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ABSTRACT

The main objectives of the research presented in this thesis wereléostand
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 repurpogéd from its role in biological systems as iann-
sequestratioprotein 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 photochemistryFf with relevance to
photccatalysis. In particularesearch was designed to determine whether the light
induced bandgap excitation of the semiconductor core of i3ptsen ferritin (HSFtn)
resulted in electron transfer from the inorganic core to aqueous redox active reactant
via electron transport throbgthe 2 nm thick shell of HSFtn. To investigate this
mechanistic pathway,-8 nm copper (hydr)oxideangarticles were mineralized
within the internal volume of HSFtn (CuFtn). It was shown, thalike the native iron
oxyhydroxidebearing(Ferrihydrite; Fh) Ftn, the visible lightphotoexcitationof the
inorganic core of CuFtn (measurepticalbandgap to be 3.65 eV) did not exhibit any
release of redeactive metal cation from the HSFtn cage into solution. By
photoexciting CuFtn in the presence of aqueous chromate (Cr(VI1)) it was shown that
the Cr(VI) underwent reduction to Cr(lll) in solutiofhe research strategy eliminated
the possibility that metalationsescaping from the HSFtn during phetaitation could
be responsible for Cr(VI) reduction. Hence, the research showed for the first time that
electrons resulting from a photoexcited metal oxide cofgro€ould transfer through

the protein shell to reduce an aqueous redox active reactant. The research also
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investigated the wavelengttependent photochemistry of CuFtn to show that bandgap
excitation was indeed responsible for the electrons that transfer across the protein shell.

In a second projecthe research investigated the bioconjugation of anisotropic
AUNPS gold nanorods (AuNRs) and gold nanostars (AulSe) human Htype
ferritin (HFtn). After attaching the AuNRs or AuNSs to HFtn, it was shown that the
nearinfrared (NIR) radiation excitation of the localized surface plasmon resonance
(LSPR) of the AUNR or AuNS conjugated to HFtn led to the activation dfttumre
of the protein. This NIR photochemistry £ 850 nmlight) resulted in the release of
Fe(ll) from the Ftn andlso led to the reduction of Cr(VI) when it was present in the
agueous phase. The novel synthetic protocols to synthesize the bioconjugates focused
on attaching the AUNRs and AuNSs to the sohexqtosed cysteing€ys)on HFtn.

The research also developed techniques for the removal of colktalailizing
surfactants, such asetyltrimethyl ammonium bromide (CTAB@RNnd TritonX100
(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 apptations 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 fewsolvent exposedys 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

aminecontaining amino acidd.¢sine) in HSFtn were modified to acti@ys using N
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succinimidyl Sacetylthioacetate (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 (AuNB@Ftn) exhibited the release of

Fe(llat wavelengths of l ight where & > 475
released Fe(ll) during exposur e nihdhel i ght
activation of the bandgap at | onger wavel

excitationof the 532 nm plasmon resonance of AUNSp and the presumed transfer of
hot electrons to the inné&h core of HSFtn.

A final project investigated the use of the AWRRtn bioconjugates as a
photodynamic strategy utilizing NIR to suppress the growth of cancervagtighe
expectation that this process will occur through the mechanism of ferropiésis.
carried out experiments that exposed prostate cancerle€lgyto 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]lieleased 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 cana#umor suppression.
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CHAPTER 1

INTRODUCTION

1.10verview

The objective of the thesis research was to understand mechanistic aspects of the
photochemistry offerritin (Ftn) and repurpose this protéinlesigned by nature to
sequester iron in organistgo drive chemistry relevant to environmental remediation
and biomedicine. Toward this end, the first goal was to understand how the visible
light-induced photochenmtiyy of Ftn with solution phase redox active species depends
on the nature of the mineralized metal hydroxactee (hydr(oxide)) core. The second
goal wago 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 neamfrared (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 Etmtaining an irofbearing oxyhydroxide core
material can, if exposed to the light of particular wavelengths, drive redox reactions in
an aqueous solutior?>* There are still outstanding issues that prevent a more
complete understanding of the photochemistry of Ftn witerehydrite £h) core. The
first issue that needs to be resolved is whether the photochemistry exhibited by the
protein is due to lighinduced Fe(ll) release into the solution. Prior studies have shown

this to be a photochemical pathway if Ftn is exposed to photon esergual to or
1



greater than the bandgap of the inorganic core material. The aqueous Fe(ll) can then
presumably undergo reactions with redimtive reactants in the solution. A second
issue is to determine whether the photochemistry exhibited by Ftn is due to the
excitaton 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 thse 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 coppdérased core material within the globular protein that was
insoluble undervisible 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)) ttrivalent chromium (Cr(lll)), 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 applicatioh@uFtn for the removal of hazardous environmental
pollutants (i.e., Chromate).

In a second thesis research effort, plasmonic AUNRs and AuNSs were attached to
human Hchain Ferritin (HFtn). The research showed that the photochemistry of HFtn
could be sensitized to longer wavelengths by attaching the anisotropic plasmonic
nanoparticls that have plasmonic resonancetheNIR region of the electromagnetic
spectrum. In addition, the results will show that the bioconjugate releases Fe(ll) during
exposure to |Iight wavelengths in the NI
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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
AuUNSs attached to HFtn (AuNRInd AuUNSHFtn) as acancersuppressioandcancer
treatment to complement the ongoing interest in using-aifRrated AuNRs for
photothermalkancersuppression strategie’ The advantages of this novel system
will be discussed later.

Finally, we investigatednattachment 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, activeCys groups By modifying the surface primary amioentaining
amino acids (Lysine) via{$uccinimidyl Sacetylthioacetate (SATA) to introduegsH
groups in HSFtn, we found that the surface reactivity and connectivity of HSFtn to
AuNSps was enhanced. THeH are knowrto form strong covalent bonds with Au,
leading to golethiol (Au-S) bond formatiof:® Hence, by introducing excess active
SH groups through SATA modification, the ability of HSFtn to form stabl&SAwnds
with AUNSps has improved. In addition, the bioconjugate system composed of AUNSps

attached to SATAnodified HSFtn (AuNSgHSFtn) releaed Fe(ll) during exposure to

|l onger wavelength | ight (& > 475 nm) than



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 composedsabfaits
(each about 20 kDa) that selésemble under a wide range of conditions into the
globular form. The outer diameter of the protein shell (213 nm, and the inner
diameter of the protein is ~& nm, where the thickness of the protein shell is23
nm!! Figures 1.1a and b exhibit the spherical 3D ribbon structure oftyylel HFtn

and HSFtn, respectively.

Figure 1.1: The spherical 3D ribbon structure of (a)Wilge HFtn. The model was
generated using the UCSF Chimera software package, PDB code 38K The
model was generated using the UCSF Chimera software package, PDB code 2W0O.



In mammalian Ftn, the conformation of the apadtthunits 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 F43%) shown in Figure 1.2. The-Aelix, C-helix of subunits, and BC

loop form the outer surface, while thehBlix and Dhelix assemble the inner surface

of the Ftn'3Ftn is characterized by eightf8ld channels and six#ld channels having

pore sizes between3 and 5 A. These different channels bridge the connectivity of the
inner cavity to the external environment. In animal Ftn, tHel® channels are
hydrophilic, and the 4old channels are hydrophobfit.Therefore, the threfold

channels enable most ions to diffuse into the cavity.

Figure 1.2: Subunit ribbon structure of witype HFtn. Model generated using the
UCSF Chimera software package, PDB c84d0.



ApoFtn typically contains a high content of Apolar acidic residues such as
glutamic acid (Glu) and aspartic acid (Asp), making the inner surface of the Ftn
negatively charget?'® 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 kDaydaL (~ 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, respéétively.

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, Tyroflye) Tyr34,
Glu62, Histidine (His) His65, Glul107, and Glutamine (GIn) GIn141, located in H
subunits that enzymatically oxidize Fe(H:612 The Fe(ll) transport efficacy, clearing

the catalytic site on the H subunits, hydrolysis, nucleation, and core growth is mediated
by the L subunits$? 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 Fell). 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, longerm iron storage, and/or quick release depending on the

requirements of differentdsues’!!



Various types of mammalian Ftn, such as HBtHSFtn!® rat liver Ftnl®
amphibian Ftn having M (Middle) subunits like bullfrog Fitacterioferritin?: DNA-
binding protein from starved cells (DPS) found in prokaryétes mini-Ftn are widely
studied to investigate structural and functional properties, 3D spatial arrangement and

amino acid sequenceldowever, he main objectives of this thesis were realized by

focusing on HSFtn and HFtn.

1.3Fh 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 laboratorprepared iron loaded FtA.Fh, is a Fe(lljoxyhydroxide
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 les®rdered tweine Fh, and a morerdered sidine Fh. The number of lines
refers to the number of reflections in the XRD pattern for that particular material.
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 sités.
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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 elikastucture
consisting of four edgshared Fe octahedra. (b)The ideal Fh structure alongékis,c
shows thecentral Fe@tetrahedra surrounded by 12 Ref@tahedra. From Michel et
al?*Michel, F. M.; Ehm, L.; Antao, S. M.; Lee, P. IChupas, 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 (B0 2007, 316 (5832), 1726729.
https://doi.org/10.1126/science.114252Bprinted 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
P63mcywith a unit cell exhibiting average dimensions of ~a =5.95 A and ~ ¢ = 9.06
The chemical formula for Fh is determined to baoBe(OH). (FesOsH).2* This

stoichiometry was later supported by neutron scattering measurements that indicated
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that Fh was associated with asBgH stoichiometry?® Although, it is mentioned that
various other chemical formulas for Fh have been suggested based on the varying
proportions of OH and #D in relation to Fe, including 26@s-9H.0,?’ F&03-3H,0,28
FeOOH?° and FgoO14(OH)..%°

Neutron scattering measurements have confirmed that the core of Fh exhibits the
FesOsH stoichiometry, supporting the model proposed by Michel et al., which
effectively describes the observed properties of Fh st faccording to the Michel
model, the structure of Fh, characterized by domain sizes ranging from 2 to 6 nm, can
be effectively represented by a singlease model. This model corresponds to the
hexagonal space group P63mc, with a unit cell exhibiting ageatimgensions of ~ a =
5.95 A and ~ ¢ = 9.06 A (Figure 1a). The chemical formula for Fh is determined to be

Fe10014(OH). (FesOgH).24

1.3.2 IronBearingCore 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
proteinbdbs nanocavity with controlled size
of 4500 irm atoms can be accommodated in Ftn and maintain colloidal stdbility.
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 twaoline Fh, and as the iron loading per cage increases, it transitions towards

six-line Fh32



While laboratoryprepared, iroloaded Ftn has been addressed, it is mentioned that
naturally occurring Ftn was first analyzed by electron microscopic techniqueay (X
and neutron scattering (XRNS) and single crystadax diffraction (SCXRD)33#
SCXRD and higkresolution transmission electron spectroscopic (HRTEM) studies
indicate the diameter of the core material of wijde Ftn to be & nm in diameter.
According to Galvez et al., the HSFtn core contains Fh with a magnetite stirface.
These workers used brigfield transmission electron microscopy (BFTEM), small
angle Xxray scattering (SAXS), and -Kay absorption neagdge spectroscopy
(XANES) techniques to analyze the inner core material. However, recent research
using electron eneygloss spectroscopy (EELS) has demonstrated that electron beam
damage can cause significant changes in Fh, including the reductioti tf F&* and
the migration of iron between octahedral and tetrahedral sites. Hence, multiphase
models for Fh structum@ay be a result of electron beanduced alterations rather than

representing its inherent structdfe.

1.3.3 Nonlron BearingCores in Ftn

Nature's primary purpose for Ftn is to sequester free Fe(ll) as a relatively insoluble
Fe(lll) mineral iron (oxy)hydroxide phase to avoid the Fenton reaction in organisms.
Such a reaction, if not controlled in organisms, generates harmful free radatalarth
damage genetic materi&l.While not of primary biological significance, but very
relevant to the first part of this thesis is that laboratmged studies have shown that
Ftn also has a distinctive affinity for nonferrous metal ions’{Cav?*, C/?*, Co*,

Mn?*, and M@") and oxoanions (P9, VO,*, AsQ:* and MoQ?%).%’ Laboratorybased
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research has shown that various4mam bearing cores can be mineralized within the

hollow nanocavity unden vitro conditions.

H0,

Metallic oxide coated
iron core

Reduction  ga ¢

NaBH, R
pH7.0 #§3%

NaBH, NaBH,

Outer su;ce
Metal ions diffuse Metal ions diffuse Alloy Metal core Metal ions binding Metal atoms core

Figure 1.4: Laboratorybased biomineralization synthetic strategies for Ftn
(A)Oxidation-base (B)Reductiohased (C)Twestep reductiofbased (D)Oxidation
and depositiotbased (E)pFiependent disassembigassembly based (F)Outer
surface reductiorbased biomineralizein of Ftn. Adapted with permission from Jiang,
B. et al*’ Jiang, B.; Fang, L.; Wu, K.; Yan, X.; Fan, K. Ferritins as Natural and
Artificial Nanozymes for Theranostics. Theranostics 2020, 10, i 85.
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(ll) unde®tf® (Figure 1.4A),
and Xray absorption spectroscopy (XAS) was used to analyze a metastable
oxyhydroxide phase of manganese mineralized in HSFtn, which closely corresponds to

in? andl -MnOOH phase$g’
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Meldrum et al. utilized the Ftn cavity to mineralize a ferrimagnetic iron oxide core
(FesOg), also called "magnetoferritin,” which could be used for biomedical imaging
and cell labeling® Copper (Figure 1.4B) and CuFe Prussian blue nanopafticles
(Figure 1.4D) and precious materials like platintfipalladium?3 iridium,** rhodiunf®
(Figure 1.4B), and quantum dots like PBE£dSe*’ CdS* and CuS nanoparticlEs
were mineralized in the apoFtn cavity for photocatalytic and energy applications.
Amendola and coworkers developedi/&e alloy nanoparticles for safe clinical
translations (Figure 1.4CY.

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(}. Okuda et al. fabricated both nickel or chromium
hydroxide nanoparticles inside the Ftn cavity under precisely controlled pH and CO
dissolution®? Gadolinium ion (Gé") is a weltknown contrast agent, which could
shorten the spihattice relaxation time (T1) and enhance the quality of the MRI images.
Hence, G&" encapsulated Ftoould be a beneficial bioconjugate for MRI scannthg.
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%*>> 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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1.4PlasmonicGold Nanomaterial Synthesis andProperties

A major focus of this thesiwas to form bioconjugates containing AuNPs and Ftn.
This section briefly review®ackgroundinformation 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 singigtep gold quantum dots (8 nm) using tetrachloroaurate
(AuCly) freshly prepared sodium borohydride, alkyl thioether-emdtionalized
poly(methacrylic acidj® Changing polymer concentration could change the particle
sizes from 2.24.6 nm. Sardar and Parry synthesized gold quantum dots (< 5 nm) using
9-borabicyclo[3.3.1]Jnonane {BBN) as the reducing agent. They explained how the 9
BBN concentration and reactia@@mperature affect the nucleation rate and growth of
the particles®J ana et al . fabricated uniform AuNF
particles as seeds prepared by borohydride reduction ofsAunGtitrate®® Various
morphologies were obtained by further modifying the spherical gold seed particles with
more AuCk, reductants (NaBk ascorbic acid, hydrazine, and dimethylformamide
(DMF)), other cations (AD, and shapéemplating surfactants cetyltrimethyl
ammonium bromide (CTAB), cetyltrimethyl ammonium chloride (CTAC), sodium
dodecyl sulfate (SDS), Polyvinylpyrrolidone (PVP),-TR0, DMF and hydroxylamine
sulfate The popular approach for AUNR synthesis is seediated growth by either
citrate or CTABcappedAuNPs. Cationic surfactant micelles function as a soft
template for AUNR growth, Agions 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 coworker®,El-Sayed and coworkeP$ Murphy and coworkef$ and
GuyotSionnest and coworkéfy have improved seemhediated 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 higélds ®®
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Figure 1.5 (A-G) TEM images of AuNR with a varying aspect ratio (H)Ultra Violet
Visible (UV-Vis) absorbance spectra of each Austiution with varying longitudinal
absorbance at 5060 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 #Zheng, Y.; Xiao, M.; Jiang, S.; Ding, F.; Wang, J.
Coating Fabrics with Gold Nanorods for Colouring, {BYbtection, and Antibacterial
Functions.Nanoscale2013,5 (2), 788 795. https://doi.org/10.1039/C2NR33064D
Copyright 2013 RCS PublishePermission conveyethrough Copyright Clearance
Center, Inc.

