken for the diluted AuNR-HFtn, AuNR-HSFtn, 

AuNR(SiO2)-HFtn, and AuNR-HFtn(DTNB) solutions after removing excess proteins. 

(Figure 5.2c, d, e, and f). AuNR-HSFtn bioconjugates were prepared by the same method 

as AuNR-HFtn preparation except for incorporating HSFtn instead of HFtn. HSFtn does 

not contain surface-exposed cysteine residues for AuNR to attach to, which means that 

there is no strong binding between AuNR to HSFtn (Figure 5.2c). TEM images showed no 

attachments between AuNR and HSFtn except for a few proteins closely arranged 

significantly far from the AuNR as protein islands. (Figure 5.2d) In ongoing research, 
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insulated silica shells have been utilized to create a thick barrier that prevents the formation 

of the Schottky barrier (S.B), to enhances the solubility and dispersion in water, and 

chemically protects the material.7 The presence of a S.B can impede the injection of hot 

electrons. SiO2 insulating barrier (thickness >10 nm) could interfere with the hot electron 

transfer from the metal to the semiconductor unless spectrally overlapped.8 The control 

reaction done with the AuNR(SiO2)-HFtn shows barely any release of Fe(II). Ellman's 

reagent (DTNB) is a water-soluble reagent used to quantify thiols. This rapid and 

stoichiometric reaction with thiol adds one mole of thiol to DTNB. The TNB2ī released 

from DTNB can be analyzed spectroscopically by measuring the absorbance at 412 nm (‐ 

= 14,150 Mī1 cmī1)9 Every solvent-exposed cys residue in HFtn protein is capped and 

modified by DTNB. According to the results shown in Figure S6(b), there is no Fe(II) 

release with AuNR-HSFtn, AuNR(SiO2)-HFtn, and AuNR-HFtn(DTNB) under 850 nm 

NIR exposure. The TEM images indicate that there is no strong interaction between AuNR 

and HFtn in both AuNR(SiO2)-HFtn and AuNR-HFtn(DTNB) systems. Hence, it suggests 

that without a firm attachment between the HFtn and AuNR, no photochemistry occurs in 

the bioconjugate system. (Figure 5.2e and f) 
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Figure 5.2: Iron release study conducted at 850 nm with the IR illuminator for 120 min. 

(a)Fe release study controls; AuNR-HFtn bioconjugates under NIR exposure at 850 nm 

with tartrate and Fz (AuNR-HFtn(L)), AuNR-HFtn bioconjugates at dark with tartrate and 

Fz (AuNR-HFtn(D)), AuNR-HFtn bioconjugates under NIR exposure at 850 nm without 

tartrate and with Fz (noTart), HFtn under NIR exposure at 850 nm without AuNR, with 

tartrate and Fz (noAuNR), and apoHFtn under NIR exposure at 850 nm without AuNR, 

with tartrate and Fz (noAuNR-apoHFtn) (b)Fe release study controls under NIR exposure 

at 850 nm with Tartrate and Fz; AuNR-HFtn bioconjugates, AuNR-HSFtn, AuNR(SiO2)-

HFtn, and AuNR-HFtn(DTNB). TEM images of (c)AuNR-HFtn (d)AuNR-HSFtn 

(e)AuNR(SiO2)-HFtn (f)AuNR-HFtn(DTNB). 

5.4.3 Fe(II) Release When AuNR-HFtn are Exposed to Laser 

 

We also conducted experiments that investigated Fe(II) release from AuNR-HFtn 

when exposed to a pulsed laser source operating at 810 nm. After 1 h to the laser, 

approximately 25 ‘M of Fe(II) was released into the solution (Appendix: Figure C1a), and 

after a 2 h exposure, the solution concentration of Fe(II) increased to 31.2 ‘M. Based on 

the ICP-OES results, the maximum Fe(II) concentration that could be produced, assuming 

all the Fe in the HFtn was released, would be ~ 47 mM. After the same time, using the LED 

at 810 nm led to the release of ~ 9 nM. We attribute this difference in Fe(II) yield to the 

laser source having a much higher power density (320 mW cm-2) compared to the NIR 

lamp (4 mW cm-2). Data in the Appendix: Figure C1a also shows that the amount of iron 

released in the absence of aqueous tartrate is lower ~ 15 mM than if the tartrate is present. 

We do not a firm reason for this observation, but it may be that hole-scavenging species 

are formed during water ionization that occurs with the high-intensity pulsed laser.10 

Without AuNR attached to the HFtn, there is no release of Fe(II), which implies that HFtn 

alone cannot release iron under NIR laser exposure under our reaction conditions. We 

mention that compared to a continuous laser output, femtosecond pulsed laser light is 

beneficial due to its ability to introduce excessive local heat for only a short time around 
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the AuNRs.11 Without AuNR in the system, there is no release of Fe(II), which implies that 

HFtn alone cannot release iron in these reaction conditions. Even when AuNR and tartrate 

are both absent in the system, it still doesn't release Fe(II). Hence, it clearly indicates that 

the AuNR is the critical component of the system that can facilitate the band gap excitation 

of the Fh core. Based on Appendix Figure C1b, it was observed that the release of Fe(II) 

from the AuNR-HFtn bioconjugate system increased as the exposure time to the laser was 

prolonged. Within the first 30 min, 13.9 mM of iron was released. Over the next 30 min, it 

increased to 25.6 mM and then to 31.2 mM in the following 60 min. However, as shown 

in Appendix: Figure C2a and b, after exposure to the femtosecond pulsed laser for 30 min, 

the AuNR did undergo reshaping12 and the welding of particles together.13 The Appendix: 

Figure C2c shows that the UV-Vis broad absorbance of the modified AuNRs showed new 

absorbance modes: one blue-shifted to 920 nm and another red-shifted to 750 nm.12  

5.4.4 Chromate (Cr(VI)) Reduction Studies 

 

To further understand the photochemistry of AuNR-HFtn, experiments were 

performed where solutions containing our plasmonic heterostructure and Cr(VI) were 

exposed to 800 nm light. Prior research from our laboratory showed that the 

photoexcitation of Ftn with photons with energies  2.61 eV (‗  475 nm) results in the 

bandgap of the Fh core being excited, and if Cr(VI) is, present in solution it is reduced to 

Cr(III).14  Solutions investigated in these experiments consisted of AuNR-HFtn, 200 ‘M 

Cr(VI), and 32 mM tartrate,  stabilized in Tris HCl (pH = 7.4). The Cr(VI) concentration 

was determined by measuring the UV-Vis absorbance of chromate at 372 nm. The reaction 

mixture containing AuNR-HFtn in Tris HCl, tartrate, and Cr(VI) received light exposure 

from the NIR illuminator for 120 min. This exposure time resulted in a reduction of the 
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Cr(VI) concentration by 11.7%. Interestingly, a reduction of Cr(VI) by 5.6% occurred even 

in the absence of  HFtn. It is important to mention at this point that the reduction of Cr(VI) 

was insignificant in the control reactions that were carried out with apoFtn but in the 

absence of AuNR and Tartrate (Appendix: Figure C3a). Hence, the excitation of AuNRs 

with the NIR is likely driving some Cr(VI) reduction. Prior studies have shown that gold 

nanomaterials can produce energetic hot electrons that are beneficial in redox reactions.15 

Therefore, we speculate that the AuNR has the ability, under NIR exposure, to reduce 

Cr(VI) by producing hot electrons through the LSPR effect. 

In the Appendix: Figure C3b exhibits Cr(VI) reduction studies in the presence of 

AuNR-HFtn when exposed to laser light. After 1h of laser exposure, 76.3% of Cr(VI) was 

reduced to Cr(III), whereas without tartrate in the reaction medium, the percentage 

conversion of Cr(VI) was 36.4%. This result suggests that tartrate can enhance the reaction 

progression rate, but without tartrate, the reaction still proceeds to an appreciable extent. If 

AuNR and tartrate are both removed from the system, no Cr(VI) reduction is observed. 

When there is no HFtn in the system, a 17.8% Cr(VI) reduction can be observed. 

Femtosecond laser pulses can ionize water molecules through multiphoton absorption. The 

possibility of hydrated electron generation may account for the reduction of Cr(VI).16 

When AuNR is absent from the reaction solution, there is hardly any conversion of Cr(VI) 

to Cr(III). 

5.4.5 Mechanistic Consideration for AuNR-HFtn Photochemistry  

 

The Fh core in HFtn needs a minimum of 2.6 eV for the direct band gap. Therefore, 

it is impossible to achieve Fh direct band gap excitation with an incident energy of 1.45 eV 
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(Appendix: Figure C4a). Prior research has shown that metal-semiconductor 

heterojunctions can induce charge separation in the semiconductor via local 

electromagnetic field enhancement (LEFE), plasmon-induced resonance energy transfer 

(PIRET), plasmonic hot electron transfer (PHETr), and plasmonic hot electron tunneling 

(PHETu).8  A requirement for LEFE is that the energy of the incident photon is greater than 

the bandgap of the semiconductor.17 In the PIRET mechanism, plasmonic energy is 

transmitted and induces charge separation in a semiconductor through a dipole-dipole 

interaction (Appendix C5).18 This mechanism involves the efficient collection of visible 

and NIR light with energies below the semiconductor band edge and uses an insulating 

spacer layer to transfer energy non-radiatively, preventing interfacial charge recombination 

losses.18 The UV-Vis absorbance band positions of AuNR-HFtn, HFtn, and Fh are shown 

in the Appendix: Figure C4b. Based on the band positions, the transverse band at 520 nm 

falls within the range of the Fh broad absorbance peak (300-600 nm), while the longitudinal 

band has an absorbance too low of a wavelength range. The PIRET mechanism, however, 

is unlikely to occur if the LSPR of the metal does not overlap with the absorption bands of 

the semiconductor. Therefore, the PIRET mechanism is not expected to result in a 

significant energy transfer within the AuNR-HFtn system.  