Figure 1.5 shows how the color and longitudinal-Mi¢ absorbance of the AUNRs

change when the aspect ratio is altered. Other anisotropic nanostructures such as
14
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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 suégalcanced

Raman spectroscopy (SERS). Chen et al. developed a method to get monatlisperse
triangular gold nanoprisms (morphological yield®8%) through a seedless growth
process with edge lengths tuned between 40 and 129 wiereas Porel et al.
developed polygonal gold nanoplates using a-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 ratf§.

Another anisotropic gold nanostructure, AuNS, exhibits complex structures and
morphology. They can be synthesized using either the segdedh method or the
onepot synthesis method. A pebntrolled ongpot AUNS synthesis method was used
by Das et al. sing gelatin to enhance the radiensitization of cancer therapeutiés.
Srivastava and coworkers performed a protegdiated ongot green synthesis of
AuNS for Imaging and photothermal cancer ther&pgccording to Vorster and
coworkers, by adding AgN$) HEPESmediated ongot AuUNS synthesis was
improved’* A surfactantfree onepot AuNS synthesis conducted by Huynh et al.
showed its antibacterial properti®sln 2009, the first synthesis of perisanched
AuNS by a seeding growth approach was reported by Huang and cowdikabsis
and coworkers produced dbtanched AuNS using a higheld, seeemediated
method’* They have further shown how the morphology of the AuNS can be tuned by
varying TX-100, ascorbic acid, and AgN@s precursors. Moreover, Kereselidze et al.

used a silver seemhediated AUNS synthesis method for biomedical applications.
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1.4.1 LocalizedSurfacePlasmonResonance (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 radiatio(Figure 1.6). This process results in interesting sufface
enhanced optical propertié&sAs an example, for AuUNSps (60 nm), the LSPR
absorbance peak appears around-S8B0 nm (resulting in a red color) The optical
properties due to LSPR may depend on the size and shape, type of solvent, surface
ligand, charge density, pH, and temperaf@irénlike isotropic AuNPs such as
AuNSps anisotropic gold nanostructures possess distinct shapes, such as AuNRs,
AuUNSs, nanocubes, or nanowires, which give rise to unique plasmonic properties.
Anisotropic nanoparticles that include AuNRand AuNS$* are associated with two
distinct plasmon bands (i.e., transverse and longitudinal bands). The transverse band
occurs around 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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Electric field

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®8Hammond, J. L.; Bhalla, N.; Rafiee, S. D.;
Estrela, P. Localized Surface Plasmon Resonance as a Biosensing Platform for
Developing Countries. Biosensors 2014, 4 (2), 1183.
https://doi.org/10.3390/bios4020172Copyright is retained by the authors, 2020
MDPI journals Publisher.

1.4.2 HotElectronGeneration andrransfer

LSPRinduced hot electrons generated by plasmonic gold nanostructures attached to
semiconductors have been widely investigated in photovoltaics and
photocatalysi§'®283 The LSPR decay results in photothermal effects and plasmonic
heating. It triggers with Landau damping, generating hot eletinte pair$?
Plasmonic heating is induced by elecirelectron scattering (< 100 fs), election
phonon scattering (10 ps), and phondphonon (phph) scattering® 100 ps) and

this heat is dissipated to the surroundiffgSe and Ctbased metal oxides (within

Ftn) investigated in this thesis have a high density of states in the conduction band
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due to dorbitals. Hence, they are better electron acceptors which can efficiently

couple with hot electrons.

There is an ongoing discussion on the mechanisms of pladrmam 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 Sditky barrier (S.B¥° A Schottky junction is created when
metal and semiconductors come in contact. Hot carriers can be created by both
intraband (from occupiedisand to empty-band within the conduction band) and
interband (from other bands such abamhd to the unoccupieslband states in the
conduction band) transitions, with the type of transition being influenced by the
energy of excitatiofi® Notably, these two processes result in distinct hot carrier
di stributions. The hot <carriers generat e
nanostructures have much lower kinetic energies but higher populations. In addition,
the process requires ancéation energy greater than 2.38 eV (< 539 Ahdjhese

highly energetic hot electrons can be extracted-bypa acceptor semiconductors
with a high Fermi level and high density of state (DOS) in the conduction®band.
The S.B height is crucial for injecting hot electrons into semiconductors through
inter or intraband transitiod® 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 +setaiconductor interface

and injected into the semiconductor.

Before plasmon excitation
Metal Semiconductor

Conduction Band

Valance Band
After plasmon exitation

->
Conduction Band

Valance Band

8 LR

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 kgdttor
electric fieldEo. Adapted with permission from Kumarasinghe, C.S. et° al.
Kumarasinghe, C. S.; Premaratne, M.; Bao, Q.; Agrawal, G. P. Theoretical Analysis of
Hot Electron Dynamics in NanorodsSci. Rep. 2015, 5 (1), 12140.
https://doi.org/10.1038/srepl12140 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, solvexpposed Cys groups are present on
the 24 selassembling Fsubunits allowing AtS bonding to link the AuNPs and
protein. In theHSFtn circumstance, there are few solvexposedCys groups (one in

H-subunits), so we functionalized HSFtn witBH groups by reacting Ftn with-N
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succinimidyl Sacetylthioacetate (SATA). In the next two sections, background

relevant to these methods is presented.

1.5.1 FtrThiol andGold Nanostructurdnteraction

Cys has a significantly high affinity to gold due to the interaction between its
sulfhydryl/thiol (-SH) side chain and gold surfatieExploiting 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 nanostructiésh e f oriBeéd b A
(thiolate' Au™) is a coordinative interaction with a homolytic strength »f40
kcal/mol®® The HFtn carries 100% H subunits and three Cys residues per subunit,
namely Cys90, Cys102 located on the shell surface, and Cys130 inside tii& pore.
HSFtn contains about 90%d¢hain and 10% Hhain®® The HSFtn Lchain subunits
contain two Cys, (Cys52, Cys130), but they are not solvent exposed and available for

linking to AUNRs and AUNS®

1.5.2 SATAVodified Ftn

To overcome the lack of solveakposed Cygroups on the surface of HSFtn,
SATA, a weltknown thiolation reagent, was used. SATA reacts with primary amines
via its Nthydroxysuccinimide (NHS) ester, forming a stable covalent amide linkage
(Figure 1.8)® Various antibodies, antigens, proteins, and viruses modified by SATA
to introduce thiol groups for different applications have been widely investigated in the
literature. RGsch and coworkers found a novel method to synthesize stable radioarsenic
labeled poteins 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]Ashas conjugated via AS
bond formatior?’ Similarly, an aniTAR DNA-binding protein 43 (an{T DP-43)was
modified by Dai et al. using SAT#nediated thiolation as a sensing scaffold for
identifying various biomarker&.Lin et al. developed a rutheniubased fluorescent
complex for biosensing by crosslinking with SATAodified protein G. The complex
has been proven to be a universal fluorescent probe for immuno&bsaythermore,
Greener bioreduction of Augl at neutral pH on the SATfodified M13
bacteriophage (M1%H) was introduced by Zhang and coworkers. They showed
residual hydroxylamine converted AuGb fused AuNPs, which linearly deposited on
the virus. Pfs230 antigen is a candidate for a potential malaria transrbisting
vaccinel® SATA-modified Pfs230 antigen has been tested for improving the

functional activity of the vaccin®!

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
protectedSH groups. These protecte®H groups could be subsequently deprotected
using hydroylamineHCI. Furthermore, the thesis provides comprehensive details
regarding the utilization of SATAnodified HFtn for achieving highly efficient

attachment of AUNSps via A8 interactions.
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Figure 1.8: The reaction of SATA with primary amines introduces protected thiols.
The deprotection with hydroxylamine leaves #8H residue free for subsequent

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

1.

To

5. 3 BRdagen & n-@itbiobis(2nitrobenzoic aciyiModified Ftn

guantify the

a fdithios{2nitmlbenzoichacico (DENB)Y o0 n

was used in this thesis. DTNB reacts with the free sulfhydryl side ch@yspforming

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

1.9). The modification of Cys with DTNB is usually performed atpH0-8.0 and can

be quantitatively and qualitatively analyzed by Wi spectroscopy. The TNBanion

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.

1.5Applications of Ftn

1.6.1 Biomineralized HSFtn asGatalyst

The mineralized Ftn cavity can be utilized in vitro with a range of inorganic oxides,
sulfides, and zerwalent metal nanoparticles for catalysis. The electronic properties of
singlewalled carbon nanotubes (SWNTs) mainly depend on tube diameter and
chirality. Jeong et al. used cobdilied apoFtn as a wet catalyst for synthesizing
SWNTs with a narrow diameter distributiétfA stable irofi sulfur cluster mineralized
in apoFtnwas utilized as a model photocatalyst for photocatalytic hydrogen generation
at neutral pH. The researchers observed a-thstgnce electron diffusion from
photosensitizers to the catalyst through the protein ¥§&lh core in Ftn was used for

cytochrome ¢ and viologens reductidf,and Audecorated Ftn was an effective
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photocatalyst for reducing Cr(VI1), which is the toxic form of chromiimad and Au
metal nanoparticles encapsulated in Ftn have shown catalytic transformations in several

organic redox r efarmationoeacion®nd Ci C bond

1.6.2 Ftn used fo€ancerTherapeutics

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
'disassemblyeassembly of Ftn' methd®f1%’ In addition, the passive diffusion method
of small drug molecules (Eg. cisplatin) through the hydrophilic and hydrophobic

channels under controlled temperature conditions has been investfated.

A primary function of the intracellular Ftn is preventing the oxidation of toxic Fe(ll)
to Fe(Ill) by storing Fe(ll) inside the cavity as an insoluble form of iront®HHence,
it supports inhibiting the Fenton reaction from occurring inside the cells. On the
contrary, Ftn can be degraded and release Fe(ll) to the cells and can be accumulated.
The phenomenon is called ferritinophagyAs the metabolism, DNA synthesis, and
proliferation rate of cancer cells are generally elevated compared to healthy cells,
cancer cells indicate a higher demand for ffds Ftn is a source of mineralized iron,
naturally, cancer cells prefer Ftn. The excess Fe(ll) accumulated can react@ith H
available in the cancer cells and produce reactive oxygen species R@8ice,
there can be an imbalance between ROS production and the available antioxidant
(oxidation stress)*® Ultimately, it can provoke lipid peroxidation followed by plasma
membrane damage to regular cell deédhrgptosis). The transferrin receptor 1 (TfR1)

is a transmembrane glycoprotein receptor that naturally binds tveittsferrint4
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HFtn,**>and HSFti® regulating cellular iron uptake. Subsequent studies have shown
that the TfR1 receptor is significantly wpgulated and ovesxpressed in various
cancers such as glioma, breast cancer, leukemia, and ovarian ‘¢&ktmnce, by
targeting the TFR1 receptor, cancer progression (proliferation, migration, and invasion)

could be suppresséd.

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 experimentgexnduc
for this thesis. Following the detailed account of the experimental methods, Chapters 3
to 8 presentan indepth 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 ofetlinderlying 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 transéeross 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 andjaeous 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 bis 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(ll) release) or the reduction of
solution phase Cr(VI). Chapter 6 revisits the AuNRtn bioconjugate and investiga

its effect on the cell viability of cancer cells in the presence of NIR. The goal here is to
determine whether the Fe(ll) that is released during NIR exposure results in ferroptosis,
an ironinduced cell death mechanism. Chapter 7 focuses on the sgnthe
characterization, and photochemistry of a bioconjugate composed of AUNSs and HFtn.
Furthermore, it discusses the potential of utilizing AtNRn bioconjugates for dual
antibacterialanticancer properties as future applications. Chapter 8 shows hbtm HS
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 tinderstand 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 atomielevel spatialresolution (~ 0.2 nm). The technique is essential to visualize
the structure of materials at the nanosédre TEM, a beam of electrons is transmitted
through an ultrathin (3100 nm) specimen, and the resulting interactions between the
electrons and the sample provide detailed information about its morphology, crystal
structure, and elemental compositfolihe high atomiescale spatial resolution of TEM
allows for the examination of fine details within materfaBy manipulating the electron
beam, various imaging modes can be employed, including Higdthimaging* dark-field
imaging, and higiresolution imaging 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 offr@anaterials and biological specimens with exceptional detail.
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Figure 2.1: Stained TEM images of (a)HSFtn. Thehericalstructureswith a dark core
represent the HSFprotein. It consists of a dark spherical Fh inner core and a white outer
shell. (b)Photochemically grown AuNPs attached on HSFtnsphericalstructureswith

a dark corgepresent the HSFtn protein, and the dark spheres attached to the HSFtn are
AuNPs. Unstained TEM images of (c)AuMNtS8-tn. The dark spheres attached to the AUNS

are the Fh core of HFtn (d)CTAB capped AuNR (AWSRAB) (e)FeOs coated Janus
AuNRs (f)SiQ coated AuNRs.

All the TEM images for the research were collected using a JOEL-1¥# TEM
operating at 120 kV. All Ftn protein samples were prepared on coppersmgsbrted
holey carbon TEM grids (Ted Pella) and allowed to dry as a thin film. ‘AL1&liquot of

sample was deposited on the grid and allowed to sit for 10 min. Excess liquid was removed
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by filter paper, and the grid was then rinsed with ILOof water. Some samples were
negatively stained with a 2% phosphotungstic acid (PTA) solution at pkb allow the
visualization of the Ftn protein shell. In order to stain the sample,dt 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 negatizmingprocess wraps the particles

with electrondense 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 moere as black spheres, whereas
when stained, theuterprotein shell becomes visiblath the inner coré¢Figures 2.1a and

2.1b). The morphology of the AuNPs, AuNRs, and AuNSs were characterized throughout
this thesis with TEM (Figure 2.1®. For my thais, Chapter 3 presents stained and
unstained CuFtn, Chapters 4,5 and 6 present stained and unstainedH&UNR
bioconjugates along with images of AUNRs. Chapter 7 exhibits AUNS and-Aii{Sand

finally in Chapter 8 TEM is used to image AuUNBFtn.