Most LSPR effects for metal photocatalysis mechanisms,  for (Au, Ag, Cu, 

etc.)/semiconductor (TiO2, ZnO, CuO, etc.) heterojunctions, are commonly explained by 

the PHETr or PHETu phenomenon.19,20 Gold nanostructures are appropriate as metals due 

to their significant and tunable extinction coefficients in the visible and NIR regions.21,22 

Semiconductors are selected based on their electron-accepting ability and density of state 

(DOS) in the conduction band. Energetic hot electrons can overcome the metalï
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semiconductor S.B if the semiconductor is located spatially within the plasmonôs near field 

or in direct contact. Mechanistically, excited localized surface plasmons would decay non-

radiatively due to ultrafast scattering processes (few tens of femtoseconds to picoseconds) 

such as electronïelectron scattering and electronïphonon scattering. These scattering 

events are followed by phonon-phonon relaxation within the lattice, ultimately resulting in 

the dissipation of heat to the surrounding medium.23 In certain cases, relaxation processes 

can result in the generation of high-energy hot electrons that fall within the energy range 

between the vacuum energy and the Fermi level. However, the hot electron injections 

should occur prior to loss of energy due to relaxation processes, or the energy of the hot 

carriers needs to be maintained far from the Fermi level to overcome the S.B for efficient 

hot electron-based applications.24  
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Figure 5.3: Direct and Indirect PHETr mechanisms 

 According to the PHETr mechanism, the plasmonic hot electrons can be transferred 

either directly or indirectly (Figure 5.3). The indirect hot electron transfer (IDET) process 

involves two steps. First, hot electron-hole pairs are generated in the metal within 

femtoseconds. Then, these hot electrons are transferred to the conduction band of the 

neighboring semiconductor in order of picoseconds.25 The hot-electron generation and 

injection efficiency in metal nanostructures depends on various factors such as the S.B 

height, surface roughness of the materials, morphology, the electric field enhancement 

inside the metal, and direction of the electric field direction to maintain the correct 

orientation of the hot electrons.24 The electric field enhancement has been proven to be the 

highest inside nanorods compared with other traditional nano-shapes. Prior research has 
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explained in detail the theoretical explanation and mathematical derivation of the hot 

electron generation in AuNRs and injection rates of hot electrons in contact with a 

semiconductor.24 For gold, the excited "hot holes" occur when energy levels reach 2.6 eV 

(476 nm) to 2.8 eV (442 nm), which is slightly above the interband transition.26 However, 

AuNR-HFtn conjugates absorb photons mainly around 1.46 eV ( ‗ = 850 nm), which 

would suggest only hot electrons generation. Hot electron-related ROS generation is a 

common phenomenon that explains the photochemical photocatalytic reactions that occur 

via PHETr mechanism.27,28 Prior research has reported various reactions involving hot 

carriers, including dissociation of hydrogen,29 CO oxidation,30 and NH3 oxidation.31  Direct 

electron transfer (DET) involves the direct excitation of electrons to acceptor states in the 

conduction band of the semiconductor, leaving behind holes in the metal.32 The DET 

mechanism is more efficient than the IDET because it avoids the energy losses associated 

with hot electrons due to electron-electron and electron-phonon scattering.25  

Even though the hot electrons are very energetic, they cannot transfer distances > 

10 nm without losing the energy due to scattering.33 Recent scientific studies have 

additionally proposed that hot electrons possess the ability to undergo more efficient 

transfer to the semiconductor conduction band through the process of tunneling (PHETu) 

facilitated by a semiconductor S.B. with lower energy requirements.34,35  

Therefore, drawing upon previous scientific literature, we propose a hypothesis that 

involves the PHETr mechanism or PHETu process as the realistic mechanism to explain 

electron/energy transfer from the plasmonic AuNR to the conduction band of Fh via the 

HFtn protein shell. This mechanism pathway is speculated to be the most plausible 
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explanation for the excitation of the Fh bandgap under NIR exposure, even when the energy 

of the NIR radiation falls significantly below the band gap energy of the Fh material. 

However, to fully understand how the AuNR-HFtn bioconjugate facilitates electron/energy 

transfer for photocatalytic reactions, additional theoretical, computational, and 

experimental research is required. 

 5.5 Conclusion   

 

In conclusion, the findings of this study highlight the remarkable capability of the 

AuNR-HFtn heterostructure to facilitate Fe(II) release under NIR radiation, even at energy 

levels significantly below the bandgap energy of the Fh core material in HFtn (> 2.6 eV). 

The exposure of the reaction mixture to 850 nm NIR resulted in the release of 12.8 nM of 

Fe(II) within 2 h, with a gradual increase observed over time, reaching 61.5 nM after 5 h. 

In contrast, the control study involving AuNR-HSFtn, AuNR(SiO2)-HFtn and AuNR-

HFtn(DTNB) demonstrated minimal Fe(II) release compared to the AuNR-HFtn 

bioconjugate system. It signifies the proper attachment between AuNR and HFtn for 

effective Fe(II) release. Notably, femtosecond pulsed laser exposure led to a substantial 

release of Fe(II), with approximately 25 ‘M released after 1 h compared to 9 nM under 

NIR lamp exposure for 2 h, owing to the significantly higher power density of the laser 

source. However, the exposure to a femtosecond pulsed laser caused the reshaping of 

AuNR and the welding of particles with a shift in longitudinal peak position. Furthermore, 

the reduction of Cr(VI) demonstrated a 12% reduction under 2 h of NIR light exposure, 

while laser exposure resulted in a remarkable 76% reduction. These results suggest that the 

Fe(II) release from the AuNR-HFtn bioconjugate system has the potential to induce redox 
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reactions in the surrounding medium. The proposed mechanistic explanation suggests that 

PIRET is unlikely to occur. Instead, the postulated mechanism involves PHETr/PHETu 

through HFtn shell from AuNR to the Fh core material, thereby facilitating Fe(II) release 

under NIR exposure, even below the direct band gap excitation energy of Fh. These 

findings contribute to our understanding of the underlying processes and potential 

applications of the AuNR-HFtn heterostructure in controlled release and redox reactions. 
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CHAPTER 6 

GOLD NANOROD H -CHAIN FERRITIN BIOCONJUGATES TO INVOKE 

CELLULAR FERROPTOSIS AND DESTROY CANCER CELLS  

 

6.1 Introduction 

 

Cancer is a major deadly disease encountered worldwide for many years. Analyzing 

the global data and research, conventional treatments, such as radiotherapy (RT) and 

chemotherapy (CT), have various challenges and side effects due to the utilization of high 

doses of harmful radiation and toxic drugs.1,2,3 Recently, photothermal therapy (PTT) and 

photodynamic therapy (PDT) have attracted considerable attention as potential cancer 

therapies.4 In PTT, a photothermal agent (PTA) is utilized to generate heat and destroy 

cancer cells upon irradiation, typically with NIR light that has a significant transmission 

distance through human tissue.5 The working hypothesis is that a moderate elevation of the 

temperature (Hyperthermia) inside the body tissues (> 42°C) where the PTA is localized 

will damage cancer cells with minimal damage to surrounding healthy tissues.6 To date, 

NIR-triggered inorganic nanomaterials, such as transition metal nanoparticles,7 metal 

sulfides,8 Pt nanoparticles,9 and Au nanomaterials,10 have been utilized as PTA. To produce 

ROS in the PDT process, it is essential to expose the photosensitizer (PS) to light of a 

particular wavelength.11 Nevertheless, in PDT, a main challenge is that the potential 

occurrence of photobleaching, while the PSs exhibit insignificant absorption of NIR (650ï 

900 nm).12 
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In this study, we introduce a novel bioconjugate consisting of AuNRs chemically 

linked to the protein HFtn. Inside HFtn, there is a small-band semiconductor known as Fh. 

The purpose of designing this bioconjugate is to address two key challenges in the 

advancement of PPT and PDT for addressing health concerns such as cancer. The first 

challenge involves developing strategies that enable the concentration of nanoparticles (in 

PPT) or photosensitizers (in PDT) specifically at the targeted region of interest, such as a 

tumor in the case of cancer. By achieving this localization, the potential damage to healthy 

surrounding tissues can be minimized, leading to more effective and targeted treatments.13 

The second challenge is to explore therapeutic approaches that utilize light wavelengths 

capable of effectively transmitting through human tissue. This is crucial for practical 

implementation since utilizing wavelengths with good tissue penetration enables the 

treatment to reach deep-seated tumors or affected areas within the body. By constructing 

the bioconjugate with AuNR and HFtn, this study aims to address these challenges and 

provide a promising and synergistic approach for enhancing PPT and PDT strategies. The 

goal is to develop therapies that concentrate the therapeutic agents at the target site while 

utilizing light wavelengths that can efficiently penetrate human tissue, thus advancing the 

field of cancer treatment and potentially addressing other health issues as well. 

 We believe that the bioconjugateðHFtn chemically linked to AuNRs (AuNR-

HFtn)ðinvestigated in this contribution has chemical and physical properties that address 

these challenges. Ftn is a  globular protein constructed from 24 self-assembling polypeptide 

subunits to form a protein shell with a ~ 12 nm outer diameter and an internal cavity with 

an ~ 8 nm diameter.14 Typically, in mammalian Ftns, the 24 subunits consist of two 

different subunit types: H-chain and L-chain subunits. HFtn contains 100% H subunits.15 
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The primary function of Ftn is to sequester and store cellular iron and protect the cellular 

lipids and DNA from ferrous iron-induced redox chemistry.16 Importantly, for the potential 

use of the bioconjugate, HFtn has an affinity for cancer cells.17 Specifically, the transferrin 

receptor 1 (TfR1) is a transmembrane glycoprotein that is overexpressed in cancer cells 

and readily binds HFtn due to the requirements for cancer cell growth.17 Hence, the HFtn 

potentially provides a strategy to selectively target cancer cells for the delivery and 

localization of AuNRs at cancer/ tumor sites.   

 Cancer cells contain up to 100 mM of elevated H2O2, while normal cells have less 

than 20 nM.18 The high levels of H2O2 in cancer cells are due to the disproportionation of 

superoxide dismutase in mitochondria.19 Therefore, cancer cells are susceptible to H2O2. 

Prior research from our laboratory (Chapter 5) has shown that the exposure of the AuNR-

HFtn bioconjugate to NIR that can excite the plasmonic mode of the AuNR results in the 

release of ferrous iron (i.e., Fe(II)).  It triggers the Fenton reaction, which leads to the 

accumulation of ROS, lipid peroxidation, and iron-dependent cell death, also known as 

Ferroptosis.20 In cancer cells with high H2O2 levels, the release of Fe(II) will inevitably 

trigger the Fenton reaction, which generates radicals that cause Ferroptosis. Hence, not 

only is PPT a viable means to kill cancer cells, the release of Fe(II) into the cellular media 

can potentially induce ferroptosis and cell death. Ferroptosis is a well-studied process in 

the context of human physiology where the programmed release of Fe(II) in cells leads to 

ROS and the destruction of the cell membranes via the oxidation of bilayer lipids.21   

In the present study, we investigated the effect of NIR-irradiated AuNR-HFtn 

bioconjugates on the viability of PC3 human prostate cancer cells. We chose this cell line 
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since TfR1 receptors are significantly more abundant in all prostate cancer cell lines than 

in normal prostate epithelial cells.22 Our studies utilized AuNR-HFtn bioconjugates that 

were free of the surfactant CTAB, which was used to prepare the AuNRs.23 The removal 

of the CTAB was necessary due to its cytotoxic properties. We show that if the AuNR-

HFtn bioconjugates ([AuNR] = 174.5 ‘M) are incubated with the prostate cancer cells for 

24 h and then irradiated with NIR, there is a 32% loss in cell viability relative to 

experiments that were conducted in the dark. Importantly, we show that the AuNR-HFtn 

bioconjugate is more effective in decreasing cell viability compared to AuNRs alone in the 

presence of NIR.  