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 nanbscalgolves
directing a beam of highnergy electrons onto a small selected area of a sample. The
electrons interact with the crystal lattice of the material, causing them to $caiter.
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 symametigitice 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. S&daimsnly
employed in TEM and scanning transmission electron microscopy (STEM) techniques,
enabling researchers to investigate the atomic structure and properties of materials with
high spatial resolutio”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. Absorl{a)aader the different UWis
wavelength ranges can be calculated from the transmittanc€ Absorbances can be
converted to concentrations via Bideambert's equatidt (2.1). Hence, the UWis
spectrum shows the different absorbances of the compound of interest at different

wavelengthg?
6 -84 @i e aE0— ¢ aiPY 2.1)

Where, A= absorbance, = molar absorptivity of the absorbing species; éncentration
of the absorbing speciesz=llength of the light pathiD= Intensity of incident light, E

intensity of the transmitted light, and %TPercent transmittance
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Figure 2.2: A schematic diagram of a singieeam U\AVis spectrophotometer

Either a singlénigh-intensityxenon 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 spéciwavelengths to be selected (Figure 2.2). The light passes
through the sampleand the transmitted radiation is detected by a photoelectric
semiconducting material to generate a readable signal. The output@fsU¥ typically
shown as absorbance, optical density, or transmittance vs. the wavelength (Figure 2.2). In
Chapter 3, UWis spectroscopy was employed to obtain the absorbance spectrum of
CuFtn and CuCtrl. Chapters 4, 5, and 6 focused on measuring the longitbdorleace
of AuNRs and AuNRHFtn bioconjugates in the NIR region. Similarly, in Chapter 7, the
longitudinal absorbance of AUNS and AWKEtn bioconjugates was measured. Chapter
8 involved measuring the UVis absorbance of AuNSps and AuNBFtn. Fe(ll)

release was determined in Chapters 4, 5, 6, 7, and 8 by measuring the absorbance of the
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Fe(ll)-Ferrozine complex (Fe(HfF z ) =&62 nm. The UWi s absor=B&nce at
nm was utilized to measure the Cr(VI) reductiand Cu(ll} 4-(2-pyridylazo)resorcinol

(PAR) compl ex absor b=bh0mne in@lagterheasured at o

2.4 Inductively Coupled Plasma Optical Emission Spectrometry (ICROES)

ICP-OES is a powerful analytice#chnique 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 ureguavelength corresponding to the emitted photons can
be used to determine the eleméfits.
In the ICROES 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
aerasol is transferred to the plasrganerating chamber filled with Ar. A RF power supply
coupled to the plasma coil generates a {ifgquency (40 MHz) electric current, which
transfers energy to the Ar gas. The resulting plasma is generated from the Aon(Zetl
6000-10,000 K) and isnixed 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 avelengths simultaneously, and the dispersed spectrum
generated in the polychromator is focused onto the detector. A eh@ggeon device
(CID) sensor or charged coupled device (CCD) sensor is utilized to detect the signal

(Figure 2.3).

44



RF power Argon
plasma

Chamber

Emitted light
beam N\

Polychromator

Autosampler

Figure 2.3: Schematic diagram of the IGPES

Detector

In Chapter 3, ICFOES was employed to determine the Cu and Cr content in CuFtn

after exposure to C¥() in the presence of light. Chapters 4, 7, and 8 utilized GES to

determine thgold 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 nanostructufésThe DLS technique is a nenvasive 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 thetipes being studied® Nanostructures dispersed in
solution scatter incident light proportional to the 6th power of their.t2d@he fluctuation
rate in scattered light is related to the diffusion rate of the particles in the solvents and their
hydrodynamic radit/ The timedependent fluctuation in the scattered light is measured in
the DLS techniqué® Hence, the fluctuation rates can be manipulated to obtain the diffusion

coefficients and the particle sizes via the Stakistein equatiolf (2.2).

o — (2.2)

where Dis the diffusion coefficientks is Boltzmann's constant, i¥ the temperature in

Kelvin, d = absolute viscosity, and # hydrodynamic radii
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Figure 24: 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 gady 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° angledefdwtorat 173° angle canetiect
the backscattering and filter excess light scattering. After several data fittings and analyses,
the final size distribution can be obtaing@tie 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 Reflectancé Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

In Chapters 5 and 7, AFRTIR was used to confirm the removal of CTAB and
TX-100 surfactants from AuNPs, respectively. étperiments 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 N
ATR-FTIR is a tool that can prohe situchemical 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 ciyataple interface while
traveling through thergstal. During the internal reflection process, part of the IR beam
can penetrate into the samplé)(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 (Buation 2.3Y°

0 (2.3)

where,O0= dept h of =\pageergthoféthelighkn , =ahe refractive index
of the diamond crystat, = the refractive i=nhkdangleadf t he

incidence of the light.
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Figure 25: 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 toneasure 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 fluorescenc®. 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 andmés 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 intelestrical

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, accuracyyeasditility make
fluorimeters indispensable tools in scientific research and industrial applications. In
Chapter 6, a fluorimeter was utilized to measure the fluoresceffeeyalir-oxycoumarin at

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

2.8 Powder X-Ray Diffraction (PXRD)

The occurrence of diffractiohinges upon the interaction between the incident X
ray beam and the surfaces of crystalline
incidentXr ay beam hits the crystal surface of
the same angle of scaiten g 22 (f ¢thp path difference (d) is a whole number of
wavelengths, constructive interference will occur. If not, destructive interference will
appear on the crystal surfaces:ra&y diffraction (XRD) is based on constructive
interference of monochromatic-baysand a solid crystalline sample. Bragg's equation is
as follow$® (Equation 2.5).

E_ ¢Qi Q¢ — (2.5)
Where, n= integer,_ = the wavelength of Xay, 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 inorganicompoundg® 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-energye | ect r ons. Copper is the most common
1.5418;) KU and Kb core electrons of the t
characteristic Xay spectra. In a powdered sample, generally, all the particulates are
randommy orientated. When the sample and the
0J-80J), if the geometry of the incident-kays fulfills the Bragg law requirements,

constructive interference occurs. The resultinga)( signal can be detected. (Figuré)2.
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Figure 2.7. Schematic diagram of PXRD

All PXRD measurementm this dissertatiorwere carried out by thBruker D8
advanced power X ay di ffractometer equi pped

monochromatorln Chapter 3, the pure CuCtrl, CuO, and GQH{> commercial samples

wi t h

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
publicati on, AShashiprabha P.,ilPlhrouweaedreani sd

of biomineralized copper hydr (oxide) nanop
3.1 Introduction

Ftnis an ironsequestration 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 architectudb@kDa) with an internal and
external diameter of 8 and 12 nm, respectivélWhile wild-type Ftns sequester iron as a
ferric iron oxyhydroxide inner core, similar in structure to the mineral Fh, labo+bssgd
research has shown that various+rem bearing cores can also be mineralized within the
hollow cage. Among the inorgencompounds that have been grown in the internal volume
of Ftn are Co(O)OH Mn(O)OH? magnetite’, silver? nickel and chromium nanoparticlés,
CuFe Prussian blue derivative nanopartiélé3aCQ°® CeQ!° precious metals like
platinum?! palladium?!? rhodium?® and iridium?* contrast agents like gadolinium (Iff,
bio-organic compounds like curcumifiand quantum dots like PBSCdSe!® CdS?® and
CuS nanoparticle€. Overall, Ftn is a versatile nanoreactor with a fixed volume for
biomimetic inorganic material synthesis to generate unique structures for applications in
medicine?>?2 environmental remediatiofi?*?°® water splitting?® imaging and drug

delivery?5272 and nanodevice productidh.
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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,
agueous Cr(VI) can be reduced by Ftn to Cr(Ill) when the system is exposed to wavelengths
of light shorter than 475 nf 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, phatoduced ferrous iron (Fe(ll)) would leave
the Ftn cage and rade 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 proteitt:>23® 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 proess can occur due to the inability to isolate this process from the homogeneous
redox chemistry of aqueous Fe(ll). 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 pdtd@he work observed that the reduction of POM
only occurred when Fe(ll) 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 shef3**> When Ftn was attached to plasmonic AuNSps, photoreduction
of Cr(VIl) 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@epus Fe(ll) 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(QHa 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(&8)the probe oxidant allowed a convenient
comparison to prior irobased work. Importantly, the use of CuFtn instead of FeFtn (with
a Fh core) eliminated the potential for the photoproduction of an aquedusant (i.e.,
Fe(ll) in the Ftn circumstance), as Cu(ll) would be the only potential stable aqueous species
(Cu(l) is anticipated to exhibit lower stability in aqueous solutions attributed to its weak
hydration energy and tendency to undergo dispropwtion to yield Cu(ll) and Cu(0))
and would not undergo redox chemistry with Cr(VI). Results, however, presented in this
contribution will show that Cu(OH)mineralized within the Ftn does not release Cu(ll)
into solution when exposed to simulated solaliakon (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(ll), suggesting that the trarsfof 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,
sol vent s, and Dei onilzwerd useédin a)l solwtiart peeparatiohss M
ApoFtn from equine spleen (25 mg mMI443000 g mot), sodium hydroxide (NaOH, ACS
reagent, Pell et s, O 97. 0%) ,s5HC0, p preQ S Irle)a gseunlt
98.0%), phosphotungstic acid hydrate 3[f{W3010)4].xH20, 99.995%), 42-
Pyridylazo)resorcinol monosodium salt hydrate (PAR, powder, 96%), Trisma base
(primary standard and Hufe r |, O 99.9%), 368Q0ONa wmhydraus,et at e
mol ecul ar b99% )werg purcigased fiom Sigmddrich. Sodium dichromate
(N&Cr207, crystalline/certified ACS Plus, inclusive between 99.5%), Sodium potassium
tartrate (KNaGH4Os-4H20, Certified ACS), glacial acetic acid (GBHOOH, Certified
ACS pl us,99.7% veva), yhydrochloric acid (HCI, Certified ACS plus, 36.5 to
38.0%), were purchased from Fisher Cherfiicalhe 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®63” Briefly, 200* {of HSFtn solution (25 mg mt) 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 (pt5.5, 0.1 M) was mixed with 10 mM EDTA
and dialyzed three times using a molecular porous dialysis membrane (MWa@: 12

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 (PiefeeProtein Concentrator€ollector kit, PES, 30K
MWCO, ThermeFisher), and the concentrated protein was resuspended in 10.0 mL of
acetate buffer (0.1 M, pH 5.5). Then, aliquots of CuS&H.O (12 mM, 2.5 mL) were
added to the apoFsolution over a 50 min period at 10 min intervals. During the initial
Cu(ll) incubation period, the pH of the system was maintained at bl to ensure the
maximum Cu(ll) binding to the HSF#§ The solution mixture was slowly stirred
throughout the additions. The Cu¢HpoFtn solution was left standing overnight for
incubation after the final CuS&@H>O addition, which resulted in a final Cu(ll)
concentration of 2.4 mM. At this point, a pale ¢kye homogenous solution was observed
without any visible precipitation. Excess Cu(ll) was removed by centrifugation (14,000
rpm, 15 min) usingnultra-0.5 mL protein concentrator (PiefeeProtein Concentrators
Collector kit, PES, 30K MWCO, Therrdgishe), and the concentrated protein was
resuspended in 12.5 mL of acetate buffer (0.1 M,/515). The resulting solution was
dialyzed three times (1.5 h per dialysis) to remove trace Cu(ll) (Molecular porous dialysis
membrane, MWCO: 124 kDa) in fresh acetate buffer (p+b.5, 0.1 M, 1000 mL). After

the dialysis, the pale blue homogeneous solution became colorless. Next, the pH of the
solution was carefully adjustedpél =8.2 with 0.01 M NaOH while stirring. The solution
acquired a pale blue color cortsist with Cu(OH) formed inside the apoFtn cavityThe
resultant mixture was dialyzed against DI water and heated to 60 °C for 20 min, and then
cooled with ice. The CuFtoontaining solution was centrifuged (14,000 rpm, 15 min) by
ultra-0.5 mL protein concentrator (PieEeeProtein Concentrator€ollector kit, PES, 30K

MWCO, ThermeFisher) and the concentrated protein was resuspended in 10.0 mL of Tris
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HCI (pH=8.2, 0.1 M). The CuFteolution was further dialyzed 3 times with Tris HCI (pH
=8.2, 0.1 M) for 6 h, and then kept ai@. (Appendix: Figure Al)

A reference Cu(OH)bulk solid was also synthesized to augment the CuFtn studies.
The reference material was synthesized in the absence of apoFtn (CuCitrl), 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 dProtein Concentration

The concentration of CuFtwas quantitatively determined by the Precision Red
advanced protein as$¥§' and the A280 methd®® using a 150 W UWis
spectrophotometer (Therntosher Scientific, UL 6102Q). The Precision Red advanced
protein assay was performed according to the manufacturer's instructions. For highly
concentrated protein samples (> 10 mgl200° L of the assay was added to 1800
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 thenpeesé 100 mgnL™ 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 absorptiviti} at 280 nm is 4.8x PAM1cm?.
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3.3.2 TEM and SAEBnalysis

TEM and SEAD analysis were carried out using a JOEL -1BBD microscope
operating at 120 kV. All Ftn samples were prepared on copper-suggiorted holey
carbon TEM grids (Ted Pella) and allowed to dry as a thin film. Some samples were
negatively stained ith a 2% PTA solution at pH 7. For these samples, a ‘1D 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. 13 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).

3.33 PXRDAnalysis

PXRD measurements were carried out using a Bruker D8 advance A25 powder
di ffractometer with CuKU1l radiation and a
that were prepared without protein or were bought commercially were finely ground and
suspended insopropyl alcohol. Prior to the analysis, samples were drop cast and

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

3.34DLS Studies

A Malvern Zetasizer particle size analyzer was used to measure the hydrodynamic
particle size distribution o€opper hydroxide nanoparticles (CuHNPs)afFtn before
and after photochemical reactions. In general, 1 mL of OM5%olutions were placed

inside a disposable plastic cell (DTS0012), for DLS analysis.
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3.35ICP-OESSudies

ICP-OES (ThermeScientific, iCAP 7400ASX520) 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 (HNQ).

3.4 PhotochemicaBatch Reactions
3.4.1 U\WVis Spectroscopy and SSRudies

All photochemical experiments were conducted in a % guartz 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 usinyis UV
spectrophotometer att0 before the sample was exposed to SSR. At each time point of
interest (&= 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 & total of 120 min for all
photochemical experiment&ll reactions contained 3.2 mL total volumkEongpass
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 CuFtniv(0.8
apoFtn, 45 M Cu(ll)), 32 mM sodium potassium tartrateyd 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 dichromat€#O-). Any volume changes
were compensated by adding Tris HCI buffer ®#.2). Unless specifically stated, all
control studies were conducted under the same conditions for both apoFtn and CuFtn
solutions. Quantitation of Cu(HPARand Cr(Vl) were determined by UVis
spectroscopy at 510 rifrand chargéransfer band at 372 rffiprespectively.

3.5 Results and Discussion
3.5.1 TEM, SAED and DLSudies

The structure and the morphology of Cuktas analyzed by TEM obtained from
both stained (Figure 3.1a) and unstained (Figure 3.1b) samples, which emphasized the
structure of the Gibearing core and protein cage, respectively. TEM grids containing
CuFtn were briefly exposed to 2% PTA to obtainategly 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 disruptiontloé protein cages during copper mineralization.

Figure 3.1b exclusively shows the Gaaring cores within Ftn as dark features.
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Figure 3.1: TEM image of purified and concentratedS@ined CuFtrheterostructures
with 2% PTA where dark spheres &aHNP cores and light spheres are protein cages.
(b)Unstained CuFtn heterostructures where dark spheres are CuUHNP cores. (c)Particle size
analysis of CuFtn inner core diameter from TEM photographs using ImageJ (d)Diffused
electron diffraction rings of the CuFtrom SAED analysis.

The lack of aggregation of these particles is consistent with the inorganic material
being confined within the Ftn cages, as profea® CuHNPswould 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).
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SAED of theCuHNPs ofCuRn yielded diffuse rings (Figure 3.1d), likely indicating that
the mineralized Cu(OH)ore lacked a significant degree of crystallinity.

DLS was used to analyze the hydrodynamic diameter (HD) size distribution of the
apoFtn and CuFtnassuming they are approximately spherical before and after
mineralization. Consistent with the microscopy analysis, the DLS of CuFtn exhibited a
primary peak at 43 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 i AlBo, the
absence of a DLS peak ab-10 nm supports the notion that there are no free, unaggregated

Cu(OHY) patrticles outside of the Ftn interior volume.

3.5.2 PXRDAnalysis of CuCtrl

Due to the limited quantity of the CuFsample available, we encountered
challenges in conducting PXRD. However, we proceeded with PXRD analysis on other
samples, including CuCtrl, commercial Cu(QHnd commercial CuO (Appendix: Figure
A4). Upon examining the PXRD pattern of the commercial Cu¢@ainple using the peak
positions from the JCPDS database for Cu(@QBEPDS 12420)48 it was observed that
there were additional peak positions present, corresponding to CuO (JCRBB)540n
the other hand, the PXRD pattern of the commercial CuO sample exhibited an exact match
with the data provided by the JCPDS datad&&e° The PXRD spectrum of CuCtrl
exhibits prominent reflections at (020), (021), (111), (022), and (200), which can be
attributed to Cu(Oh) Additionally, there are noticeable reflections-atl(Q), ¢€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(QHaccompanied by a certain presence of

CuO, which is in agreement with the prior literatéfre.

3.5.3 OpticalBBand Gap of thelnorganicCore of CuFtn

The optical bandgap £g) of the Cu(OH) core of CuFtn was determined using the
Taucanalysi$$Central to the Tauc analysis is that

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

| (3.1)

Where b is the band t ail i «igtheprequeacheft er ,
light, andEgg is the energy of the average optical bandgap. The final constant, n, can be
either 2 or ¥ for allowed electronic transitions associated with indirect or direct band gaps,
respectively. The energy intercept of the plot of (@hversus h yields Eg for a direct
transition®? Based on the tauc analysis, the average optical direct bandgap of the core in
CuFtn was estimated to be 3.65 eV, and Cug@djticles, formed in the absence of Ftn
(CuCitrl), exhibited a smaller value of 3.21 eV. Prior research demonstrates that the optical
bandgap values are in a comparable range for Cu(@HK nanoparticles (3.08 eVj.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 electPn.
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3.54 CopperReleasestudies from CuFtn

Experiments were carried out to determine whether the photoexcitation of the
CuHNP core of Ftrwith 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(ll) into the
solution, which can be detected in situ by the Fegfigcific chelating agent, Ferrozine
(Fz)3° To assess the possibility of Cu release from the Ftn cage during photoexcitation, a
Cu(ll) chelator, PAR, was used. In the absence of Cu(ll), PAR shows a distinct absorbance
at 414 nm but once complexed with Cu(ll), PAR exhibits a strong absorbanceran510
(Appendix: Figure A6a and B8}.The absorbance spectra of the RER(I) complex as a
function of Cu(ll) concentration (Appendix: Figure A7a) shows that as the concentration
of Cu(ll) 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(ll) ion release studies from CuFtn
during exposure to SSR. Inset shows-the—— vs time plot under SSR for 120 min.

and (b)U\AVis absorbance spectrum of Cu(ll) ion release studies from CuFtn under dark
conditions. PAR absorbance. Inset showsthe—— vs time plot under dark for 120

min. PAR and PARCu(ll) complex absorb at 414 nm and. 510 nm respectively.
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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(ll) release during the exposure to SSR for 120 mire(Figur
3.2a). Based on the change in the 510 nm absorbance, the concentration of Cu(ll) released
from CuFtn after 120 min was < 1 pM. This amount of Cu(ll) represents < 2% of the total
Cu within CuFtn. In contrast, our previous work under similar conditionsodstrated

that > 82% of Fe available in the core of Ftn was released as ¥e(ll).

Exposure of a PAR complex to SSR resulted in an insignificant change in the
intensity of the 414 nm feature until 3@0 min. For 120 min longer exposure, the PAR
does show slight degradationZ4.3* M), indicating that the complex is slightly unstable
for more prolonged exposure to SSR (t O 60
same conditions, PAR (80 mM) in T#4Cl (0.1 M, pH= 8.2), and sodium potassium
tartrate (32 mM), showed the same PAR degradatid28(6* M) at 414 nm (Appendix:

Figure A7b). According to the UWis absorbance spectrum of PAR and RPEBR(I)
complex shown in Appendix Figure A7a, if the 24 [PAR] decrease was due to Cu(ll)
chelation, the chelated [Cu(ll)] should have been betweenM-:050‘ M (Calculated

[Cu(ID] in the main reaction was <‘IM). 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(ll) chelation. Thus, by externally replenishing the degraded PAR, any loss or
degradation of the chelator during tI®SR exposure was effectively compensated,
enabling reliable observations and measurements throughout the study. Under dark

conditions, a solution of CuFtn (45V), sodium potassium tartrate (32 mM), PAR (80
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mM), and TrisHCI (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 therg@tein cage.

3.55 Photoreduction of Cr(VI) by CuFtn

The exposure of a solution containing CuFtn (48) in Tris HCI (pH = 8.2)
sodium potassium tartrate (32 mM), and Cr(VI) (200) 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 mfitatively 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-jpess filterses O 355 nm, & O 33
300 nm, corresponding to energies®@ 3. 49 Oe\B,eWyéndh O 4. 13 eV,
respectively (Figure.3b). Analysis of the data shows that there is no reduction of Cr(VI)
when h O 3 . 4cBnsistevit,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 @ B8eV7orH O 4 . lidpinged/on the reaction

solutions. After individual | ight exposure
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nm filters, the final [Cr(VI)] was 150.9M (21.5% of Cr(VI) reduced) and 114.4
(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 circumstana@giscted,
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(lll), resulting from the Cr(VI)
reduction reaction, we employed EDTA as a chelating agent. EDTA forms a stable
complex with Cr(lll), which can be conveniently detected using\li’/ spectroscopy®
However, the formation of the Cr(HBEDTA complex is highly dependent on the pH of
the reaction mediunY. According to the speciation diagrams, the predominant complex
expected to form is [Cr(EDTA)(OHj] which exhibits a characteristic absorption peak at
581 nm>®°® The gradual increase in absorbance at 581 nm over the time of Cr(VI)
reduction indicated the formation of the [Cr(EDTA)(OF)bmplex. (Appendix: Figure:
A9a) Furthermoreto confirm the pH sensitivity of the €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 815 m was blueshifted to 541 n(n& 202.5 dm
mol'lcm %)%, indicating the formation of the [Cr(EDTA)}omplex, which is known to be
the stable complex under weakly acidic conditith8 (Appendix: Figure A9bYherefore,
these results validate the formation of Cr(lll) from the Cr(VI) reduction reaction with

CuFtn exposed to SSR.
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Figure 3.3: (a)Reductionof Cr(VI) in the presence of CuFtn under SSR, control reactions
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Also included in Appendix A10 is data for Cr(VI) reduction in the presence of
CuFtn, hole scavenger, and PA&ccording to the results, UVis 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 thermWagll) during the
Cr(VI) reduction reaction (Appendix: Figure A10a). In additittre 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

andthe subsequent Cr(VI) reduction chemistry.

3.5.6 Elucidation of the Cr(VIReductionMechanism

There are perhaps two likely potential mechanisms for the catalyzed photochemical
reduction of Cr(VI) by the conduction band electrons of photoexcited C(Btr(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 3.4h)the latter scenario, a mechanistic requirement
would presumably be the transfer of reducing electrons through the tRickrnprotein

shell.
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Figure 3.4: Proposed Mechanism of Cr(VI) reduction to Cr(lll) by CuFtn illumination.
(a)Cr(VI) ions migrate to CuFtoore 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
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containing CuFtn (45M) in Tris HCI (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 ICRaysis, where the aqueous samples were either analyzed
directly or dialyzed (into pH 8.2 TrisHCI buffer) prior to analysis. The expectation here
was that if Cr was deposited within the cage, it would noeb®ved by dialysis, and the
Cr concentrations in both the ndialyzed and dialyzed samples would be equivalent.

After cycles 1, 2, and 3, the Cr concentrations [Cr(VI)] of-dalyzed samples
were 182.5, 370.4, and 554.¥, 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 600M, respectively, a finding which was consistent with {OBES data.
As these samples were not dialyzed, all Cr, whether aqueous or precipitated, was sampled.
After dialysis of each cycle against F#ECI buffer, no Cr was detecteg KCP-OES in the
fractions associated with the CuFtn. (Appendix: Figure Alla). 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 hetaialysate. Hence, the IGBPES
results for the cycling experiments show no evidence of Cr residing in the interior of CuFtn
after irradiation(Appendix: Figure Allc and d).

The location of the Cu componéninside or outside the Ftn cajevas also
investigated by ICFOES. It was found that the concentration of Cu [Cu(ll)] was constant,
where the percent recovery of [Cu(ll)] was greater than 95% for all samples, whether

dialyzedor not (Appendix: Figure Al1b), 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 th€hotochemistry of CuFtn and Ftn

Our prior work demonstrated that the reduction of Cr(VI) by-laaded Ftnis
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 expéesrfan
the reduction of Cr(VI) in the presence of Ftn and SSR (Appendix: Figure Al2a).
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 conversieflQfté
Fe(ll), with the latter species being soluble and able to exit the protein shell to reduce
Cr(VI) directly3° 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 zan utili
~ 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 fl
of photons, which can excite the bandgap, resulting in more Cr(VI) reduction.

Prior studies have shown that the conduction lmdrabpperoxides is positioned

above the conduction band of Fh within Ftn. (Eg. In copper o¥id§@sO and CpO) ~-
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(3.00- 4.00) eV, copper sulfid&s(CuS,CuS)~ -(4.00- 4.50) eV, Cu(OH)~ -(4.00- 4.50
eV).52 Compared with the literature values, the conduction band of the CuFtn (Gli(OH)
core (4.00 4.50 eV) is above the level of the Fh conduction bash®8 eV)3° Hence, the
excited electron in the copper system has a lower poterii8B(eV) to reduce Cr(VI)
(Appendix: Figure A12b).

3.58 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 nonphatache
studies. For example, while research has shown that small molecules, including dithionite,
cysteine, glutathione, and ascorbate, can enter the Ftn cage and reduce the FEQ core,
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 $Re4F7 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, iafjolke(ll) oxidation to a Fe(lll)
bearing core to occur by indirect interaction with external oxicf&rfer example, one
study indicated that this longjstance electron transfer could occur by electron tunneling

through the 2.02.5 nm Ftn protein shell with the assistance of adequately arranged
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aromatic amino acid® Additional research has suggested that electron transfer occurs
through the protein shell during the interaction wAttotobactor vinelandibacteria via
redoxactive center8? Moreover, a longlistance electron diffusion through the protein
shell was observed by Chen et al. from photosensitizers to theutom model catalyst
mineralized in apoFtf Finally, prior research has shown the ability of electrons to tunnel
across Ftrbased junction&:

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 the2~nm protein cage to initiate Cr(VI) reduction to
Cr(lll) 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 cmdpof 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 theHain showig a higher conductivit§’
Furthermore, electron transport througfchain in Ftn is thought to be -Hirectional,
facilitating both mineralization and demineralization of the inner ¢birethis study, the
protein used to synthesize CuFtn was HSFtn, which consists of 90%ih subunit. One
might speculate that differences in the photochemistry of Ftn may arise from samples
containing different proportions of L and-¢tain subunits, anthe 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¢@d8uCtrl), it was observed that
the presence of minor quantities of CuO in addition to the predominant phase of €u(OH)
TEM images provided visual evidence showing the mineralized core to have a size of
approximately 4 5 nm. Analysis of Tauc plots derived from WXs 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 stssaty radiation
(SSR) in the presence of a hole scavenger andh€lator demonstrated that no copper
ions were released from the interior of the Ftn core. This finding suggestsethetucing
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 prot€hmese results highlight the
unigue 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, fAShashiprabda, Pl SYnutnhueveies

Photochemistry of Gold nanorod¢thain Ferritinbioconjugates.)
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
schenes feasible even at relatively low concentrations. In the context of the environment,
research also has been interested in understanding how nanorods interact with
proteinst?34 The attachment of the nanoparticles to the biomaterial often results in a
protein coron&. There is a dynamic equilibrium between the protein corona on a
nanomaterial. The adsorptialesorption rates and the equilibrium binding constants
depend on the affinity and curvature of the nanomaterial surface, the presence of binding
ligands, and thewsrounding 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 commomRuNP morphology that has been intensely investigated i&\tMNR,

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 resid&® AuNRs, depending on their size

and aspect ratio, can absorb both in the visible Nl region, generating two unique
LSPRbands. The transverse plasmon excitation band is positioned aroubdG8én in

the visible region, and the longitudinal excitation band can be in the visible or NIR tgion.
One area of intense interest that exploits the NIR absorbance and likely the interaction of
plasmonicAuNPsand biomaterial are photothermal therapies that rely on the local heating
effect of AUNRs upon NIRexcitation. During irvitro studies, it has been demonstrated
that AUNRs (usually capped with PEG) localize specificallyaiacercells and experience

induced NIR localized heating, resulting in the destruction odneercells!?

Research has also recently shown that the chemical attachment of AUNPSs to protein
architectures allows for the repurposing of the protein function via the-itighted
excitation of the nanoparticlé!34> One such example involves the chemical attachment
of AuNSps(plasmon resonance at 532 nm) to the globular protein Ftn. Ftn ister24
protein that sequesterstores, and releaseiron in living organisms. It primarily consists
of an iron mineralized ~-8 nm inner core surrounded with an124 nm thickness protein
shell*®1718|n Ftn, up to ~4500™°iron atoms can be stored as superparamagnetic crystalline
ferric oxyhydroxide, known ash.2° Fh is a semiconductor with a tunable bandgap between

1.3 and 2.6 e\#*+12

In this chapter, we describe research that investigated the synthesis and
photochemical properties of AUNRFtn bioconjugates. Results detailed in this chapter
demonstrate that AUNRs can be attached to the outer surface of HFtn, presumably due to

the formaion of Au-S bond via the interaction of the AUNR arsblventexposedhiol
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groups on HFtn. To make this possie show a protocol to remove the surfactant on the

AuUNRs,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, andle i oni zed ( DI ) ‘)ware esed in(all @epavhagorsdium
borohydride (NaBhkl 98+%),so di um hydr oxi de ( NaOHKB{OWNCS r1 ec
sodium tetrachloroaurate(lll) dihydrate (NaAu@H:0, > 99%), phosphotungstic acid
hydrate (H[P(W3010)4]. XxH20, 99.995%), hexadecyltrimethylammonium bromide
(CTAB, for synthesis), §2-Pyridyl)-5,6-diphenytl,2,4triazinep,pNglisulfonic acid
monosodium salt hydrate (Ferrozine, 98+% pure), Trisma base(primary standard and
buffer , amL@PAsCmMiy acid (AA, 98+%), were purchased from Sigma
Aldrich. Silver nitrate (AgN@, 99%), hydrochloric Acid (HCI, Certified ACS plus, 36.5
to 38.0%)hydrogen Peroxide (#D2, 30%, Certified ACS, Assay: 29.0 to 32.09eyrous
ammoniumsulfatehexahydrate (Fe(Nb(SQu)2-6H20, Crystalline/Certified ACS, Assay:
098.5 to 101.5%)sodium potassium tartrate (KNald4Os-4H20, Certified ACS), were
purchased from Fisher ChemiEaland HEPES buffer (ultraure) from AmericarBio.

The Precision Red advanced protein assay reagent (1x stock) was purchased by
Cytoskeleton, Incand ToxinSenso™ Endotoxin Detection System Kivas purchased

from GenScript

91



4.2.2 Htn Expression and Purification

Protein purification was performed by
Expression of HFtn (homopolymeonsistingof 100% H chain) was performed Ecoli
BL21 cells containing the plasmid with the gene for Hth000 mLLuria Bertani(LB)
culture media mixed with 30g mL* kanamycin was inoculated with 5 mLBfcoliBL21
cell culture grown at 34C overnight with 225 rpm shakingur{ti OD600= 0.6) Then 1
mM | s o p-rdd-thipdalactopyranoside (IPTG) was added to the medamd the
culturegrown for an additional 5. 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 NacCl,
pH = 8.0), and cooled for 30 min in an ice bath. Finally, the cells were sonicated and
centrifuged (1000@g, 10 min) to remove any remaining cell debris.