6.2 Experimental  
 

6.2.1 PC3 Cell Viability Studies 
 

Human prostate cancer cell line (PC3) was seeded in two 96-well plates (10 000 

cells per well) in DMEM/F-12 culture media supplemented with 10% FBS, 100 IU mLī1 

penicillin, and 100 µg mLī1 streptomycin, maintained at 37 °C. The PC3 cancer cell line 

is cultured using Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (DMEM F12). 

The UV-Vis spectrum of this culture medium is shown in Appendix: Figure D1a. Prior to 

studying the cancer cell line, the stability of AuNR-HFtn with DMEM medium was tested. 

The effect of the AuNR-HFtn bioconjugate on the viability of PC3 human prostate cancer 

cells with and without NIR exposure was investigated.  

The UV-Vis spectra of AuNR-HFtn in DMEM F12 with different AuNR 

concentrations ([AuNR] = 49.1, 24.5, 12.3, and 4.9 ‘M) are illustrated in Appendix: Figure 

D1b. AuNR has a plasmonic absorbance peak at 850 nm with varying intensities depending 
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on its concentration. HFtn protein has a primary absorbance in the UV range at 280 nm due 

to the presence of tryptophan, tyrosine, and phenylalanine amino acid residues. The AuNR-

HFtn bioconjugates ([AuNR] = 49.1 and 4.9 ‘M) in Tris HCl (pH = 7.4) and DMEM F12 

equal volumes were mixed and kept for 30, 120, 360, and 720 min. The absorbance at 850 

nm and 280 nm were measured, and it was observed that the absorbance remained almost 

constant for each time interval up to 720 min. (Appendix: Figure D1c, and d) Therefore, 

the DMEM F12 culture medium has provided stable chemical conditions to avoid the 

AuNR and HFtn aggregation in the medium. 

 

About 24 h after seeding, each well was treated with AuNR-HFtn conjugates 

diluted AuNR concentrations ranging from 1.39 ‘M to 174.5 ‘M. Then the cells were 

incubated for 2 h and 24 h at 37 ЈC with 5% CO2. Subsequently, cells in the plate were 

exposed to NIR lamp (ɚ = 850 nm), setting the power to 4 mW cm-2 in each well for 2 and 

24 h. On completion, the number of metabolically active/viable cells was determined by 

measuring the concentration of ATP using the CellTiterGlo® Luminescent cell viability 

assay (Promega). The same procedure was applied to the dark control. Percent cell viability 

was calculated as a percentage with respect to the untreated cells used as control. 

6.2.2 Statistical Analysis of Percent PC3 Cancer Cell Viabilit y% 
 

For studies involving PC3 cancer cell viability% studies with the AuNR-HFtn 

bioconjugates vs. control system (AuNR-apoHFtn), Dark and light conditions of each 

system and untreated cancer cell control, the Student's t-test was performed to determine 

statistical significance and a P < 0.05 was utilized as the threshold limit for a significant 

difference. 
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6.3 Results and Discussion 

 

The novel bioconjugation system AuNR-HFtn has undergone comprehensive 

characterization using various analytical techniques, as detailed in Chapter 4 of the study. 

In summary, the initial step involved synthesizing AuNR-CTAB with an absorbance band 

centered at 800 nm. These AuNRs were then conjugated with HFtn, as depicted in Figure 

6.1a-c. To make the system suitable for biological applications, the cytotoxic CTAB was 

removed from the synthesis process. This modification was confirmed through analyses 

such as DLS, Z.P, and ATR-FTIR spectroscopy. Subsequently, the photochemistry of the 

AuNR-HFtn bioconjugate system was investigated, specifically exploring its response to 

NIR light. The research conducted, discussed in detail in Chapter 5, revealed that the 

AuNR-HFtn bioconjugate system exhibited the capability to release Fe(II) when exposed 

to NIR light. This finding indicates the potential of the system for applications involving 

NIR-triggered responses in cancer therapeutics. 
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Figure 6.1: (a)UV-Vis spectrum of the AuNR-CTAB with two distinct LSPR absorbance 

band positions. The transverse band is shown at 520 nm, and the tunable longitudinal band 

position at 800 nm. (b)Stained TEM image of AuNR-HFtn bioconjugate. As shown in the 

image, the spherical HFtn is attached to the AuNR. The outer protein shell is visible with 

the inner dense Fh core. (c)Unstained TEM of AuNR-HFtn. The black inner core spheres 

are aligned closely to the AuNR. 

6.3.1 Iron Release and Hydroxyl Radical Generation from the AuNR-HFtn  

 

 Prior studies have shown that the exposure of AuNR-HFtn bioconjugate to NIR 

(840 nm, 1.46 eV) leads to the release of Fe(II) from the HFtn. (Discussed in Chapter 5 in 

detail) We believe that the mechanism that facilitates this process is PHETr/PHETu from 

HFtn outer shell

AuNR-HFtn

Transverse

Longitudinal 

= 520 nm

AuNR-HFtn

Fh inner core

b c

a

HFtn

Fh inner core



 140 

the AuNR to the inorganic Fh core of HFtn. According to the prior work discussed in 

Chapter 5, 120 min of exposure to 850 nm NIR results in the release of 12.8 nM Fe(II). 

The amount of Fe(II) released increases up to 61.5 nM after 300 min. Experiments carried 

out without the NIR resulted in no Fe(II) release. As mentioned above, one of the processes 

by which the NIR photochemistry of AuNR-HFtn could affect cancer cell viability is 

through the release of Fe(II) and subsequent formation of ROS that could lead to the 

disruption of the bilayer membrane of cells. Hence, we carried out experiments to 

investigate whether the NIR-irradiated bioconjugate could indeed lead to ROS formation. 

We investigated whether hydroxyl radical was formed by using the knowledge that the 

reaction of hydroxyl radical with coumarin produces hydroxycoumarins which are 

detectable via fluorescence spectroscopy. 
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Figure 6.2: (a)The fluorescence absorbance of AuNR-HFtn at 455 nm emission under 850 

nm NIR exposure (AuNR-HFtn (L)) and in the dark (AuNR-HFtn(D)) 455 nm emission is 

due to the fluorescence intensity of umbelliferone formed with OH. radicals (b)The 

chemical reaction of 7-hydroxycoumarin formation. 

 The most common hydroxycoumarin is 7-hydroxycoumarin, also known as 

umbelliferone. (Figure 6.2a). The fluorescence of 7-hydroxycoumarin can be probed in the 

visible region, with the highest intensity at approximately 455 nm.24 The results in 

a

b
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Appendix: Figure 6.2b clearly indicate that when exposed to NIR irradiation at 850 nm, 

AuNR-HFtn gradually generates OH radicals over time, as opposed to the dark control. 

(Appendix: Table D1) This result suggests that the NIR-induced Fe(II) release from AuNR-

HFtn, in the presence of biological cells (e.g., cancer cells), could potentially lead to the 

killing of the cells via a ferroptosis-like cell death mechanism. 

6.3.2 PC3 Cancer Cell Viability Studies of AuNR-HFtn  

 

Table D2 shows the cancer cell viabilities% for AuNR-HFtn and AuNR-apoHFtn 

(AuNR attached to HFtn without a Fh core) treated PC3 cancer cell lines under dark and 

light conditions. Two different AuNR concentrations ([AuNR] = 1.39 ‘M and 174.5 ‘M) 

and incubation times (2 h and 24 h) were studied. Data in Figure 6.3a shows that there is 

no significant cell viability% reduction (P > 0.05) when after the AuNR-apoHFtn and 

AuNR-HFtn bioconjugates are individually incubated with the cell line for 2 h either under 

dark or light conditions. In contrast, data in Figure 6.3b shows that if the bioconjugate and 

cells are incubated for 24 h prior to NIR exposure for both AuNR-HFtn ([AuNR] = 1.39 

‘M) and AuNR-HFtn ([AuNR] = 174.5 ‘M) there is a significant reduction in cell 

viability% (P < 0.05) under light conditions (compared to dark conditions). We believe it 

is interesting that the AuNR-apoHFtn did not result in a significant decrease in cell viability 

(P > 0.05) when exposed to light relative to dark conditions. We attribute the small decrease 

in cell viability for the AuNR-apoHFtn (24 h incubation) system in the presence of NIR to 

be due to the photothermal effect of AuNRs. The larger effect of the AuNR-HFtn NIR 

irradiated system on decreasing cell viability may be due to the release of Fe(II) and the 

subsequent reaction of ROS with the cellular membrane material.  
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Besides, small amounts of iron might be mineralized in the HFtn, contributing to 

photodynamic cancer cell destruction.15 Thus, to avoid the possible minute iron 

contamination in the process, we are expecting to utilize Ftn protein-free AuNR capped 

with methoxy poly(ethylene glycol) (AuNR-mPEG-SH) as an additional control system 

for the comparison with the AuNR-HFtn bioconjugate system.25,26 Moreover, to evaluate 

the synergistic (PTT + PDT) effect and solitary PTT effect on eradicating PC3 cancer cells, 

it is reasonable to compare the AuNR-HFtn bioconjugate system with the AuNR-mPEG-

SH control system. However, the AuNR-apoFtn and AuNR-mPEG-SH control systems are 

expected to behave differently in the vicinity of cancer cells. Although AuNR-apoFtn can 

be targeted to cancer cells via TfR1 receptors, AuNR-mPEG-SH, being a pure AuNR 

without a protein component, most likely enter the cancer cells through the endocytosis 

pathway.27,28 Therefore, allowing adequate incubation time for both systems to travel to 

the cancer cells is essential for a reasonable comparison.  
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Figure 6.3: (a)PC3 cell viability studies carried out with AuNR-HFtn and AuNR-apoHFtn 

bioconjugate systems kept for 2 h of incubation period with PC3 cancer cell line. (b)PC3 

cell viability studies carried out with AuNR-HFtn and AuNR-apoHFtn bioconjugate 

systems kept for 24 h of incubation period with PC3 cancer cell line. (c)PC3 cell viability 

studies carried out with AuNR-HFtn bioconjugate systems kept for 2 h and 24 h of 

incubation period with PC3 cancer cell line. For each experiment (Figure 6.3a-c) the 

reaction was completed for two AuNR concentrations ([AuNR]=1.39 and 174.5 ‘M) under 

dark and light conditions. (d)PC3 cell viability studies carried out with AuNR-HFtn and 

AuNR-apoHFtn bioconjugate systems incubated for 24 h and without incubating with any 

systems as untreated PC3 cancer cells (denoted as ócontrolô) The reaction was completed 

only for [AuNR] = 174.5 ‘M under dark and light conditions. (The data presented in this 

figure was provided by Wang Lab at the Department of Chemistry, Temple University). 

a b

c d
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When the incubation time is increased from 2 h to 24 h, the cell viability% for the 

system with AuNR-HFtn bioconjugates in the dark condition was insignificant (P > 0.05). 

In the light conditions for AuNR-HFtn ([AuNR] = 1.39 ‘M), the cell viability% was 

reduced by almost 24% (P > 0.05), whereas for the AuNR-HFtn ([AuNR] = 174.5 ‘M), 

the reduction was 32% and statistically significant (P < 0.05) (Figure 6.3c). Control 

investigations were carried out using untreated PC3 cells under both dark and light 

conditions. We found that there was no significant difference (P > 0.05) in AuNR-apoHFtn 

([AuNR] = 174.5 ‘M) and AuNR-HFtn ([AuNR] = 174.5 ‘M) when compared to 

untreated PC3 cancer cells under dark conditions. Under light conditions, there was no 

significant reduction in cell viability% (P > 0.05) for AuNR-apoHFtn ([AuNR] = 174.5 

‘M) in untreated PC3 cancer cells. However, we observed a substantial decrease in cell 

viability% (P < 0.05) for AuNR-HFtn ([AuNR] = 174.5 ‘M) bioconjugates under the same 

conditions. (Figure 6.3d) 

In Appendix: Figure D2 exhibits optical microscopic images of PC3 cancer cells, 

PC3 cancer cells incubated with AuNR-HFtn for 24 h before NIR irradiation, and PC3 

cancer cells incubated with AuNR-HFtn for 24 h after NIR irradiation. The microscopic 

image in Appendix: Figure D2a shows that the PC3 cancer cells appear as elongated 

features with a maximum length of approximately 100 ‘m. They have various sizes, most 

of which have a polygonal shape with a spherical nucleus in the middle, surrounded by the 

cytoplasm.29 After a 24 h incubation with AuNR-HFtn, the cancer cells appear to have 

internalized AuNR-HFtn clusters (Appendix: Figure D2b). When these cells were exposed 

to NIR light for another 24 h, a significant morphological change was observed by 

microscopy.30,31 In particular, there was a decrease in the number of cancer cells compared 
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to the control uninfected PC3 cells. The cancer cells became rounded and shrunken, while 

the untreated cells remained polygonal. Clusters of AuNR or AuNR-HFtn were observed 

outside the cancer cells after NIR irradiation, which was not visible before. This 

observation is supported by prior research, which showed similar behavior for PC3 cells 

when their proliferation was suppressed with anticancerous agents32 (Appendix: Figure 

D2c). Hence, the cell viability results, and microscopic images lend support to the notion 

that, at least in our studies, a relatively long incubation time is needed, likely allowing 

AuNR-HFtn bioconjugates to enter (by endocytosis) the targeted cellôs internal volume 

prior to NIR exposure.  

6.3.3 The Mechanism Involved with the AuNR-HFtn Cancer Interaction and the  

Destruction 

It is useful to point out what we believe our bioconjugate brings to the potential 

development of an anticancer agent. A system with anticancer properties should possess 

specific qualities, including cancer-targeting ability, nontoxicity, biocompatibility, 

biodegradability, and efficient pharmacological properties, such as effective loading 

controlled prolonged therapeutic effect in vivo and in vitro.33,34 In cancer therapeutics, the 

primary focus is delivering anticancer agents to cancer tissues selectively, maintaining the 

appropriate concentration level for a particular time to suppress anticancer activities.35 The 

enhanced permeability and retention effect (EPR) is a pathophysiological passive targeting 

phenomenon that targets specific molecules like liposomes, nanoparticles, and 

macromolecular compounds (> 40 kDa) in solid cancer tissue.36 However, targeting 

anticancer therapy via the EPR effect in clinical practice is not always successful since it 

depends on various chemical and physical conditions.36 Therefore, active targeting is 



 147 

necessary. To make anticancer agents more effective, they are often chemically or 

genetically modified to target cancer cells.37 The AuNR-HFtn nanocarrier is unique 

because it potentially will target cancer cells through its specific affinity to TfR1 without 

additional modifications.  

Iron is a crucial element for the growth of mammalian cells, but it can also 

contribute to the formation of oxygen-free radicals through Fenton chemistry.38 Ftn is a 

cytoprotective protein responsible for maintaining the balance of intracellular iron.39 It can 

minimize the formation of oxygen-free radicals by sequestering excess free iron. Various 

studies have suggested that Ftn can protect against oxidative stress-related damage caused 

by an imbalance between ROS production and insufficient antioxidants to eliminate them 

within cells.40 Inside cancer cells, the iron content becomes low due to rapid proliferation 

and metabolic reactions (DNA synthesis, cellular respiration).41 Hence the transferrin 

receptors (TfR), which regulate iron metabolism, are overexpressed in cancer cells.42 

Consequently, there is a notable increase in Ftn, heme production, and the binding of Ftn 

to TfR receptors within the cancer cells. Prior research has revealed that HFtn binds to the 

receptor TfR1 and enters both endosomes and lysosomes.43 Endosomes are a diverse group 

of organelles within cells that sort and transport materials taken in from the cellular 

surfaces.44  Lysosomes are eukaryotic organelles that contain digestion enzymes, which are 

vital for autophagy.45 Other studies have found that Ftn from the cytoplasm also reaches 

lysosomes and that lysosomes may play a role in releasing iron from Ftn.46 We are 

interested in further investigating what happens to HFtn and the iron it contains once it 

reaches lysosomes following endocytosis through TfR1.  
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Iron metabolism is crucial in cancer development, survival, proliferation, and 

metastasis. Two therapeutic approaches have been developed based on intracellular iron 

metabolism in cancer cells.47,48 The first approach involves depleting iron from cancer cells 

via iron chelators.49,50 The expectation is that the removal of iron will eventually starve the 

cancer cell metabolism and terminate its growth. The second approach consists of 

generating cytotoxic levels of ROS by triggering the Fenton reaction with excess iron, 

leading to Ferroptosis in cancer cells.51,52 Our research focused on the latter approach, NIR 

irradiation of HFtn attached to AuNR to provide cancer cells with excess Fe(II) where the 

this redox active species can trigger the Fenton reaction (production of hydroxyl radicals) 

via reaction with the comparatively high H2O2 levels (~ 100 mM) in cancer cells. The 

elevated oxidative stress can initiate ferroptosis and eliminate cancer cells through plasma 

membrane damage.53,54 

6.4 Conclusion 

 

In this chapter, the primary objective was to exploit the potential of the AuNR-HFtn 

bioconjugate system for cancer therapeutics. The central hypothesis proposed that NIR 

light-induced Fe(II) release from the system could trigger the Fenton reaction within cancer 

cells, thereby initiating ferroptosis. Preliminary fluorescence studies provided confirmation 

of hydroxyl radical formation during NIR exposure. To investigate the anticancer 

properties of the system, the PC3 prostate cancer cell line was utilized. The results 

demonstrated a significant decrease in cancer cell viability% (P < 0.05) as the incubation 

time increased from 2 h to 24 h under NIR exposure for 2 h. The drop in cancer cell 

viability% was dependent on the concentration of AuNR ([AuNR]) with an increase from 

24% to 32% observed when the [AuNR] was raised from 1.39 ‘M to 174.5 ‘M. 
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Additionally, a significant decrease in cancer cell viability percentage (P < 0.05) was 

observed in the AuNR-HFtn bioconjugate system ([AuNR] = 174.5 ‘M) compared to the 

AuNR-apoHFtn control system ([AuNR] = 174.5 ‘M), as well as the untreated PC3 cells. 

Furthermore, the potential mechanisms underlying the anticancer properties of the AuNR-

HFtn bioconjugate system were discussed. However, further investigations, including 

control cell line studies, optimization, and system enhancements, are necessary to improve 

the system's productivity for effective cancer therapy. 
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CHAPTER 7 

SYNTHESIS, CHARACTERIZATION, AND PHOTOCHEMISTRY OF GOLD 

NANOSTAR H-CHAIN FERRITIN BIOCONJUGATES  

7.1 Introduction 

Ftn is a multifunctional protein that plays a crucial role in iron metabolism and 

storage.1 It acts as a protective cage, encapsulating iron in a mineral form called Fh.2 This 

mineral form allows for efficient iron storage within cells while preventing the iron from 

causing oxidative damage.3 In mammals, including humans, Ftn is composed of two 

subunits: the heavy chain (H) and the light chain (L). The HFtn is a variant of Ftn that 

consists solely of H subunits.4 Each H subunit has 1-2 exposed Cys ligands, which are 

sulfur-containing molecules. The formation of -SH bonds due to these Cys ligands plays a 

crucial role in establishing a stable interaction between HFtn and AuNPs.5 Besides, Ftn is 

a promising tool in cancer therapeutics due to its unique properties, such as selective uptake 

by cancer cells via TfR1 receptors, nanocage structure, biocompatibility, low 

immunogenicity, and potential for multimodal therapy.6 

In prior research, significant efforts have been devoted to exploring the attachment 

of gold nanostructures to proteins, aiming to harness the unique properties of both materials 

for various applications.7,8,9 AuNPs offer remarkable optical, electronic, and catalytic 

properties, while proteins exhibit diverse functionalities and high specificity.10,11,12 Several 

strategies have been employed to facilitate the attachment process, including direct 

adsorption,13 covalent conjugation,14 and functionalization of protein surfaces.15 These 

approaches often involve the modification of surface amino acids, such as Cys or Lys, to 
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introduce reactive groups for interaction with gold surfaces.16,17 Herein, we designed a 

strategy to modify the HFtn with chemically synthesized AuNS through Au-S covalent 

conjugation. We have studied the attached to the HFtn bioconjugate system (AuNS-HFtn) 

using various analytical techniques. TEM was used to examine the shape of the AuNS and 

its attachment to the HFtn outer shell. Furthermore, UV-Vis spectroscopy was utilized to 

analyze the changes in the LSPR effect of both AuNS and AuNS-HFtn. Additionally, we 

used ATR-FTIR to study the total surfactant removal from the bioconjugates for non-toxic 

biomedical utilization. Our research has shown that when AuNS is irradiated at 850 nm, it 

can release Fe(II) from the HFtn inner core consisting of Fh semiconducting material.  

We propose that the release of Fe(II) can trigger a Fenton reaction in cells (Eg. 

cancer cells, bacterial cells), leading to the photodynamic pathway in addition to its 

photothermal effect. Furthermore, the LSPR of AuNSs allows for enhanced antibacterial 

effects through the generation of ROS upon exposure to light.18 The dual action of the 

material can provide a synergistic effect in combating infections and treating cancer 

simultaneously. This can be particularly beneficial in situations where bacterial infections 

often occur in cancer patients, leading to complications and compromised treatment 

outcomes. Overall, the development of materials with both antibacterial and anticancer 

properties holds great promise for advancing healthcare by addressing the challenges of 

drug resistance, improving infection control, and enhancing cancer treatment strategies. 