The supernatant was separated and heatedJat &6 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 (OM syringe filter) prior to loading on a
sizeexclusion chromatography column (HiPrep 16/60 Sephaed@d®. The columnvas
pre-equilibrated with buffer. (100 mM Tris, 200 mM NaCl, pt¥.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\asUV

spectrophotometer at 280 nm~ 23,000 Mtcm?) for each subunit of the 24m&t.

92



4.2.3 Endotoxibetectionand Removal

The ToxinSensdlM Endotoxin Detection System Kit was used according to the
manufacturerdéds instructions. ‘TVvnMustaagq@B ot ox i |
membrane filters. A working concentration of 0.30mig* (0.6* M) Ftn was used for the
studies with an endotoxin concentration of 0.084 EU'rApoFtnsamples were stored at

4 JC prior to use.

4.2 .4 Iron Mineralization of HFtn

Briefly, 2.0 mL of endotoxirfree purified apoFtn (0.631 mg ). was added to
20 mL of HEPES buffer (pi 7.4, 0.1 M)andgentlycombined through slow mixinghe
mixture was then subjected to dialysis using a molecular porous dialysis membrane
(MWCO: 1214 kDa)in 1000 mL of HEPES buffer (pH 7.4, 0.1 M), while N gas was
continuously bubbled through thHEEPESsolution for aduration of 1.5 hThen aliquots of
Fe(NHi)2(SQy)2-6H0 (4.06 * M, 500° L) were added to the apoFtn solution over a 150
min period at 30 min intervals targeting 2000 iron loading. (HFAfler each Fe(ll)
addition, the solution was shaken slowly and keptigint for 30 min. The solution slowly
turned to a yellowistorange color from colorless and a homogeneous solution was
observed without any visible precipitation. Excess Fe(ll) and othegsexions were
removed by dialysi§Molecular porous dialysisiembrane, MWCO: 124 kDa) in fresh
Tris buffer (pH= 7.4, 0.1 M, 1000 mL) fof80 minintervals three times and storati

JC.
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4.2.5 Preparation of th&old SeedSolution

CTAB-stabilized AuNRs (AUNRCTAB) were synthesized using a method by
Nikoobakht and EBayed mentioned elsewhéfeBriefly, CTAB solution (5 mL0.20M)
and 5.0 mL ob8wp 1 M HAUCI4 solution were mixed while stirring, and 0.60 mL of
the icecoldp8wp m M NaBH; 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 AUNRRTAB with Plasmon Bands at 800 nm.

AuNR growth solution was prepared by the following method. CTAB (100.0 mL,
¢8wp ™ M) was added to 5.0 mL afdwp ™ M AgNOs solution kept at 25 °C. Then,
HAuUCI4 (100.0 mL,p8wp 11 M) was added, and the solution was gently mixed, followed
by 1.4 mL ofx& d¢ip 1 M ascorbic acid. Ascorbic acid changed the solution from dark
yellow to colorless, yielding the growth solution. Finally, 240of the seed solution (kept
at 27130 AC) was added to the growth solut
800 nm. The color of the growth solution gradually changed from colorless to pale pink
within 10-15 min. Then the solution was purified byht&ugation at @00rpm for 30 min
and redispersed in 100.0 mL of 10 mM CTAB.

4.2.7 Bioconjugation of HFtn with AUNR (AuNHEtNn)

As a preliminary step to the synthesis of AuNRtn, a centrifugation process was
carried out or8.0 mL of AUNRCTAB at 14000 rpm for 10 min, and subsequently, the
supernatant wadiscarded.Then,the AuNR pelletwas mixed with 8.0 mL of distilled

water, vortexedand centrifuged at 12000 rpm for 10 min, and the resulting supernatant
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was removedSubsequently, anoth80 mL of distilled water was added to thewAuNR
pellet, mixed by vortexing, and centrifuged at 10000 rpm for 10 e dispersiomwas
adjusted tdhe critical micelle concentratiofCMC) of CTAB by addingl.0 mM CTAB
2.0 mL to theremaining AuNR pellet Then the solution wamixed thoroughly by
vortexing to get a clear AuNR dispersion. In order to prepare the AHIRE
bioconjugatesHFtn (0.068‘ M) protein solution2.0 mL was added slowly under
ultrasonication for 2 min. HFtn/AuNR dispersions, 1:1 v/v)Then the AuNRHFtn
conjugate solution was further sonicated for 30 min, centrifug&@0&t0 rpm for 5 min,
decanted excess protein/ CTAB, and dispersed in 2.0 mL of HFtn iTlisuffer. (pH
=7.4,0.1 M), and stirred for at least 24 h. Next, the AtHiRn solution was centrifuged
at 10000 rpm for 2 mianddecanted excess protein/ CTABhen HFtn in Tris HCI 20 L
was added to the pellet, mixed, kept for 30 rairg dispersed in a 2.0 mL T##CI buffer.

(pH =7.4, 0.1M), and concentrated as desire
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4.3 Characterization
4.3.1 Determination of HFtnoncentration

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 180Q of HFtn protein,
thoroughly mixed by inverting, and then the sample was incubated for 1 mild@t 2be
protein concentration was calculated by -W$ spectroscopy (ThermBisher Scientific,

UL 610101) at 600 nm. A single absorbance unit equals 10@niigof HFtn protein.
4.3.2 TEM analysis

TEM was used to image pure AUNRRAAUNR-HFtn bioconjugates using a JOEL
JEM-1400 microscope operating at 120 kV (unde0B0-100,000magnifications and 20
nm/ 50 nm resolution). All the samples were prepared on coppersuppbrted holey
carbon TEM grids (Ted Pella) and allowed to dry as a thin film. The AHRER sample
was centrifuged at 5000 rpm fom&in thrice and diluted each time with THKCI 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 AUNRHFtn bioconjugates, a 2RTA negative staining solution at pH7
was used. When the TEM grids were prepared,L18liquots of the sample were deposited
on the grid and aidried for 10 min. The excess sample was removed with filter paper and
then rinsed with 10L 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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4.3.3DLS Studies and Zeta Potential.2J Measurements

The Malvern Zetasizer particle size analyzer was used to measure the
hydrodynamic particle size distribution of AUNRTAB and dispersed in HFi{{Tris-HCI
buffer (0.1 M, pH =7.4) )1 mL solutions was used in a disposable plastic cell (DTS0012)

for the particle size analysis andPZmeasurements.

4.3.4 ICROESSudies

To determine the iron content mineralized inside the HFtn and the gold
concentration[Au]) in the AUNR ICP-OES (ThermeScientific, iCAP 7400ASX520)
was utilized. HFtn protein samples for analysis were diluted to 10 mL with DI water and
acidified by 2% by volume with nitric acid (HN{ To analyze the [Au] in the AuNR, a
AuNR sample was dissolved in an aqua regia solution. Briefly, the AUNR and ALFR
conjugates were treated with 5 mL concentrated aqua regia (25% HCI, 75%) BilND
digested for at least 24 h, and the final samples were diluted to 10 mL DI water prior to

metal analysis with ICIDES.

4.3.5 ATRFTIR 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 N
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4 .4 Results and Discussion

4.4.1 U\Vis Sectroscopictudiesand TEM of AUNRHFtn

TEM images and NIR plasmon spectra of the AuRAB are shown in Figure
4.1. Figure 4.1a shows the WMs spectrum of thé\uNRsand 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 waltld length of the AuNRs arel2 and ~50
nm, respectively (an aspect ratio of:4). The AUNRCTAB was stable in 10 mM CTAB
solution. However, the AuUNRs 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 AUNRTAB, which shows a weak
transverse band at 520 nm and a sharp longitudinal band at 800 nm. (b)Unstained TEM
image of AUNRCTAB (c)Unstained TEM image of AUNRIFtn bioconjugates (d)Stained

TEM image of AUNRHFtn biocorugates.

TEM images of HFtn stained with PTA shows the protein shell (white features,

Appendix, Figure Bla). Unstained TEM images show the black spherical inner core with
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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 AdNIRN conjugates have been illustrated in
Figures 4.1c and 4.1d, respectively. Both unstained and stained TEM images support
contention that the AuNRs are attactiedHFtn. Black dense spheres represent the inner
core of HFtn consisting of Ftore, and the white color coating surrounding the core in the

stained TEM image represents the HFtn shell which has a thickne&sroh~

The interactions of AuNRs with HFtn were further analyzed usingMiv
spectrophotometry. Figures B2a and b (appendix), the unstained TEM images of AUNR
illustrate the AUNRCTAB and AuNRHFtn conjugates dispersed in Tris HOI1 M, pH
=7.4). The LSPR longitudinal band position of AUNIHAB is at 800 nm. The unstained
TEM image of the AUNRCTAB has a distinct rod feature resulting from sesetiated
AuUNR synthesis. Figure B2it is shown that the transverse absorbance intensity and full
width half maximg 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 AuRfRIhe longitudinal LSPR absorbance
of AUNR-HFtn shows a proteimduced 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 HEtAuNR-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: FigueTsRically,
the longitudinal peak position depends on the aspect ratit) @ 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.ofheA.Rs
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calculated from the TEM images using ImageJ, for the AUNR and the AR 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 by3yed and coworkers, there was a linear

relationship between the A.R and the LSPR wavelength maximum .2
= (445.4 + 90.6 x (A.R)) (3.2)

Calculations based on this equation yields values for AUNRCTAB and AuNRHFtn
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 CTABFree AuNRHFtn BioconjugatesSynthesis andCharacterization

During the seednediated synthesis of AUNRs, quaternary ammonium surfactant
CTAB stabilizes the AuNRas a colloidal suspension. The chemical structure of CTAB
surfactant can be found in Appendix Figure B4a. Although, AMNRB cannot be used
for biological and/or therapeutic applications due to the proven cytotoxicity of CTIB.
our work, we developed a protocol to remove the CTAB from the AuNR surface prior to
attachmento HFtn. Our procedure was a modified version of a protocol developed for the
attachment of bovine serum albumin (BSA) protein and AG\Re lowered the CTAB
concentration of AUNR stock solution (10 mM) by a factor of ten belo®@ME (CMC =

1 mM) before HFtn addition.

ATR-FTIR analysis (Appendix: Figure B4b) provided evidence for the removal of

the positively charged CTAB bilayer from AuNRFtn. An intense asymmetric stretching
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at 2915 crit, symmetric GH stretching at 2850 ¢t C-H scissoring at 1430 chand 1462

cmi?, C-H bending at 720 cthand 730 crit can be observed for both pure CTAB and
AUuNR-CTAB corresponding to the (Gh chain of the CTAB. The distinctive -8
stretching frequency of the quaternary ammonium nitrogen bound to the carbon chain
appears at 935 ¢t HFtn and AuNRHFtn conjugates do not show any of these peaks
corresponding to CTAB, indicating that the CTAB was wholly removed from the AuNR
surfaces? Furthermore, a surfaégP analysis study carried out on the CTABINR and
AuNR-HFtn confirmed the CTAB removal from the AuNR surface. At first, ZhE
recorded for CTABAUNR was +64.6 mV. However, as the synthesis of AtfiRn
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.

44.3DLS andZ.P Sudies

When HFtn is attached to a AuNR, the size of the nanoparticles will increase due
to specific chemical binding and nepecific adsorption and interactioHsDLS studies
were carried out to analyze AUNRTAB and AuNRHFtn conjugates. The results show
two distinguishable DLS peaks for AUNRs. Prior studies have shown that the DLS size
distribution curves for noespherical AUNRs show two distinctive peak sizdhe 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 snzall peak
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disappeared, and two new broad DLS bands emerged at 42.8 nm and 301.1 nm. (Figure

4.2).
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Figure 4.2: Hydrodynamic diameters of AUNRTAB, AuNR-HFtn bioconjugates, and
pure HFtn
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In Z.P studies, the surface charggyjsically used to determine the particle stability
in a dispersed medium, surface adsorption, and surface chemistry due to the net charge of
the different particle$> 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 motidrne
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 theZ.P measurement: The ZP study and ATRFTIR characterization were
performed to investigate the removal of CTAB from AuNR surfaces. The initial positive
Z.P of AUNRCTAB (+64.6 mV) decreased t&3.9 mV after the successful synthesis of
AuNR-HFtn conjugates, as depicted in Figurg Zhis change iZ.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 AuNRMFtn conjugate systemiVe hypothesize that an
electrostatically induced posigvcharge on the surface of AuNRs contributes to the

stabilization of the bioconjugate.
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Figure 4.3: Z.P values of AUNRCTAB, AuNR-HFtn bioconjugates, and pure HFtn,
extracted from the DLS studies.

45 Conclusion

The study investigated the interactiogynthesis and properties of AuNRSs
conjugated with HFtn. The UVis spectrum of AUNRCTAB exhibited distinct transverse
and longitudinal bands at 520 nm and 800 nm, respectively. TEM images showed support
for the attachment of HFtn to AUNRSsS. The WAs spetrophotometry analysis revealed a
~ 50 nm redshift and broadened longitudinal plasmon resonance absorbance in AuNR

HFtn conjugates compared AANR-CTAB. The A.R of AUNR-CTAB and AuNRHFtn
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were calculated to be4- 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. ATRFTIR analysis confirmed the complete removal of CTAB from the AuNR
surface in the presence of HFIDLS studies revealed that AUNRTAB exhibited two
distinct hydrodynamic diameter peaks. This experimental observation suggested that the
presence of large HFtn assemblies on AuNRs facilitated the formation of spsbapad
AuNR-HFtn conjugates. The i positiveZ.P of AUNR-CTAB was measured at +64.6

mV. However, daer the complete synthesis of AuNfR-tn bioconjugates, thé.P shifted
to-13.9 mV. This value was close to tAd® of HFtn (14.5 mV), indicating that the HFtn
molecules became attached to the surface of the AuBNRsall, 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, 0 SahdDanteliRpStrangidtal, Pi S\Ynuthnlueveies :

Photochemistry of Gold nanorodéthain 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(ll) from the protein cage structure into solution and (2) the transfer
of conduction band electrons froRh 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 whetheNRschemically attached tlFtn can result
in similar chemistry to whe\uNSpsare attached totfk. In particdar, will the NIR
excitation of AuNRs attached to the exterior of Ftn lead to activation dftiloere and
result in Fe(ll) 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 (AuNfR-tn). HFtn has solvergxposed cystee groups on
its 24 subunits, allowing A% bond formation to secure the AuNRs to the Ftn. The
chemical synthesis of AUNRs, AuUNRFtn bioconjugates, and tlobaracterization have
been discussed in detail in Chapter 3. In Chapter 4, we investigated the photochemistry of
the AuNRHFtn system in two ways. Firstly, our experimental procedure involved

subjecting theAuNR-HFtn hybrid heterostructure to the illumination of an 850 NiR
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lamp. Through this process, we conducted a detailed examination and precise
guantification of the release of Fe(ll) into the surrounding solution. To accomplish this, we
employed a sensitive analytical method utilizing, vhich enabled us to accurately
measure and quantify the concentration of Fe(ll) ions that were liberated during the
experimental procedure. In a subsequent experiment, we introduced chromate (Cr(VI)) into
the solution containing the AUNRFtn and proceest] to expose it to NIR light. Thigep

aimed to investigate the reduction of Cr(VI) to Cr(lll) 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 spemditox 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 aywk#maldynamics

of Fe(ll) release and Cr(VI) reduction.
5.2 Experimental
5.2.1 Chemicals

All chemicals were used as received. Pure analytical grade solid chemicals,
sol vent s, and Dei oni'ywed ugedih 3l preparatons. TEASS Mq
(99. 9%) , Sodium hydroxi de 9(7N & QHDjthiokis25 Njr e a g ¢
nitrobenzoi c98%) TettaetfyDomthedicate OT'EOS, analytical standard),
Et hanol (200 p r99.5%4), Phogplbiingstie acid leydrate]W3010)4].
xH20,  99.995%), 3-(2-Pyridyl)-5,6-diphenytl,2 4triazinep , -gishiffonic  acid
monosodium salt hydrate (Ferrozine, 98+% pure), Trisma base (primary standard and
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buffer, O 99. 9%), w e-Aldrich. pSodium hpatassiwn taitrate m
(KNaCsH406-4H-0, Certified ACS), Hydrochloric Acid (HCI, Certified ACS plus, 36.5 to
38.0%), Hydrogen Peroxide §8,, 30%, Certified ACS, Assay: 29.0 to 32.0%), were

purchased from Fisher Scientific and HEPES buffer (ydtree) from American bio

5.2.2 Synthesis of HF#ittached to Si@Coated AUNRs (AUNR(Sif2HFtn)

In a typical synthetic process, the initial synthesis and purification of a 10 mM

AuUNR-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 adjustd to 10.4 by adding 0.1 M NaOH. Over the course of 30 min, thfde 5
injections of 20% (v/v) Tetraethyl orthosilicgfEEOS in ethanol (TEOS: ethanol ratio of

1:9, v/v) were introduced at 30 min intervals. The solution was then left under stirring
condtions 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 ‘30 of HFtn was added to the AuNR pellet and

mixed in 2 mL of TrisHCI (0.1 M, pH=7.4) to prepare the AUNR(S#PHFtn

5.2.3 Synthesis of AuNRtached to DTNECapped HFtn AUNRHFtn(DTNB)

Ellman's reagent (4.0 mgY) in sodium phosphate buffer (0.1 M, p+8.0, 1 mM
EDTA) was prepared, and 2@ was added to HFtn, mixed, and incubated for 15 min at

room temperature. Afterward, UVis absorbance was measured at 412 nm. The total
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solventexposed free thiol residues in the HSFtn molecules were determined using the

calibration curve established withdysteine.