We plan to extend our research to explore the simultaneous antibacterial and anticancer 

properties of the AuNS-HFtn bioconjugate system. 
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7.2 Experimental  
 

7.2.1 Chemicals 
 

            All chemicals were used as received. Pure analytical grade solid chemicals, 

solvents, and Deionized (DI) water (18 Mɋ cmī1) were used in all preparations. Sodium 

borohydride (NaBH4, 98+%), Sodium hydroxide (NaOH, ACS reagent, Pellets, Ó 97.0%), 

Sodium tetrachloroaurate(III) dihydrate (NaAuCl4.2H2O, > 99%), Phosphotungstic acid 

hydrate (H3[P(W3O10)4].xH2O, 99.995%), TritonX-100 (2-[4-(2,4,4-trimethylpentan-2-

yl)phenoxy]ethanol, Laboratory grade), 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,pǋ-

disulfonic acid monosodium salt hydrate (Ferrozine, 98+% pure), Trisma base(primary 

standard and buffer, Ó 99.9%), L-(+)-Ascorbic acid (AA, 98+%), Silver nitrate (AgNO3, 

99%), Hydrochloric Acid (HCl, Certified ACS plus, 36.5 to 38.0%), Ferrous Ammonium 

Sulfate Hexahydrate (Fe(NH4)2(SO4)2·6H2O, Crystalline/Certified ACS, Assay: Ó 98.5 to 

101.5%), from Fisher ChemicalÊ and HEPES buffer (ultra-pure, American bio). 

7.2.2 Iron Mineralization of HFtn 

 

Briefly, 2.0 mL of purified apoFtn (0.631 mg mL-1) was added to 20 mL of HEPES 

buffer (pH = 7.4, 0.1 M) and prepared by bubbling N2(g) for 1.5 h. Then aliquots of 

Fe(NH4)2(SO4)2·6H2O (4.06 ‘M, 500 ‘L) were added to the apoFtn solution over a 150 

min period at 30 min intervals targeting  2000 iron loading. (HFtn). In each Fe(II) addition, 

the solution was shaken slowly and kept air-tight for 30 min. The solution slowly turned to 

a yellowish-orange color from colorless and a homogeneous solution was observed without 

any visible precipitation. Excess Fe(II) and other excess ions were removed by dialysis 
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(Molecular porous dialysis membrane, MWCO: 12-14 kDa) in fresh Tris buffer (pH = 7.4, 

0.1 M, 1000 mL) for 1.5 h intervals three times and stored in 4 ЈC. 

7.2.3 Preparation of the AuNS 

 

AuNS stabilized with TX-100 was synthesized using a method developed by Atta 

et al.19 To start, all the necessary solutions were prepared separately before being 

combined. A 10 mL and 20 mL 0.15 M TX-100 solution were made by adding 0.89 mL to 

9.11 mL and 1.78 mL to 18.22 mL of DI water, respectively, from a 1.69 M stock 

concentration. Next, 500 ‘L of 10 mg mL-1 AuCl4
- the solution was prepared by mixing 50 

‘L of 100 mg mL-1 stock AuCl4
- solution with 450 ‘L of DI water. Finally, 3.9 mM AgNO3 

solution (0.0067 g, 10 mL), 0.788 M Ascorbic acid solution (0.1388 g, 1 mL), and 0.01M 

NaBH4 (0.0038 g, 10 mL) were also prepared. 

 

 Gold Seed Solution Preparation 

Seed solution was prepared by adding 600 ‘L of NaBH4 solution to a 10 mL 

mixture of TX-100 and 100 ‘L of 10 mg mL-1 AuCl4
- solution. The pale yellowish color 

solution turns to dark orange color. The solution was stirred for 2 min and further aged for 

10 min at 2-4 °C before using for the next process.  

 

Gold Growth Solution Preparation 

AuNS growth solution was prepared by the following method. 20 mL of TX-100 

solution was mixed with 400 ‘L of 10 mg mL-1 AuCl4
- solution and stirred for 2 min. Then 

a rapid sequential addition of 500 ‘L of 3.9 mM AgNO3, 40 ‘L of 0.788 M ascorbic acid 

and 14 ‘L of the seed solution were carried out within 1-2 s time interval. Finally, the 
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solution mixture was stirred further for 30 min at room temperature. To achieve various 

AuNS aspect ratios, the amount of TX-100 added to the initial 10 mL of TX-100 solution 

can be adjusted. Based on UV-Vis spectroscopy results, adding volumes of 1775, 890, 750, 

and 500 ‘L resulted in longitudinal NIR absorbance bands of 1050, 900, 850, and 700 nm, 

respectively. 

7.2.4 Conjugation of AuNS and HFtn (AuNS-HFtn) 

 

          12.0 mL of TX-100 stabilized AuNSs were centrifuged at 14000 rpm for 15 min, 

and the supernatant was discarded carefully. Then 2.0 mL of distilled water was added to 

the first AuNS pellet, mixed by vertexing, and centrifuged at 12000 rpm for 15 min. Next, 

the remaining AuNS pellet was mixed with 1.0 mL of Tris HCl (0.1 M, pH = 7.4). (If the 

AuNS in TX-100 needs to be transferred and stabilized in mPEG-SH, 100 ‘L of 100 ‘M 

mPEG-SH can be added to the final ~ 25 mL AuNS solution, kept overnight, and then 

centrifuged at 12000 rpm, 10 min for purification) Then HFtn protein solution 1.0 mL was 

added slowly to 1.0 mL of AuNS in Tris HCl under ultrasonication for 2 min. (HFtn/AuNS 

dispersions, 1:1 v/ v) Then the AuNS-HFtn conjugate solution was further sonicated for 30 

min, centrifuged at 10000 rpm for 5 min, decanted excess HFtn/ CTAB, and dispersed in 

2.0 mL of HFtn in Tris HCl buffer. (pH = 7.4, 0.1 M), and stirred for at least 24 h. Next, 

the AuNS-HFtn solution was centrifuged at 10000 rpm for 2 min, decanted excess HFtn/ 

CTAB. Then HFtn in Tris HCl 20 ‘L was added to the pellet, mixed, kept for 30 min. 

Finally, the solution was dispersed in a 2.0 mL Tris HCl. (pH = 7.4, 0.1 M), and 

concentrated as desired. 
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7.3 Characterization 
  

7.3.1 TEM Analysis  
  

          TEM was used to image pure AuNS and AuNS-HFtn bioconjugates using a JOEL 

JEM-1400 microscope operating at 120 kV (under 50,000 -100,000 magnifications and 20 

nm/ 50 nm resolution). All the samples were prepared on copper mesh-supported holey 

carbon TEM grids (Ted Pella) and allowed to dry as a thin film. The AuNS-HFtn sample 

was centrifuged at 5000 rpm for 5min thrice and diluted each time with HEPES buffer (0.1 

M, pH = 7.4) to remove excess HFtn in the soft corona and used for the TEM imaging. 

TEM Images were taken with and without staining. To visualize the outer shell of the HFtn 

protein in the AuNS-HFtn bioconjugates, a 2% PTA negative staining solution at pH = 7 

was used. When the TEM grids were prepared, 10 ‘L aliquots of the sample were deposited 

on the grid and air-dried for 10 min. The excess sample was removed with filter paper and 

then rinsed with 10 ‘L of water. Next, 3 ‘L of the PTA solution was deposited, allowed to 

sit for 2 min, and the excess was removed by filter paper to prepare stained grids.  

7.3.2 ATR-FTIR Measurements 

 

          ATR-FTIR analysis was performed to confirm the TX-100 removal from the AuNS-

HFtn bioconjugates. All experiments were conducted in Nicolet Magna 750 FTIR 

spectrometer with a single bounce diamond crystal ATR cell (SpecacTM) and mercury 

cadmium telluride A (MCTA) detector cooled by liquid N2. 
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7.4 Photochemical batch reactions  

7.4.1 UV-Vis Spectroscopy and NIR Illuminator Studies 

 

           All photochemical experiments were conducted in a 1 cm2 quartz cuvette (Thor 

Labs) with a 3.2 mL total sample volume using an 850 nm NIR illuminator (Univivi IR 

illuminator with 12 V/ 1A adaptor) as the light source. AuNR-HFtn samples and controls 

were individually exposed for 120 min, and absorbance spectra (1100ï200 nm) were 

acquired for each photochemical reaction from the UV-Vis spectrophotometer. Iron release 

studies were conducted with AuNR-HFtn, 32 mM sodium potassium tartrate, and 80 mM 

Fz in 0.1 M Tris buffer (pH = 7.4). Quantitation of Fe(II) release was determined by UV-

Vis spectroscopy at 562 nm due to Fe(II)-Fz complex formation.  
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7.5 Results and Discussion 
 

7.5.1 TEM and UV-Vis Spectroscopy and TEM of AuNS in TX-100 
 

          The Figure 7.1a, the UV-Vis spectrum exhibits two different modes similar to the 

AuNR, a weak transverse band at 505 nm and a broad longitudinal band at 800, 900 or 

1050 nm. We discovered that by adjusting the TX-100 concentration ([TX-100]) in the 

seed solution, the longitudinal absorbance band position could be tuned in the NIR window. 

During the reaction, TX-100 micelles form and can capture free Au(III) ions, which can 

limit the nucleation and growth steps of the mechanism. When [TX-100] surpasses the 

critical micelle concentration (CMC) of TX-100 (0.3 mM), the free Au(III) ions available 

in the solution are significantly reduced. As a result, the nucleation and growth kinetics are 

anticipated to be more controllable and vice versa. Atta et al. reported that various factors, 

including the chemical characteristics of seeds, the ascorbic acid, and the AgNO3 

concentration, affect the anisotropic growth of AuNS and its longitudinal NIR absorbance. 

The same publication thoroughly explored how each reactant influences the morphology 

and the NIR absorbance. However, the mechanism involved in the seed-mediated TX-100 

capped AuNS synthesis remains unresolved.19 
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Figure 7.1: (a)UV-Vis spectra of AuNS in TX-100 with various longitudinal peak 

positions (b)Unstained image of AuNS in TX-100 (c)Spike lengths of AuNS (Longitudinal 

band position at ‗  810 nm). 