5.3 Photochemical batch reactions
5.3.1 UWVis Yectroscopy, NItudies, and Laser

All photochemical experiments were conducted in a % guartz 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. AUNRtn (JAUNR] = 304‘ M)
samples and controls were individually exposed for 120 min, and absorbance spectra
(1100200 nm) were acquired for each photochemical reaction from theVigV
spectrophotometer. Iron release studies were conducted with AR 32 mM sodium
potassium tartrate, and 80 mM i 0.1 M Tris buffer (pH= 7.4). Quantitation of Fe(ll)
release was determined by WXfs spectroscopy at 562 nm due to FeHf) complex
formation. The Laser used in the experiments is produced from a Titanium Sapphire
regenerative amplifier system. The linearly polarized laser pulse wavelength is inthe 750
900 nm range with an adjusted center wavelength of ~ 830 nm. The puls&rWHM)

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 NIRExcitation of AUNRHFtn and Fe(ll)Release

Releasing bioavailable Iron for metabolic processes is one of the functionstof Ftn.
According to Carmona et al., two wddhown mechanisms for the iron release as Fe(ll)
cationic form are proposédvarious reductants and iron chelators can be transported

through the C3, and C4 channels, corresponding to hydrophilic and hydrophobic molecular
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pathways in Ftn, respectively. These small molecules can reduce the mineralized iron

oxyhydroxide core of Ftn to generate Fe(ll) and chelate them out of tR& Ftn.

Our prior studies have shown that the jpitotein can be repurposed to release Fe(ll)
during exposure to light having an energy greater than the bandgag-bfthedgap: ~2.6
eV (_ 475nm), at least for laboratory mineralized #iihe chemical attachment of gold
nanospheres on Ftn with a plasmonic resonance at 532 nm allows Fe(ll) release to occur at
much longer wavelengths of visible light. Data in Figures 5.1a and b was acquired from a
solution consisting of AUNRHFtn in Tris HClbuffer (pH=7.4),Fz andsodium potassium
tartrate. Z was used as a Fe(ll) chelator that gives a sharp absorbance peak at 532 nm,
which can be used to calculate the [Fe(ll)] quantitatively. Analysis of data in Figure 5.1a
shows that the AuNRIFtn heteostructure allows Fe(ll) release to occur during exposure
to NIR radiation (well below the bandgap of thlecore of Ftn). The Fwas used to chelate

any Fe(ll) leadingo the AUNRHFtn heterostructure during exposure to 850 NIR for 2 h.
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Figure 5.1: (a)UV-Vis absorbancespectrum of the supernatant from the centrifuged
AuNR-HFtn conjugate system exposed to NIR llluminator at 850 nm for 60, 120, 180, and
300 min Absorbance at 562 nm indicates the unique absorbance peak of Hell)
complex (b)Release [Fe(ll)] calculated from absorbatata at} 562 nm in 60, 120,

180, and 300 min time intervals
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When the reaction mixture was exposed to 850 nm NIR, 12.8 nM of Fe(ll) was
released from the heterostructure within 2 h. The Fe(ll) release increased gradually with
exposure times. According to Figure 5.1b, the Fe(ll) release was 30.7 nM and 61.5 nM
after3 h and 5 h of exposure, respectively. Furthermore, a significant release of Fe(ll) 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 iadicat
that AUNRs must be attached to HFtn to facilitate Fd(if)ng 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 hetdectron separation. The Fefi)ease was close to zero when

the system did not contain tartratéigure5.2a)

5.4.2 Fe(ll)Release when AuNRs and HFtn are @bemicallyAttached

To further understand the mechanism involved with the iron release from the
conjugated system, we synthesized AuNR incorporated with HSFtn (AdSHRN),
(AUNR(SIOQ)-HFtn), and AUNRHFtn(DTNB). A study was conducted to determine the
release of Fe(ll) in these three systems and compared it with (AR (Figure 5.2b).

In addition, TEM images were taken for the diluted AuNRtn, AuNRHSFtn,
AUNR(SiO)-HFtn, and AuNRHFtn(DTNB) solutions after removing excess proteins.
(Figure5.2c, d, e, and f). AUNRRISFIn bioconjugates were prepared by the same method
as AuNRHFtn preparation except for incorporating HSFtn instead of HFtn. HSFtn does
not contain surfacexposed cysteine residues for AuNR to attach to, which means that
there is no strong binding betweenMf 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 mateltiaThe presence of 8.B can impede the injection of hot
electrons. Si@insulating barrier (thickness >10 nm) could interfere with the hot electron
transfer from the metal to the semiconductor unless spectrally overgedcontrol
reaction done with the AUNR(S#PHFtn shows barely any release of Fe(ll). Ellman's
reagent (DTNB) is a watesoluble reagent used to quantify thiols. This rapid and
stoichiometric reaction with thiol adds one mole of thiol to DTNB. The ¥NBleased

from DTNB can be analyzed spectroscopically by measuring the absorbance at 412 nm (
= 14,150 M* cm'%)® Every solvenexposed cys residue in HFtn protein is capped and
modified by DTNB. According to the results shown in Figure S6(b), there is no Fe(ll)
release with AUNFHSFtn, AUNR(SiQ)-HFtn, and AUNRHFtn(DTNB) under 850 nm

NIR exposure. The TEM images indicate that there is no strong interaction between AuUNR
and HFtn in both AUNR(Sig-HFtn and AUNRHFtn(DTNB) systems. Hence, it suggests
that without a firm attachment between the HFtn and AuNR, no photochemistry occurs in

the bioconjugate system. (Figuse2e 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; AuNHFtn bioconjugates under NIR exposure at 850 nm
with tartrate and Fz (AuNRIFtn(L)), AUNR-HFtn bioconjugates at dark with tartrate and

Fz (AuNRHFtn(D)), AuNRHFtn 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 £(noAuNRapoHFtn) (b)Fe release study controls under NIR exposure
at 850 nm with Tartrate and Fz; AUNRtn bioconjugates, AUNRRISFtn, AUNR(SIO2)

HFtn, and AuNRHFtn(DTNB). TEM images of (c)AuNRHFtn (d)AuNRHSFtn
(e)AuNR(SiO2)HFtn () AUNR-HFtn(DTNB).

5.4.3 Fe(ll)ReleaseéNhen AuNRHFtn areExposed to Laser

We also conducted experiments that investigated Fe(ll) release from-NENR
when exposed to a pulsed laser source operating at 810 nm. After 1 h to the laser,
approximately 25 M of Fe(ll) was released into the solution (Appendix: Figure Cla), and
after a 2 h exposure, the solution concentration of Fe@dreasedo 31.2' M. Based on
the ICROESresults, the maximurRe(ll) concentration that could be produced, assuming
all the Fe in the HFtn was released, would B& mM. After the same time, using the LED
at 810 nm led to the release 0®-nM. We attribute this difference iFe(ll) yield to the
laser source having a much higher power density (320 mW) compared to the NIR
lamp (4 mW crif). Data in the Appendix: Figure Cla also shows that the amount of iron
released in the absence of aqueous tartrate is lod@mMthan if the tartrate is present.
We do not a firm reason for this observation, but it may be thatdoalenging species
are formed during water ionization that occurs with the {mgénsity pulsed laséf.
Without AuNR attached to the HFtn, there is no release of Fe(ll), 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 lser lig

beneficial due to its ability to introduce excessive local heat for only a short time around
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the AuNRs!! Without AUNR in the system, there is no release of Fe(ll), 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 relEa¢k). Hence, it clearly indicates that

the AuNR is the critical component of the system that can facilitate the band gap excitation
of theFh core. Based on Appendix Figure C1b, it was observed that the release of Fe(ll)
from the AUNRHFtn bioconjugate system increased as the expdtisuego 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 fezntosl pulsed laser for 30 min,

the AuNR did undergo reshapiignd the welding of particles togetitéThe Appendix:

Figure CZ shows that the UWis broad absorbance of the modified AUNRs showed new

absorbance modes: one bkhfted to 920 nm and another fshifted to 750 nn?

5.4.4 Chromat€Cr(VI)) ReductionSudies

To further understand the photochemistry of AuNRtn, experiments were
performed where solutions containing our plasmonic heterostructure antl) @Gréxe
exposed to 800 nm light. Prior research from our laboratory showed that the
photoexcitation of Ftn with photons with energie®.61 eV (475 nm) results in the
bandgap of thé&h core being excited, and if Cr(VI) is, present in solution it is reduced to
Cr(Il1).* Solutions investigated in these experiments consisted of AdRIR, 200' M
Cr(VI), and 32 mM tartrate, stabilized in Tris HCI (pH7.4). The Cr(VI) concentration
was determined by measuring the W5 absorbance of chromate at 372 nm. The reaction
mixture containing AUNRHFtn in Tris HCI, 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 wati-ta but in the
absence of AUNR and Tartrai®&ppendix Figure C3a). Hence, the excitation of AUNRsS
with the NIR is likely driving some Cr(VI) reduction. Prior studies have shown that gold
nanomaterials can produce energetic hot electrons that are riefiedox reaction$>
Therefore, we speculate that the AuUNR 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(lll), whereas without tartrate in the reaction medium, the percentage
conwersion 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) redustimserved.

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 redudti@u(\gl).°

When AuNR is absent from the reaction solution, there is hardly any conversion of Cr(VI)

to Cr(lll).

5.4.5 Mechanisti€onsideration for AUNRHFtn Photochemistry

TheFhcore in HFtrmeeds a minimum of 2.6 eV for the direct band gap. Therefore,

it is impossible to achievehdirect band gap excitation with an incident energy of 1.45 eV
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(Appendix Figure Cd4a) Prior research has shown that metamiconductor
heterojunctions can induce charge separation in the semiconductorlocdd
electromagnetic fiel&énhancment (LEFE) plasmonrinduced resonance energy transfer
(PIRET), plasmonichot electrortransfer (PHETr)and plasmanic hot electron tunneling
(PHETu)® A requirement fot EFE s that the energy of the incident photon is greater than
the bandgap of the semiconductbin the PIRET mechanism, plasmonic energy is
transmitted and induces charge separation in a semiconductor through adgtiptde
interaction(Appendix C5)'® This mechanism involves the efficient collection of visible
andNIR light with energies below the semiconductor band edge and uses an insulating
spacer layer to transfer energy rrawliatively, preventing interfacial charge recombination
lossest® The UV-Vis absorbance band positions of AuWNRtn, HFtn, and-h are shown

in the Appendix: Figure C4b. Based on the band positions, the transverse band at 520 nm
falls within the range of theh broad absorbance peak (3600 nm), while the longitudinal

band has an absorbance too low of a wavelength range. The PIRET mechanism, however,
is unlikely to occur if the.SPRof 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 AuUNRFtn system.

Most LSPR effects for metal photocatalysis mechanisms, for (Au, Ag, Cu,
etc.)/semiconductor (Ti§) ZnO, CuO, etc.) heterojunctions, are commonly explained by
the PHETror PHETuphenomenon®?° Gold nanostructures are appropriate as metals due
to their significant and tunable extinction coefficients in the visible and NIR regfiéhs.
Semiconductors are selected based on their eleattogpting ability and density of state

(DOS) in the conduction band. Energetic hot electrons can overcomendted
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semiconducto6.Bi f t he semiconductor is |l ocated spe
or in direct contact. Mechanistically, excited localized surface plasmons would deeay non
radiatively due to ultrafast scattering processes (few tens of femtoseconds to picoseconds)
such as electromlectron scattering and electi@ihonon scatteringThese scattering

events are followed by phongainonon relaxation within the lattice, ultimately resulting in

the dissipation of heat to the surrounding medftin.certain cases, relaxation processes

can result in the generation of highergy hot electrons that fall within the energy range
between the vacuum energy and #ermilevel. However, he 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 overcorseBlfer efficient

hot electrorbased applicatiorts.
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Figure 5.3: Direct and Indirect PHETmechanism

According to the PHETmechanism, the plasmonic hot electrons can be transferred
either directly or indirectly (Figure 5.3). Thadirecthot electrortransfer(IDET) process
involves two steps. First, hot electrbnle pairs are generated in the metal within
femtoseconds. Then, these hot electrons are transferred to the conduction band of the
neighboring semiconduatan order of picoseconds.The hotelectron generation and
injection efficiency in metal nanostructures depends on various factors such&®8 the
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 electroR$The electric field enhancement has been proven to be the

highest inside nanorods compared with other traditional-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
semiconductof* 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 tranéitidowever,
AuUNR-HFtn conjugates absorb photons mainly around 1.46 e\ 850 nm), which
would suggest only hot electrons generatidot electrorrelatedROS generation is a
common phenomenon that explains the photochemical photocatalytic reactions that occur
via PHETr mechanisnt”?8 Prior research has reported various reactions involving hot
carriers, including dissociation of hydrog&€O oxidatior’® and NH oxidation3! 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 ¥h&tad. DET
mechanism isnoreefficient than the IDET becauseavoidsthe energy losses associated

with hot electronslue toelectronelectron and electrephonon scatteringy

Even though the hot electrons are very energetic, they cannot transfer distances >
10 nm without losing the energy due to scattefin@®ecent 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 turiRelEgu)

facilitated by a semiconduct&:B.with lower energy requirement$=®

Therefore, drawing upon previous scientific literatuve propose a hypothesis that
involvesthe PHETrmechanisnor PHETuprocessas the realistic mechanism to explain
electron/energy transfer frothe plasmonic AuNR to the conduction bandrbfvia the

HFtn protein shell. This mechanism pathway is speculated to be the most plausible
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explanation for the excitation of tiébandgap undeédIR exposure, even when the energy

of the NIR radiation falls significantly below the band gap energy ofFthenaterial.
However, to fully understand how the AuNRFtn 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(ll) release ulI& radiation, even at energy
levels significantly below the bandgap energy offheore 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(ll) within 2 h, with a gradual increase observed over time, reaching 61.5 nM after 5 h.
In contrast, the control study involving AuNRRSFtn, AuNR(SiQ)-HFtn and AuNR
HFtn(DTNB) demonstrated minimal Fe(ll) release compared to the AHRNR
bioconjugate system. It signifies the proper attachment between AuNR and HFtn for
effective Fe(ll) release. Notably, femtosecond pulsed laser exposure led to a substantial
release of Fe(ll), with approximately 2%/ 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 redhaping
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. Thesesaggkst that the

Fe(ll) release from the AUNRRIFtn 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 invéNESTYPHETuU

through HFtn shell from AuNR to tHeh core material, thereby facilitating Fe(ll) release
under NIR exposure, even below the direct band gap excitation eneifgy. dhese
findings contribute to our understanding of the underlying processes and potential

applications of the AUNRIFtn heterostructure in controlled release and redox reaction
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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 manyArmrayzing
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 drdgs.Recently, photothermal therapy (PTT) and
photodynamic therapy (PDT) have attracted considerable attention as potential cancer
therapies. In PTT, a photothermal agent (PTA) is utilized to generate heat and destroy
cancer cells upon irradiation, typically wiiR light that has a significant transmission
distance through human tissti€he 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 t&s3ioedate,
NIR-triggered inorganic nanomaterials, such as transition metal nanopdrtiokes
sulfides® Ptnanoparticles andAu nanomaterialé® have beentilized asPTA. To produce
ROS in the PDT process, it is essential to expose the photosensitizer (PS) to light of a
particular wavelengtht Nevertheless, in PDTa main challenge isthat the potential
occurrence of photobleaching, while 8sexhibitinsignificant absorption dilIR (650

900 nm)*2
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In this study, we introduce a novel bioconjugate consistinfgudRs chemically
linked to the proteitdFtn. InsideHFtn, there is a smabland semiconductor known Bk.
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 (
PPT) or photosensitizers (in PDT) specifically at the targeted region of insrelstas 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 trestments.
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 sntige
treatment to reach deegated tumors or affected areas within the body. By constructing
the bioconjugate with AuNR andFtn, this study aims to address these challenges and
provide a promisingnd synergisti@approach for enhancing PPT and PDT styats. 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 dtbailth issues as well.