TEM images and NIR plasmon spectra of the AuNS in TX-100 are shown in Figure 

7.1. According to Figure 7.1b, the TEM image indicates that most AuNSs have spikes of 

different lengths and numbers. In Appendix: Figure E1a-e shows the diversity of spike 
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sizes among the dispersed AuNSs in TX-100. Based on the TEM images, each AuNS can 

have between 3 and 7 spikes, either sharp or blunt, and of different sizes. The length of the 

spikes ranges from 50-100 nm. (Figure 7.1c) Additionally, some shorter spikes have 

developed from the main branches of the AuNSs, as shown in Appendix: Figure E2a and 

b) 

7.5.2 TEM and UV-Vis Spectroscopy of AuNS-HFtn Bioconjugates  

 

In Figure 7.2a, the stained TEM image of HFtn reveals a distinct structure 

comprising an inner core of Fh and an outer white protein shell. In Figure 7.2b, the stained 

AuNS-HFtn clearly demonstrates the conjugation of HFtn with the AuNSs at the spikes of 

the AuNSs. The dark spherical spheres in the unstained image represent the Fh core. 

Additionally, the unstained TEM image shows that the HFtn can be trapped within the 

cage-like inner cavities created due to aggregation of the AuNS. (Figure 7.2c). More 

unstained TEM images of AuNS-HFtn have been provided in Appendix: Figure E3a-f. 

Area A, shown in Figure 7.2c, clearly indicates the alignment of the HFtn inner core on the 

AuNS spikes. The tiny gap between the inner core and the AuNS spike surface denotes the 

HFtn protein shell thickness of ~ 2 nm.  



 165 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: (a)Stained TEM image of the HFtn. (b)Stained TEM image of AuNS-HFtn 

bioconjugates. The AuNS and the HFtn attached to the tips and the other surfaces of the 

AuNS have been shown. (c)Unstained image of AuNS-HFtn. The HFtn attached to the 

spikes and trapped inside AuNS cages has been clearly shown. (d)UV-Vis spectra of pure 

HFtn and AuNS-HFtn in Tris HCl (pH = 7.4). ~ 40 nm redshift was observed when AuNS 

is transferred to HFtn in Tris HCl from TX-100. 

According to the UV-Vis spectrum shown in Figure 7.2d, the longitudinal peak was 

redshifted to 850 nm from its initial absorbance at ~ 810 nm after the HFtn bioconjugation. 

This redshift is due to the change in the refractive index of the medium from TX-100 to 

Tris HCl. The data presented in the text provides detailed insights into the structure of HFtn 

HFtn attached to 

the AuNS tips

FeOOH inner core

A
A

a b

dc
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and offers valuable information on its interactions with AuNS, including the formation of 

AuNS nanocages and AuNS-HFtn bioconjugation. More unstained TEM images of AuNS-

HFtn have been provided in Appendix: Figure E4a-f. 

7.5.3 Confirmation of TX-100 Removal from AuNS-HFtn by ATR-FTIR 

Spectroscopy 

 

TX-100 is a modified poly(ethylene glycol) derivative and a nonionic surfactant. 

Its terminal hydroxy group has been converted into the corresponding p-(2,4,4-

trimethylpentan-3-yl)phenyl ether.20 It has been shown to cause cytotoxicity due to its 

prolonged exposure and high concentrations.21 This is mainly because it disrupts the 

compactness and integrity of the cellular lipid membrane and organelle membranes.21 To 

avoid any adverse effects, removing TX-100 from the AuNS-HFtn bioconjugates is crucial 

before using them in biological applications. An ATR-FTIR study was conducted to ensure 

that the TX-100 removal had been successfully accomplished. The ATR-FTIR spectrum 

of AuNSs stabilized in TX-100 is represented by the dark green spectrum, while the AuNS-

HFtn bioconjugates in Tris-HCl (0.1 M, pH = 7.4) solution corresponds to the light green 

spectra, respectively. (Appendix: Figure E5a and b). The two spectra exhibit noticeable 

differences. In the dark green spectrum, the OH stretching vibration of the terminal OH 

group in TX100 is responsible for a broad and weak band with a center at 3480 cm-1. 

Additionally, the weak and sharp bands observed at 1610, 1581, and 1512 cm-1 are 

attributed to C-C in-plane stretching vibrations of benzene.22 The aromatic in-plane 

bending mode is detected at 1186 cm-1, while the C-O-C stretching frequency generated 

due to oxyethylene units attached to the benzene ring is observed22 at 1092 cm-1. It is vital 
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to note that this unique feature is a distinguishing characteristic of TX-100 compared to 

Tris-HCl. According to the pale green spectrum, the infrared spectroscopy analysis of Tris-

HCl reveals that the 1272 and 763 cm-1 peak represents the C-N stretching and N-H 

wagging frequency, respectively. The C-O stretching vibration corresponds to Tris-HCl is 

located at 1041 cm-1 The broad band at 3000-3400 cm-1 is attributed to the N-H and O-H 

stretching vibrations of primary amines of Tris and the HFtn. In addition, the peak at 1625 

cm-1 represents the N-H bending frequency of primary amines of Tris and the HFtn.23 The 

CH2 bending modes of TX-100 are located at 1458, 1350, and 949 cm-1, corresponding to 

the scissoring, wagging, and rocking, respectively.22 In Tris-HCl, those modes are slightly 

shifted and relocated at 1460, 1390, and 912 cm-1.The CH2 twisting modes can be seen at 

1295 and 1247 cm-1. In tris, CH2 twisting mode at 1296 cm-1 can be observed. Additionally, 

the O-H bending mode can be observed at 927 and 882 cm-1 for TX-100 and Tris-HCl, 

respectively.  The infrared spectral analysis of the AuNS in TX-100 and AuNS-HFtn in 

Tris-HCl indicates that the TX-100 surfactant has been successfully removed from the 

bioconjugates, and AuNS-HFtn has been transferred to Tris-HCl. 

 

7.5.4 Fe(II) Release from the AuNS-HFtn under 850 nm NIR Irradiation 

 

The reaction mixture consisting of AuNS-HFtn bioconjugates, Tris HCl buffer (pH 

= 7.4), Sodium potassium tartrate, and Fz was exposed to an 850 nm NIR illuminator for 

various time intervals, and the amount of Fe(II) released from the system was determined. 

Fz is a chelator specific to Fe(II) ions, and it exhibits a sharp absorbance peak at 532 nm 

when it forms a complex with Fe(II).24 This absorbance peak can be used to measure the 
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concentration of Fe(II) ions in the solution quantitatively. According to the results 

presented in Figure 7.3a, as the reaction mixture is exposed to the 850 nm NIR illuminator, 

the absorbance peak at 532 nm gradually increases with the duration of exposure. This 

indicates that the concentration of released Fe(II) ions in the solution is increasing over 

time. To quantitatively determine the concentration of released Fe(II), Beer's Lambert law 

was employed.25 By applying this law, the concentration of Fe(II) ions released into the 

solution during NIR radiation exposure is calculated. The results show that within 2, 5, and 

24 h of exposure, the released Fe(II) concentrations are 34, 131, and 447 nM Fe(II), 

respectively. Control reactions performed without the presence of HFtn and AuNS did not 

exhibit a significant release of Fe(II) (Figure 7.3b). This suggests that the observed 

photochemical effect, resulting in the release of Fe(II) ions, only occurs when AuNS and 

HFtn are conjugated together. In other words, the specific interaction between AuNS and 

HFtn is necessary for the photochemical reaction to take place and release Fe(II) ions. 
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Figure 7.3: (a) UV-Vis absorbance peak of Fe(II)-Fz complex formation at ‗ = 532 nm for 

different 850 nm NIR exposure times and for controls (reaction mixture except for AuNS 

and HFtn) (b)[Fe(II)] released from the AuNS-HFtn bioconjugate system under 850 nm 

NIR exposure during 2,5, and 24 h exposure times.  

The mechanism behind the Fe(II) release can be attributed to the same mechanism 

explained in Chapter 5 for Fe(II) release from the AuNRs attached to HFtn (AuNR-HFtn) 

system under 850 nm NIR exposure. The Fh in HFtn requires a minimum energy of 2.6 eV 

a

b
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to achieve a direct band gap excitation. Hence, the incident energy of 1.45 eV, 

corresponding to 850 nm NIR light exposure, is insufficient to excite the Fh core directly. 

Previous studies have explored metal-semiconductor heterojunctions to induce charge 

separation in semiconductors using various mechanisms.26 These mechanisms include 

PIRET, PHETr, and PHETu.27 However, the PIRET mechanism is unlikely to occur if the 

localized surface plasmon resonance of the metal does not overlap with the absorption 

bands of the semiconductor.28 In the case of AuNS and Fh core materials, their UV-Vis 

absorbance bands do not overlap significantly with each other, suggesting that the PIRET 

mechanism is not expected to result in significant energy transfer within the AuNS-HFtn 

conjugate system. Instead, we postulate that the most common electron transfer 

mechanisms, PHETr and PHETu involve in photocatalytic reactions via AuNS-HFtn 

heterojunction.29 These mechanisms rely on the transfer of high-energy electrons from the 

metal to the semiconductor to drive desired chemical reactions.  

7.6 Future Work with the AuNS-HFtn System 
 

7.6.1 Anticancer Properties 

 

          Based on our preliminary studies, we have observed that the AuNS-HFtn 

bioconjugate system has the ability to release Fe(II) when exposed to 850 nm NIR light. 

The Fe(II) release can be further enhanced by increasing the duration of exposure and the 

power of the NIR illuminator. We hypothesize that the AuNS-HFtn system may generate 

hydroxyl radicals through the Fenton reaction when subjected to elevated levels of H2O2 

in cancer cells, similar to what was observed in our previous studies with the AuNR-HFtn 

system.30 Consequently, these photodynamic properties of the AuNS-HFtn bioconjugate 
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system can be harnessed to induce ferroptosis, leading to damage in cancer cell 

membranes.31 This suggests the potential utility of the AuNS-HFtn system in targeted 

cancer therapy by selectively inducing cell death through ferroptosis. 

7.6.2 Antibacterial Properties 
 

Bacterial infections have become a severe issue for public health.32 The 

conventional antibiotics used to treat bacterial infections have proven to be less effective 

due to the development of antibiotic-resistant bacteria, structural changes, and gene 

mutations in bacterial strains.33 Interestingly, pathogenic bacteria have evolved 

sophisticated strategies to acquire iron, as iron is an essential nutrient for their survival and 

growth.34  These bacteria can obtain iron from various host sources, including host proteins 

like Ftn.35  Hence, Ftn is an attractive target for these bacteria. Recently, nanoparticle-based 

antibiotics have been thoroughly researched to combat microbial drug resistance.36,37 

AuNPs have superior photostability, modifiable surfaces, lower toxicity, and higher 

bioavailability compared to other metal nanomaterials.38  The presence of sharp tips with 

high surface-to-volume ratios and the ability to produce heat by absorbing NIR makes 

branched AuNS a more compelling candidate for attacking bacterial cells.39 Therefore, the 

unique characteristics of AuNS-HFtn bioconjugates, having stable interactions and 

potentially targeting bacterial cells, make it a promising candidate for various selective 

antibacterial biomedical applications.  

7.7 Conclusion 

 

          In this study, TX-100 stabilized AuNSs were synthesized chemically, exhibiting a 

longitudinal band positioned at 810 nm. TEM images revealed that each AuNSs could 
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possess 3 to 7 spikes of varying sizes, either sharp or blunt, with lengths ranging from 50-

100 nm. A novel approach was employed to eliminate surfactants from the AuNS and 

conjugate them with HFtn protein through Au-S interactions. Following the 

bioconjugation, the UV-Vis spectrum exhibited a red shift in the longitudinal band 

position, shifting to 850 nm. ATR-FTIR spectroscopy was employed to validate the 

removal of the toxic TX-100 surfactant from the AuNS-HFtn bioconjugate system. Upon 

exposure to an 850 nm NIR light source, the system demonstrated Fe(II) release. The 

results indicated that within 2, 5, and 24 h of exposure, the concentrations of released Fe(II) 

were 34 nM, 131 nM, and 447 nM, respectively. Additionally, the mechanism responsible 

for generating ROS through the Fenton reaction can be utilized to harness the dual 

anticancer and antibacterial properties of the AuNS-HFtn bioconjugate system. This 

unique hybrid material possesses the capability to inhibit cancer growth while also 

combating potential bacterial infections, presenting a promising avenue for multifunctional 

therapeutic applications. 
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CHAPTER 8 

GOLD NANOSPHERE ATTACHMENT TO THIOL -FUNCTIONALIZED  

HORSE SPLEEN FERRITIN 

8.1 Introduction 

 

Ftn is an iron-storage globular protein that can sequester free Fe(II) as a Fe(III) 

bearing iron oxyhydroxide solid via enzymatic oxidation pathways within its cavity.1 

HSFtn having an outer diameter of ~ 12 nm and an inner diameter of ~ 8 nm, is a well-

characterized Ftn protein, and its 3D structure and amino acid sequence are well known.2 

HSFtn is defined as a protein shell that is composed of 24 protein subunits with various 

proportions of H and L chains.3 HSFtn comprises mainly stable L-chains and only 10 -15% 

H-chains. X-ray crystallographic studies have shown 476000 g mol-1 of the molar mass of 

oligomers containing 24 subunits.2 HSFtn shows promise as a candidate for targeting 

cancer cells due to its ability to bind with TfR1 receptors which are overexpressed in cancer 

cells.4 Cancer cells have high metabolic activity, DNA synthesis, and cellular growth, 

which leads to the elevated enzymatic activity of ribonucleotide reductase.5 This requires 

cellular iron as a cofactor, resulting in the over-expression of TfR1 receptors in cancer 

cells.4 Due to this affinity of HSFtn for TfR1 receptors, investigators continue to investigate 

the use of HSFtn as a container for the delivery vehicle for the transport of drugs to cancer 

cells.4 

Prior research has shown that AuNSps can be grown on the exterior surface of 

HSFtn via a photochemical process where HSFtn in the presence of AuCl4
- in the presence 
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of citrate is exposed to light.6 The plasmon resonance of the 7- 8 nm AuNSps grown in this 

circumstance resides at ~ 520 nm.7 While the mechanism for the growth of the AuNSps on 

HSFtn has not been well established, particle formation may occur in the 3-fold pore of 

HSFtn where Cys groups are available to form Au-S bonds during exposure to light.6,8 A 

complication related to the potential attachment of AuNPs to HSFtn is the lack of solvent-

exposed Cys on the outer surface of the protein cage.9 

In the current study, we investigate the development of AuNSp-HSFtn 

bioconjugates composed of HSFtn attached to chemically synthesized AuNSps. As a well-

known AuNP, AuNSps play a significant role in the field of biological sciences, mainly 

due to their tunable optical, physical, and chemical properties and biocompatibility.10,11 

They exhibit non-cytotoxicity, making them safe for use in various biological 

applications.12 We show in the present contribution that the installation of solvent-exposed 

S-H functionality on the surface of HSFtn allows the attachment of AuNSps.  In particular, 

we show first that adding thiol functionality to HSFtn can be accomplished by reacting N-

succinimidyl S-acetylthioacetate (SATA)13 with primary amine groups (Lys) on the 

exterior protein surface of HSFtn. It is mentioned that SATA-functionalized proteins and 

antibodies have been widely utilized in potential applications for biosensor fabrication,14 

drug targeting,15 immunoassays,16 immunosensors,17 antibacterial applications,18 and 

liposome coupling.19 Besides, AuNSps are a well-known contrasting agent used for various 

imaging techniques, including dark-field light scattering, optical coherence tomography 

(OCT), Photothermal imaging (PTI), Surface-enhanced Raman Spectroscopy (SERS), and 

Magnetic resonance imaging (MRI).20 Hence, the AuNSp-HSFtn bioconjugate system 

holds great potential for cancer cell imaging in addition to targeted cancer therapeutics. 
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With regard to a targeted cancer photothermal therapeutic, the ability of the bioconjugate 

to release Fe(II) ions opens up the possibility of suppressing cancer/tumor growth via 

ferroptosis. 

8.2 Experimental  
 

8.2.1 Chemicals 

 All chemicals used in this study were used as received without any further 

purification. Analytical grade solid chemicals, solvents, and deionized (DI) water (18 Mɋ 

cm-1) were used in all preparations. Apoferritin from equine spleen (apoFtn), sodium 

hydroxide (NaOH, ACS reagent, Pellets, Ó 97.0%), Sodium tetrachloroaurate(III) 

dihydrate (NaAuCl4.2H2O, > 99%), SATA, Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP powder), 5,5ǋ-Dithiobis(2-nitrobenzoic acid (DTNB, Ó 98%), Dimethyl sulfoxide 

(DMSO, ACS reagent, Ó 99.9%), (R)-2-Amino-3-mercaptopropionic acid (L-Cysteine, 

Assay: > 99%), Hydroxylamine hydrochloride (NH OH. HCl, reagent plus, 99%), 

Phosphotungstic acid hydrate (H3[P(W3O10)4]. xH2O, 99.995%), 3-(2-Pyridyl)-5,6-

diphenyl-1,2,4-triazine-p,pǋ-disulfonic acid monosodium salt hydrate (Ferrozine, 98+% 

pure), and Trisma base(primary standard and buffer, Ó 99.9%) were purchased from Sigma-

Aldrich. Hydrochloric acid (HCl, Certified ACS plus, 36.5 to 38.0%), Sodium phosphate 

dibasic heptahydrate (Na HPO Ŀ7H O, crystalline/certified ACS, Assay: Ó 98 to 102%), 

sodium phosphate monobasic monohydrate (NaH PO4·H2O, crystalline/certified ACS, 

Assay: Ó 98 to 102%), sodium citrate dihydrate (Granular/Certified), ferrous ammonium 

sulfate hexahydrate (Fe(NH4)2(SO4)2·6H2O, crystalline/certified ACS, Assay: Ó 98.5 to 

101.5%), Sodium potassium tartrate (KNaC4H4O6·4H2O, Certified ACS), 
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ethylenediaminetetraacetic acid (EDTA, Electrophoresis grade, Assay: Ó 99%) were 

purchased from Fisher ChemicalÊ. Finally, HEPES buffer (ultra-pure) was obtained from 

American bio. 

8.2.2 Iron Mineralization of HSFtn 
 

 Briefly, 10.0 mL of an apoFtn solution (25 mg mL-1, 443000 g mol-1) in HEPES 

buffer (pH = 7.4, 0.1 M) containing NaCl (100 mM) was prepared at room temperature. 

Aliquots of Fe(NH4)2(SO4)2·6H2O (4.06  ‘M, 500 ‘L) were added to the apoFtn solution 

over a 150 min period at 30 min intervals targeting with a goal of having an average loading 

of each Ftn cage to be 2000 iron atoms. For each Fe(II) addition, the solution was shaken 

slowly and exposed to air for 30 min. The initially colorless solution slowly turned to a 

yellowish-orange, and a homogeneous solution was observed without any visible 

precipitation. Excess Fe(II) and other excess ions were removed by dialysis (molecular 

porous dialysis membrane, MWCO: 12-14 kDa) in fresh Tris buffer (pH = 7.4, 0.1 M, 1000 

mL) for 1.5 h intervals three times and stored in 4 ЈC. 

8.2.3 Preparation of AuNSps 
 

 Spherical-shaped AuNSps (~ 15 nm diameter) were synthesized by a modified 

method based on prior work.21,22 First, an aqueous solution containing NaAuCl4.2H2O 

(0.25 mM, 100 mL) was boiled in a conical flask (250 mL) under continuous rapid stirring 

conditions (350 rpm). Upon boiling, 1% sodium citrate dihydrate (1 mL) was quickly added 

to the flask while stirring. The color of the solution initially turned green and then to bluish-

purple, indicating the growth of the AuNSps. The boiling step was continued for another 

30 min under vigorous stirring. Then the solution rapidly changed to orange, followed by 
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a stable wine-red color due to monodispersed spherical-shaped AuNSp formation. The 

final wine-red color AuNSp solution was stored at 4 °C. 

8.2.4 Synthesis of AuNSp-HSFtn 
 

SATA labeling protocol 

 A 20 ml volume of HSFtn (~ 10 mg mL-1, 443000 g mol-1) was transferred to fresh 

phosphate buffer (0.1 M, 1000 mL, pH = 7.4) by dialyzing (Molecular porous dialysis 

membrane, MWCO: 12-14 kDa) for 180 min intervals for a total of three times. Before the 

coupling reaction between SATA and HSFtn was initiated, a 5 mL sample of HSFtn was 

kept in an ice bath for 60 min. This cooling procedure helped to stabilize the protein during 

the reaction. Different concentrations on interest of SATA dissolved in DMSO were then 

mixed with 5 mL of HSFtn. Individual SATA concentrations of 0.5, 2.6, 5.2, and 13.2 mg 

mL-1 were used, resulting in expected SATA: HSFtn ratios of 10, 50, 100, and 200. The 

AuNSp-HSFtn reaction mixtures were allowed to react overnight at 4 ЈC. After the SATA 

conjugation, excess SATA and DMSO were removed by dialysis with fresh phosphate 

buffer (0.1 M, pH = 7.4, 1 mM EDTA) using a molecular porous dialysis membrane 

(MWCO: 12-14 kDa) for 240 min intervals (a total of four dialysis cycles). 

 

SATA deprotection protocol and AuNSp conjugation 

 Deacylation of the protected thiol in the AuNSp-HSFtn was accomplished by 

placing the complex in a solution containing 2.5% hydroxylamine (25 mg mL-1, 0.25 mL 

added to 5 mL of HSFtn) and TCEP (25 mg mL-1, 0.10 mL added to 5 mL of HSFtn) for 

120 min at room temperature. The TCEP helped prevent disulfide bonds. After the 

deacylation, the residual hydroxyl amine and diacylation products were removed by 
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dialyzing it with fresh phosphate buffer (0.1 M, pH = 7.4, 1 mM EDTA) in a molecular 

porous dialysis membrane (MWCO: 12-14 kDa) for 60 min. 