We believe that the bioconjugdatédFtn chemically linked to AuNRs (AuNR
HFtn)d investigated in this contribution has chemical and physical properties that address
these challenges. Ftnis a globular protein constructed from 2dsselfnbling polypeptide
subunits to form a protein shell with al2 nm outer diameter and an internal cavity with
an ~8 nm diametet? Typically, in mammalian Ftns, the 24 subunits consist of two

different subunit types: g8hain and kchain subunits. HFtn contains 100% H subunits.
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The primary function of Ftn is to sequester and store cellular iron and protect the cellular
lipids andDNA from ferrous irorinduced redox chemistry.Importantly, for the potential

use of the bioconjugate, HFtn has an affinity for cancer tefipecifically, the transferrin
receptor 1 (TfR1) is a transmembrane glycoprotein that is overexpressadcercells

and readily binds HFtn due to the requirements for cancer cell gtéwnce, the HFtn
potentially provides a strategy to selectively target cancer cells for the delivery and

localization of AUNRS at candaumor sites.

Cancer cells contain up to 100 mM of elevate®k while normal cells have less
than 20 nM8 The high levels of kD2 in cancer cells are due to the disproportionation of
superoxide dismutase in mitochondfialherefore, cancer cells are susceptible 1@
Prior research from our laboratof@hapter 5has 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(ll)). It triggers the Fenton reaction, which leads to the
accumulation of ROS, lipid peroxidah, and irordependent cell death, also known as
Ferroptosig® In cancer cells with high #D, levels, the release of Fe(Il) 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(ll) into the cellular media
can potentially induce feoptosis and cell death. Ferroptosis is a wstldied process in
the context of human physiology where the programmed release of Fe(ll) in cells leads to

ROSand the destruction of the cell membranes via the oxidatiodayibilipids?*

In the present study, we investigated the effect of-Mi&liated AUNRHFtn

bioconjugates on the viability of PGimanprostate 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 ce$Our studies utilized AuNRIFtn bioconjugates that
were free of the surfactant CTAB, which was used to prepare the AtiNRs.removal

of the CTAB was necessary due to its cytotoxic properties. We show that if the-AuNR
HFtn bioconjugates (JAUNR} 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-lABNR
bioconjugate is more effective decreasing cell viability compared to AUNRSs alone in the

presence of NIR.
6.2 Experimental
6.2.1 PC3 CelViability Sudies

Human prostate cancer cell line (PC3) was seeded in tweeBplates (10 000
cells per well) in DMEM/F12 culture media supplemented with 10% FBS, 100 IU L
penicillin, and 100 pg mistreptomycin, 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 AulRtn with DMEM medium was tested.
The effect of the AUNRHFtn bioconjugate on the viability of PC3 human prostate cancer

cells with and without NIR exposure was investigated.

The UV-Vis spectra of AuNRHFtn in DMEM F12 with different AuNR
concentrations (JAUNR¥ 49.1, 24.5, 12.3, and 4'M) are illustrated in Appendix: Figure

D1b. AUNR has a plasmonic absorbance peak at 850 nm with varying intensities depending
13€



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 residuesNRae A

HFtn bioconjugate§AuNR] =49.1 and 4.9 M) in Tris HCI (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 mispgendix Figure D1c,andd) 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 AdhNF conjugates
diluted AuNR concentrations ranging fron32‘ M to 174.5° M. Then the cells were
incubated for 2 h and 24 h at 32 with 5% CQ. Subsequently, cells in the plate were
exposed to NIR |l amp (& = &540neachmyelforardt i ng
24 h. On completion, the number of metabolically active/viable cells was determined by
measuring the concentration of ATP using the CellTite?Glominescent cell viability
assay (Promega). The same procedure was applied to the dark control. Percent cell viability

was calculated as a percentage with respect torttieated cells used as control.

6.2.2 Statistical Analysis &fercentPC3 CancerCell Viability%

For studies involving PC3 cancer cell viability% studies with the AN
bioconjugates vs. control system (AubMiRoHFtr), Dark and light conditions of each
system and untreated cancer cell control, the Studelets was performed to determine
statistical significance andRa< 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 AuNfRtn has undergone comprehensive
characterization using various analytical techniques, as detailed in Chapter 4 of the study.
In summary, the initial step involved synthesizhgNR-CTAB with an absorbance band
centered at 800 nm. TheAeNRswere then conjugated with HFtn, as depicted in Figure
6.1ac. To make the system suitable for biological applications, the cytotoxic CTAB was
removed from the synthesis process. This modification was confirmed through analyses
such adLS, Z.P, andATR-FTIR spectroscopySubsequently, the photochemistry of the
AuNR-HFtn bioconjugate system was investigated, specifically exploring its response to
NIR light. The research conducted, discussed in deta@hapter 5, revealed that the
AuNR-HFtn bioconjugate system exhibited the capability to release Fe(ll) 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 AUNFCTAB 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 AWNIRtn bioconjugate. As shown in the
image the sphericaHFtn is attached to the AuNR. The outer protein shell is visible with

the inner densEh core. (cnstained TEM of AUNRHFtn. The black inner core spheres

are aligned closely to the Au

6.3.1 IronRelease andHydroxyl Radical Generation from the AUNRIFtn

Prior studies have shown that the exposure of AdNF bioconjugate to NIR
(840 nm, 1.46 eV) leads to the release of Fe(ll) from the HFtn. (Discussed in Chapter 5 in

detail) We believe that the mechanism that fad#is this process is PHETr/PHEfam
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the AuNR to the inorgani€h 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(ll).
The amount of Fe(ll) released increases up to 61.5 nM after 300 min. Experiments carried
out without the NIR redted in no Fe(ll) release. As mentioned above, one of the processes
by which the NIR photochemistry of AUNRFtn could affect cancer cell viability is
through the release of Fe(ll) and subsequent formatioRQ® that could leado the
disruption of the bilayer membrane of cells. Hence, we carried out experiments to
investigate whether the N{Rradiated bioconjugate could indeed lead to ROS formation.
We investigated whether hydroxyl radical was formed by using the knowledgth¢ha
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 AuNRtnat 455 nm emission under 850
nm NIR exposure (AuNRHFtn (L)) and in the dark (AuNfRRIFtn(D)) 455 nm emission is
due to thdluorescence intensity of umbelliferone formed with Q&dicals (b)The
chemical reaction of-Rydroxycoumarin formatio.

The most common hydroxycoumarin ishydroxycoumarin, also known as
umbelliferone. (Figure 6.2a). The fluorescence-bfdroxycoumarin can be probed in the

visible region, with the highest intensity at approximately 455%hifhe results in
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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 fMRBuced Fe(ll) release from AuUNR

HFtn, in the presence of biological cells (e.g., cancer cells), could potentially lead to the

killing of the cells via a ferroptosiike cell death mechanism.

6.3.2 PC3CancerCell Viability Sudies of AUNRHFtn

Table D2 shows the cancer cell viabilities% for AuUNIRtn and AuNRapoHFtn
(AuNR attached to HFtn without a Fh cotegated PC3 cancer cell lines under dark and
light conditions. Two different AUNR concentrations ([AUNRL.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 (B 0.05) when after the AuNBpoHFtn 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 fd®4 h prior to NIR exposure for both AuNRFtn (JAUNR] = 1.39
‘M) and AuNRHFtn (JAUNR] = 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 UNR-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 AuNRapoHFtn (24 h incubation) system in the presence of NIR to
be due to the photothermal effect of AUNRs. The larger effetdte AUNRHFtn NIR
irradiated system on decreasing cell viability may be due to the release of Fe(ll) 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 destructi®nThus, to avoid the possible minute iron
contamination in the process, we are expecting to utilize Ftn prioesinrAUNR capped
with methoxy poly(ethylene glycolJAuNR-mPEGSH) as an additional control system
for the comparison with the AUNRFtn bioconjugate systef?® Moreover, to evaluate
the synergistic (PTF# PDT) effect and solitary PTT effect on eradicating PC3 cancer cells,
it is reasonable to compare the AuRtn bioconjugate system with the AUNRPEG
SH control system. However, the AuNfRoFtn and AUNRNPEGSH control systems are
expected to behave diffamtly in the vicinity of cancer cells. Although AuN&poFtn can
be targeted to cancer cells via TfR1 receptors, AUNFREGSH, being a pure AuNR
without a protein component, most likely enter the cancer cells through the endocytosis
pathway?"?® 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 AuUNfRtn and AuNRapoHFtn
bioconjugate systems kept for 2 h of incubation period with PC3 cancer ce(b)RE3

cell viability studies carried out with AuNRFtn and AuNRapoHFtn bioconjugate
systems kept for 24 h of incubation period with PC3 cancer cell(tyeC3 cell viability
studies carried out with AUNRIFtn bioconjugate systems kept for 2 h and 24 h of
incubation period with PC3 cancer cell lifeor each experiment (Figure 6-8pthe
reaction was completed for two AuNR concentrations (JAUNR]=1.39 an& 1 T4). under

dark and light conditions. (d)PC3 cell viability studies carried out with AdiNF and
AuNR-apoHFtn bioconjugate systems incubated for 24 h and without incubating with any
systems as untreated PC3 Toexeadienwascarpleted ( den
only for [AUNR] = 1745 ‘ M underdark and light conditiongThe data presented in this
figure was provided byvang Lab at the Department of Chemistry, Temple University).
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When the incubation time is increased from 2 h to 24 h, the cell viability% for the
system with AUNRHFtn bioconjugates in the dark condition was insignificar# (R05).
In the light conditions for AUNRHFtn (JAUNR] = 1.39* M), the cell viability% was
reduced by almost 24% > 0.05) whereas for the AUNHRIFtn (JAUNR] = 174.5' M),
the reduction was 32%nd statistically significan{P < 0.05) §igure 6.3c). Control
investigations were carried out using untreated PC3 cells under both dark and light
conditions. We found that there was no significant differenceQ®5) in AuNRapoHFtn
([AuNR] = 174.5° M) and AuNRHFtn (JAuNR] = 174.5° M) when compared to
untreated PC3 cancer cells under dark conditions. Under light conditions, there was no
significant reduction in cell viability% (B 0.05) for AuNRapoHFtn ([AuNR]= 174.5
‘M) in untreated PC3 cancer cells. However, we observed a substantial decrease in cell
viability% (P < 0.05) for AuUNRHFtn ([AuUNR] = 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 AuMNEtn for 24 h before NIR irradiatigrand PC3
cancer cells incubated with AuNRFtn 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 18@ They have various sizes, most
of which have a polygonal shape with a spherical nucleus in the middle, surrounded by the
cytoplasm?® After a 24 h incubation with AuNRIFtn, the cancer cells appear to have
internalized AUNRHFtn clustersAppendix Figure D2b). When these cells were exposed
to NIR light for another 24 h, a significant morphological change was observed by

microscopy>®! 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 AHINR were observed

outside the cancer cells after NIR irradiation, which was not visible before. This
observation is supported by prior reseashich showed similar behavior for PC3 cells

when their proliferation was suppressed with anticancerous agéhppendix: 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-HFt n bioconjugates to enter (by endocyt

prior to NIR exposure.

6.3.3 Thavlechanisninvolved with the AuNHRIFtn Cancerlnteraction and the

Destruction

It is useful to point out what wielieve our bioconjugate brings to the potential
development of an anticancer agent. A system with anticancer properties should possess
specific qualities, including canctargeting ability, nontoxicity, biocompatibility,
biodegradability, and efficient harmacological properties, such as effective loading
controlled prolonged therapeutic effect in vivo and in vid¥.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.
enhanced permeability and retention effect (EPR) is a pathophysiological passive targeting
phenomenon that targets specific molecules like liposomes, nanoparticles, and
macromolecular compounds @0 kDa) in solidcancertissue®® However, targeting
anticancer therapy via the EPR effect in clinical practice is not always successful since it

depends on various chemical and physical condifi®herefore, active targeting is
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necessary. To make anticancer agents more effective, they are often chemically or
genetically modified to target cancer céflsThe AuNRHFtn 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 oxygédree radicals through Fenton chemisthyEtn is a
cytoprotective protein responsible for maintaining the balance of intracellula¥ itaran
minimize the formation of oxygefiee radicals by sequestering excess free iron. Various
studies have suggested that Ftn can protect against oxidativerska¢sd damage caused
by an imbalance betwedOSproduction and insufficient antioxidants to eliminate them
within cells*° Inside cancer cells, the iron content becomes low due to rapid proliferation
and metabolic reactions (DNA synthesis, cellular respirafioljence the transferrin
receptors (TfR), which regulate iron metabolism, are overexpressed in cancéf cells.
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 lyso$8ierdosomes are a diverse group
of organelles within cells that sort and transport materials taken in from the cellular
surfaces?” Lysosomes are eukaryotic organelles that contain digestion enzymes, which are
vital for autophagy?® Other studies have found that Ftn from the cytoplasm also reaches
lysosomes and that lysosomes may play a role in releasing iron froffi \Rta.are
interested in further investigating what happens to HFtn and the iron it contains once it

reaches lysosomes following endocytosis through TfR1.



Iron metabolism is crucial in cancer development, survival, proliferation, and
metastasis. Two therapeutic approaches have been developed based on intracellular iron
metabolism in cancer celt§?® The first approach involves depleting iron from cancer cells
via iron chelatoré®* 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 Ferrptosis in cancer celf&:>? Our research focused on the latter approach, NIR
irradiation of HFtn attached to AuNR to provide cancer cells with excess Fe(ll) where the
this redox active species can trigger the Fenton reaction (production of hydroxyl radicals)
via reaction with the coparatively high HOz levels (~100 mM) in cancer cells. The
elevatedbxidative stress can initiate ferroptosis and eliminate cancer cells through plasma

membrane damagé>

6.4 Conclusion

In this chapter, the primary objective was to exploit the potential of the A4NR
bioconjugate system for cancer therapeutics. The central hypothesis proposed that NIR
light-induced Fe(ll) release from the system could trigger the Fenton reactioncaiticier
cells, thereby initiatingerroptosis. 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 utiliredresults
demonstrated a significant decrease in cancer cell viability%Q(B5) 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 ([AuUNR]) with an increase from

24% to 32% observed when the [AuNR] was raised from 1.8Dto 174.5' M.
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Additionally, a significant decrease in cancer cell viability percentage (P < 0.05) was
observed in the AuNRRIFtn bioconjugate system (JAUNR]174.5° M) compared to the
AuNR-apoHFtn control system (JAUNR] 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, asgistem enhancements, are necessampoave

the system's productivity for effective cancer therapy.