 

8.2.5 Preparation of AuNSp-HSFtn bioconjugate 
 

AuNSp-HSFtn (100:1 SATA: HSFtn) was individually conjugated to AuNSps at 

different concentrations ([AuNSp] = 57.6, 115.2, 230.4 and 460.8 ‘M). The final AuNSp-

HSFtn bioconjugates were transferred to Tris-HCl buffer (0.1 M, pH = 7.4) by dialyzing 

in a molecular porous dialysis membrane (MWCO: 12-14 kDa) for 180 min (for three 

dialysis cycles) to remove excess reactant.  

 

8.2.6 Determination of the extent of thiolation on HSFtn by using Ellman's 

reagent 

For the quantification of thiolation with Ellman's reagent, the absorbance of L-

cysteine (3.1 mL) at varying concentrations (0.0625, 0.125, 0.25, 0.5, 1.0, and 2.0 ‘M) in 

phosphate buffer (0.1 M, pH = 7.4, 1 mM EDTA) was measured at 412 nm. The 

relationship between absorbance and L-cysteine concentration was plotted to establish a 

correlation, and an equation was derived to quantify the -SH groups attached to HSFtn. To 

prepare Ellman's reagent, a solution of 4.0 mg L-1 was prepared in sodium phosphate buffer 

(0.1 M, pH = 8.0, 1 mM EDTA). Subsequently, 20 ‘L of Ellman's reagent was added to 

SATA-modified HSFtn, thoroughly mixed, and incubated for 15 min at room temperature. 

Following the incubation, UV-Vis absorbance at 412 nm was measured. The calibration 

curve established with L-cysteine was used to determine the total number of solvent-

exposed free thiol residues in the SATA-modified HSFtn bioconjugates. Further details 



 184 

and visual representations can be found in the Supplementary Information (SI), specifically 

in Appendix: Figure F1a and b. 

8.3 Characterization 
 

8.3.1 Determination of protein concentration  
 

The concentration of HSFtn was quantitatively determined by the Precision Red 

advanced protein assay23 and the A280 method.24 A 150 W UV-Vis spectrophotometer 

(Thermo-Fisher Scientific, UL 61010-1) was used to measure the absorbances. The 

Precision Red protein assay accurately measures protein concentrations from 0.25 to 50 

mg mL-1. Following the manufacturer's instructions, 200 mL of the assay was added to 

1800 mL of protein and incubated for 1 min at room temperature. The protein concentration 

was determined by measuring the absorbance at 600 nm. The A280 method uses the molar 

absorptivity of a protein at 280 nm to determine its concentration. 

8.3.2 TEM Analysis 
 

To capture images of AuNSps and AuNSp-HSFtn, we used a JOEL JEM-1400, 120 

kV TEM. All AuNSp and AuNSp-HSFtn samples were prepared on copper mesh-

supported holey carbon TEM grids from Ted Pella and allowed to dry as thin films. To 

visualize the protein shell of Ftn, some samples were negatively stained with a 2% PTA 

solution at pH = 7.0.  
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8.3.3 DLS Studies 
 

A Malvern Zetasizer particle size analyzer was used to measure the hydrodynamic 

particle size distribution of AuNP and AuNSp-HSFtn bioconjugates. 1 mL solutions were 

used in a disposable plastic cell (DTS0012), for the particle size analysis and Z.P 

measurements. 

8.3.4 ICP-OES Studies 

 ICP-OES (Thermo-Scientific, iCAP 7400-ASX520) was used to determine the 

concentration of gold ([Au]) in AuNSp. AuNSp samples were diluted with DI water to 10 

mL, and 2% by volume HNO3 was added to acidify the solution. AuNSp were mixed with 

5 mL of concentrated aqua regia (25% HCl, 75% HNO3), digested for at least 24 h, and 

then diluted the final samples to 10 mL with DI water before analyzing for Au content 

using ICP-OES. 

8.4 Photochemical Batch Reactions  
 

8.4.1 UV-Vis Spectroscopy and Xe Lamp Studies 
 

Photochemical experiments were carried out on solutions of interest in a 1 cm2 

quartz cuvette (Thor Labs). A 200 W Xe lamp (Oriel Instruments, 66002/58) was utilized 

as the radiation source. Before exposing the sample to simulated solar radiation (SSR), the 

beam was filtered using an optical long-pass filter (‗ > 475 nm), and the incident 

absorbance spectrum (800-200 nm) was acquired at zero-time. Then, at designated time 

points (t = 5, 10, 20, 30, 40, and 60 min) absorbance spectrum corresponding to the iron 

release (‗ = 562 nm) and Cr(VI) degradation (‗ = 372 nm) was measured.  
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All reactions had a total volume of 3.2 mL and were individually illuminated for a 

total of 60 min. To conduct the iron release studies, we investigated solutions containing 

AuNSp-HSFtn (~ 1.12 ‘M HSFtn, ~ 58 ‘M AuNSps), 32 mM sodium potassium tartrate, 

and 80 mM Fz in 0.1 M Tris buffer (pH = 7.4). For our Cr(VI) reduction experiments, we 

used solutions containing 0.100 mM K2Cr2O7 (0.2 mM [Cr(VI)] (no Fz was present). 

 

8.5 Results and Discussion 
 

8.5.1 TEM, DLS, and UV-Vis Spectroscopic Analysis 
 

Figure 8.1a exhibits a TEM image of citrate-capped AuNSps (AuNSp-Citrate) in 

DI. The majority of the particles have a spherical shape, although some triangular-shaped 

structures are present. Transferring the AuNSp-Citrate particles to Tris HCl buffer medium 

resulted in significant changes to the AuNSp morphology.  
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Figure 8.1: (a)TEM image of unstained AuNSp-Citrate (b)Unstained TEM of AuNP in 

Tris HCl(pH=7.4) (c)Unstained TEM image of AuNSp-HSFtn (d)Stained image of 

AuNSp-HSFtn  (e)Stained TEM image of AuNSp-HSFtn  with fused AuNSps 

In particular, the AuNSps became elongated and spherical and exhibited 

aggregation (Figure 8.1b). Figure 8.1c shows an unstained TEM image of the AuNSp-

HSFtn bioconjugates, and we indicate in the image that the Fh core of the Ftn is visible 

near the AuNSps. Finally, Figure 8.1d exhibits a stained TEM image of the AuNSp-HFtn 

system to highlight the position of the protein cage of Ftn relative to the AuNSps. The 

a b

c d e
HSFtn FeOOH core 

HSFtn outer shell

AuNPs

HSFtn FeOOH core
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image emphasizes that the protein cage of Ftn (white circular structures) is in contact with 

the AuNSps, consistent with the presence of AuNSp-HSFtn conjugates.   

We also determined the distribution of particle sizes shown in the TEM images for 

the AuNSps and AuNSp-HSFtn by using ImageJ software (Appendix: Figures F2a and c).  

The average surface area of the AuNSps was 210.7  134.6 nm2 and for AuNSp-HSFtn 

the average surface area was 270.3  574.4 nm2 (Appendix: Figure F2b and d). The 30% 

increase in average surface area (and associated large standard deviation) for AuNSp-

HSFtn is due to the elongation of the AuNSps and the aggregation of the AuNSps during 

the AuNSp-HSFtn modification. The wine-red colored AuNSps were stable and 

homogeneously dispersed in citrate with an average diameter of 13.6  2.5 nm (Figure 

8.1e). We also carried out DLS for the AuNSps and AuNSp-HSFtn. The DLS results show 

that the solution of AuNSp-Citrate exhibits a single peak at a 22.7 nm (hydrodynamic 

diameter). In contrast, AuNSp-HSFtn is associated with three peaks at 11.5, 67.5, and 266.5 

nm (Appendix: Figure F3). We believe that this result indicates particle aggregation and 

enlargement. At least for the peak observed at 11.5 nm we attribute the DLS peak to free 

HSFtn. It is likely not due to AuNSps since they are closer to ~ 14 nm. 

In Appendix: Figure F4a exhibits the UV-Vis absorbance spectra of AuNSp-

Citrate, HSFtn and AuNSp-HSFtn. The zoomed in spectral area of the UV-Vis spectra at 

400-800 nm is shown in Appendix: Figure F4b. The absorbance peak of 520 nm is due to 

the LSPR of AuNSps. There is also a small UV absorbance feature at 250-300 nm which 

is unique to AuNSps.25 AuNSp-HSFtn exhibits two distinct peaks at 538 nm and 280 nm, 

corresponding to the LSPR band of the AuNSp and HSFtn protein absorbances, 

respectively. It is mentioned that the LSPR of the AuNSps attached to HSFtn is shifted 12 
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nm relative to the AuNSps alone. We attribute the redshift in the LSPR absorbance peak 

of the AuNSp-HSFtn to an increase in size of the AuNSps of the conjugate.  

8.5.2 Optimization of SATA and the Thiol Residues in the HSFtn 
 

SATA is a well-known molecule that can modify primary amine groups into 

terminal sulfhydryl groups (-SH).26 In Appendix: Figure F5 illustrates the chemical 

reaction between SATA and the primary amine-containing amino acid in HSFtn. These 

nucleophilic primary amines can be available at the N-terminus of the polypeptide chain 

and in the side chain of Lys amino acid residues and positively charged at physiologic pH.27 

SATA can be bound to Lys by releasing the bulk N-hydroxysuccinimide group and forming 

an amide bond. The modified Lys from the reaction with SATA yields a protected terminal 

thiol. Hydroxylamine can deprotect the SATA-modified Lys to generate terminal 

sulfhydryl, and TCEP stabilizes the sulfhydryl by preventing the disulfide bond 

formation.28  
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Figure 8.2: Relationship between the amount of SATA conjugation to HSFtn and SATA 

to HSFtn molar ratios in the reaction mixture [HSFtn] = 1.12 ‘M. The number of SATA 

conjugated per HSFtn reached a plateau at ~ 14 as the [SATA] was increased. 

DTNB is selective for -SH groups at neutral pH. As shown in Appendix: Figure F6, 

it reacts with a free -SH group to yield a mixed disulýde and yellow color 2-nitro-5-

thiobenzoic acid (TNB2-). This yellow-colored product can be quantiýed using UV-Vis 

spectroscopy based on its strong absorbance at 412 nm (‐ = 13,600 M-1cm-1).29 A series of 

optimization experiments were conducted to determine the ideal SATA: HSFtn molar ratio 

for achieving maximum thiol bond formation while maintaining the homogeneity of the 

AuNSp-HSFtn.  

Data presented in Figure 8.2 showed that increasing the concentration of SATA per 

HSFtn molecule resulted in a proportional increase in the number of primary amine 


















































































