6.5 References

1 Payne, H.; Adamson, A.; Bahl, A.; Borwell, J.; Dodds, D.; Heath, C,;
Huddart, R.; McMenemin, R.; Patel, P.; Peters, J. L.; Thompson, A. Cheraiwl
Radiationinduced Haemorrhagic Cystitis: Current Treatments and ChalleBgesint.
2013 112(7), 885 897.

2 Mathan, S. V; Rajput, M.; Singh, R. P. CHAPTER-Xghemotherapy and
Radiation Therapy for Cancer. Mdnderstanding CancerJain, B., Pandey, S., Eds,;
Academic Press, 2022; pp 2286.

3 Wang, K.; Tepper, J. E. Radiation Therapssociated Toxicity: Etiology,
Management, and Preventid®A. Cancer J. Clin2021, 71 (5), 437 454.

4 Overchuk, M.; Weersink, R. A.; Wilson, B. C.; Zheng, G. Photodynamic
and Photothermal Therapies: Synergy Opportunities for Nanomedidie Nan®023
17(9), 7979 8003.

5 Hu, J.J.; Cheng, Y-J.; Zhang, XZ. Recent Advances in Nanomaterials for
Enhanced Photothermal Therapy of Tumblanoscale2018 10(48), 2265722672.

6 Bettaieb, A.; Wrzal, P. K.; AveriBates, D. A.; Bettaieb, A.; Wrzal, P. K;;
Averill-Bates, D. A. Hyperthermia: Cancer Treatment and BeyOadcer Treat- Conv.
Innov. Approache2013



7 Szewczyk, O. K.; Roszczenko, P.; Czarnomysy, R.; Bielawska, A.;
Bielawski, K. An Overview of the Importance of Transitibletal Nanoparticles in Cancer
Researchint. J. Mol. Sci2022 23 (12).

8 Sheng, J.; Wang, L.; Han, Y.; Chen, W.; Liu, H.; Zhang, M.; Deng, L.; Liu,
Y.-N. Dual Roles of Protein as a Template and a Sulfur Provider: A General Approach to
Metal Sulfides for Efficient Photothermal Therapy of CanSenall2018 14 (1), 1702529.

9 Zhu, X.M.; Wan, H.Y.; Jia, H.; Liu, L.; Wang, J. Porous Pt Nanopatrticles
with High NearInfrared Photothermal Conversion Efficiencies for Photothermal Therapy.
Adv. Healthc. Mater2016 5 (24), 31653172.

10 Chuang, YC.; Lee, HL.; Chiou, JF.; Lo, L-W. Recent Advances in Gold
Nanomaterials for Photothermal TherapyNanotheranostic2022 3 (2), 117 131.

11 Sai, D. L.; Lee, J.; Nguyen, D. L.; Kim, ¥P. Tailoring Photosensitive ROS
for Advanced Photodynamic Theraixp. Mol. Med2021, 53 (4), 495 504.

12 Vankayala, R.; Hwang, K. C. NeénfraredLight-Activatable
NanomateriaMediated Phototheranostic Nanomedicines: An Emerging Paradigm for
Cancer Treatmenfdv. Mater.2018 30 (23), 1706320.

13 Li, X.; Lovell, J. F.; Yoon, J.; Chen, X. Clinical Development and Potential
of Photothermal and Photodynamic Therapies for Cahzr.Rev. Clin. Oncok02Q 17
(11), 657674.

14 Moglia, I.; Santiago, M.; Soler, M.; Olivesidappa, A. Silver Nanoparticle
Synthesis in Human Ferritin by Photochemical Reductioimorg. Biochem202Q 206,
111016.

15 Xu, X.; Tian, K.; Lou, X.; Du, Y. Potential of FerritiBased Platforms for
Tumor ImmunotherapyMolecules2022 27 (9).

16 Plays, M.; Miller, S.; Rodriguez, R. Chemistry and Biology of Ferritin.
Metallomics2021, 13 (5). https://doi.org/10.1093/mtomcs/mfab021.

15C



17 Dong, Y.; Ma, Y.; Li, X.; Wang, F.; Zhang, Y. ERReptidelnhibitor-
Modified Ferritin Enhanced the Therapeutic Effects of Paclitaxel in Cancer Cells and
SpheroidsMol. Pharm.2021, 18 (9), 3365 3377.

18 Wu, Y.; Guo, T.; Qiu, Y.; Lin, Y.; Yao, Y.; Lian, W.; Lin, L.; Song, J.;
Yang, H. An Inorganic Prodrug{,} Tellurium Nanowires with Enhanced ROS Generation
and GSH Depletion for Selective Cancer Ther&yem. Sci2019 10 (29), 7068 7075.

19 Lin, B.; Chen, H.; Liang, D.; Lin, W.; Qi, X.; Liu, H.; Deng, X. Acidic PH
and HighH202 Dual Tumor MicroenvironmetiResponsive Nanocatalytic Graphene
Oxide for Cancer Selective Therapy and Recognit®@S Appl. Mater\& Interfaces
2019 11(12), 1115711166.

20 Shintoku, R.; Takigawa, Y.; Yamada, K.; Kubota, C.; Yoshimoto, Y.;
Takeuchi, T.; Koshiishi, I.; Torii, S. Lipoxygenab&ediated Generation of Lipid
Peroxides Enhances Ferroptosis Induced by Erastin and R8h8er Sci2017 108(11),
2187 2194.

21 Stockwell, B. R. Ferroptosis Turns 10: Emerging Mechanisms,
Physiological Functions, and Therapeutic Applicati@@el] 2022 185(14), 24012421.

22 Deng, Z.; Manz, D. H.; Torti, S. V; Torti, F. M. IreResponsive Element
Binding Protein 2 Plays an Essential Role in Regulating Prostate Cancer Cell Growth.
Oncotarget2017, 8 (47), 8223182243.

23 Yu, C.; Varghese, L.; lIrudayaraj, J. Surface Modification of
Cetyltrimethylammonium Bromid€apped Gold Nanorods to Make Molecular Probes.
Langmuir2007, 23 (17), 911491109.

24 Yang, S.; Yang, W.; Guo, Q.; Zhang, T.; Wu, K.; Hu, Y. A Highly Selective
and Ratiometric Fluorescence Probe for the Detection of Hg2+ and PH Change Based on
Coumarin in Aqueous Solutiofetrahedror2014 70 (46), 8914 8918.

25 Yang, W.; Xia, B.; Wang, L.; Ma, S.; Liang, H.; Wang, D.; Huang, J. Shape
Effects of Gold Nanoparticles in Photothermal Cancer Thensiayer. Today Sustain.
2021, 13, 100078.

151



26 Shi, Z.; Ren, W.; Gong, A.; Zhao, X.; Zou, Y.; Brown, E. M. B.; Chen, X,;
Wu, A. Stability Enhanced Polyelectroly@oated Gold NanoreBhotosensitizer
Complexes for High/Low Power Density Photodynamic Ther&ymaterials2014 35
(25), 7058 7067.

27 Zhang, X.D.; Wu, D.; Shen, X.; Chen, J.; Sun,-M.; Liu, P-X.; Liang,
X.-J. SizeDependent Radiosensitization of P&B®Bated Gold Nanoparticles for Cancer
Radiation TherapyBiomaterials2012 33 (27), 64086419.

28 Ho, L. W. C.; Yung, WAY.; Sy, K. H. S.; Li, H. Y.; Choi, C. K. K.; Leung,
K. C-F.; Lee, T. W. Y.; Choi, C. H. J. Effect of Alkylation on the Cellular Uptake of
Polyethylene GlyceCoated Gold NanoparticleACS Nan®017 11 (6), 6085 6101.

29 Raman, J.; Reddy, G. R.; Lakshmanan, H.; Selvaraj, V.; Gajendran, B.;
Nanjian, R.; Chinnasamy, A.; Sabaratnam, V. Mycosynthesis and Characterization of
Silver Nanoparticles from Pleurotus Djamor Var. Roseus and Their in Vitro Cytotoxicity
Effect on PCells.Process Biochen2015 50(1), 140 147. 03.

30 Nagaya, T.; Nakamura, Y.; Okuyama, S.; Ogata, F.; Maruoka, Y.; Choyke,
P. L.; Kobayashi, H. Nednfrared Photoimmunotherapy Targeting Prostate Cancer with
ProstateSpecific Membrane Antigen (PSMA) AntibodWlol. Cancer Res2017, 15 (9),
1153 1162.

31 Awvakumova, S.; Galbiati, E.; Sironi, L.; Locarno, S. A.; Gambini, L.;
Macchi, C.; Pandolfi, L.; Ruscica, M.; Magni, P.; Collini, M.; Colombo, M.; Corsi, F.;
Chirico, G.; Romeo, S.; Prosperi, D. Theranostic Nanocages for Imaging and Photothermal
Therapy of Prostate Cancer Cells by Active Targeting of Neuropeptideeceptor.
Bioconjug. Chenm2016 27 (12), 29112922.

32 Rasul, A.; Di, J.; Millimouno, F. M.; Malhi, M.; Tsuiji, I.; Ali, M.; Li, J.; Li,
X. Reactive Oxygen Species Mediate Isoalantolactodaced Apoptosis in Human
Prostate Cancer Cellslolecules2013 18(8), 9382 9396.

33 Wong, K. H.; Lu, A.; Chen, X.; Yang, Z. Natural Ingredi@dsed
Polymeric Nanopatrticles for Cancer Treatmémblecules202Q 25 (16).

34 Di, X.; Liang, X.; Shen, C.; Pei, Y.; Wu, B.; He, Z. Carbohydrates Used in
Polymeric Systems for Drug Delivery: From Structures to ApplicatiBharmaceutics
2022 14 (4).

152



35 Wang, X.; Yang, L.; Chen, Z. (Georgia); Shin, D. M. Application of
Nanotechnology in Cancer Therapy and Imagi®g. Cancer J. Clin2008 58 (2), 97
110.

36 Wu, J. The Enhanced Permeability and Retention (EPR) Effect: The
Significance of the Concept and Methods to Enhance Its Applicdtidters. Med2021,
11(8).

37 Suggitt, M.; Bibby, M. C. 50 Years of Preclinical Anticancer Drug
Screening: Empirical to Targ&riven ApproachesClin. Cancer Res2005 11 (3), 971
981.

38 Vallyathan, V.; Shi, X. The Role of Oxygen Free Radicals in Occupational
and Environmental Lung Diseasé&viron. Health Perspecfi997 105 (suppl 1), 165
177.

39 Ahn, J.Y.; Choi, H.; Kim, Y.H.; Han, K:Y.; Park, JS.; Han, SS.; Lee, J.
Heterologous Gene Expression Using @dfembled SuprMolecules with High
Affinity for HSP70 ChaperonéNucleic Acids Ref005 33(12), 37513762.

40 Liu, M. Z.; Kong, N.; Zhang, GY.; Xu, Q.; Xu, Y.; Ke, P.; Liu, C. The
Critical Role of Ferritinophagy in Human DiseaBeont. Pharmacol2022 13.

41 Yao, X.; Li, W.; Fang, D.; Xiao, C.; Wu, X.; Li, M.; Luo, Z. Emerging Roles
of Energy Metabolism in Ferroptosis Regulation of Tumor Caltk:. Sci.2021, 8 (22),
2100997.

42 Kelter, G.; Steinbach, D.; Konkimalla, V. B.; Tahara, T.; Taketani, S.;
Fiebig, H:-H.; Efferth, T. Role of Transferrin Receptor and the ABC Transporters ABCB6
and ABCB?7 for Resistance and Differentiation of Tumor Cells towards Artesitiais.
One2007,2(8), 1i 7.

43 Rafik, S. T.; Vaidya, J. S.; MacRobert, A. J.; Yaghini, E. Organic
Nanodelivery Systems as a New Platform in the Management of Breast Cancer: A
Comprehensive Review from Preclinical to Clinical Studie€lin. Med.2023 12 (7).

44 Scott, C. C.; Vacca, F.; Gruenberg, J. Endosome Maturation, Transport and
Functions Semin. Cell Dev. Biok014 31, 2 10.

15¢



45 Kroemer, G.; Jaatteld, M. Lysosomes and Autophagy in Cell Death Control.
Nat. Rev. Cance2005 5 (11), 886 897.

46 Kidane, T. Z.; Sauble, E.; Linder, M. C. Release of Iron from Ferritin
Requires Lysosomal ActivityAm. J. Physiol. Physio2006 291 (3), C445 C455.

a7 Chen, X.; Yu, C.; Kang, R.; Tang, D. Iron Metabolism in Ferropt&sant.
Cell Dev. Biol.202Q 8. https://doi.org/10.3389/fcell.2020.590226.

48 Guo, Q.; Li, L.; Hou, S.; Yuan, Z.; Li, C.; Zhang, W.; Zheng, L.; Li, X. The
Role of Iron in Cancer Progressidfront. Oncol.2021, 11.

49 Richardson, D. R.; Kalinowski, D. S.; Lau, S.; Jansson, P. J.; Lovejoy, D.
B. Cancer Cell Iron Metabolism and the Development of Potent Iron Chelators as Anti
Tumour AgentsBiochim. Biophys. ActaGen. Subj2009 1790(7), 703 717.

50 Corcé, V.; Gouin, S. G.; Renaud, S.; Gaboriau, F.; Deniaud, D. Recent
Advances in Cancer Treatment by Iron ChelatBisorg. Med. Chem. Let2016 26 (2),
2511 256.

51 Wang, S.; Liao, H.; Li, F.; Ling, D. A MinReview and Perspective on
Ferroptosidnducing Strategies in Cancer Thera@hinese Chem. Le®019 30(4), 8471
852.

52 Li, Y.; Wei, X.; Tao, F.; Deng, C.; Lv, C.; Chen, C.; Cheng, Y. The Potential
Application of Nanomaterials for Ferroptodased Cancer TherapBiomed. Mater.
2021, 16 (4), 42013.

53 Feng, H.; Stockwell, B. R. Unsolved Mysteries: How Does Lipid
Peroxidation Cause FerroptosBROS Biol.2018 16 (5), 1 15.

54 Yu, Y.; Yan, Y.; Niu, F.; Wang, Y.; Chen, X.; Su, G.; Liu, Y.; Zhao, X,;
Qian, L.; Liu, P.; Xiong, Y. Ferroptosis: A Cell Death Connecting Oxidative Stress,
Inflammation and Cardiovascular Diseagesll Death Discov2021, 7 (1), 193.

154



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
storagée It acts as a protective cage, encapsulating iron in a mineral form Ealfebhis
mineral form allows for efficient iron storage within cells while preventing the iron from
causing oxidative damadeln 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 subunitsEach H subunit has-2 exposedCys ligands, which are
sulfur-containing molecules he formation ofSH bonds due tdeseCys ligandsplaysa
crucial role inestablishing &tableinteraction between HFtn alINPs® BesidesFtnis
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 ther&py.

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 application§®® AuNPs offer remarkable optical, electronic, and catalytic
properties, while proteins exhibit diverse functionalities and high specifidity? Several
strategies have been employed to facilitate the attachment process, including direct
adsorptiort® covalent conjugatioff* and functionalization of protein surfac@sThese

approaches often involve the modification of surface amino acids, s@ysas Lys, to
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introduce reactive groups for interaction with gold surfdé&sHerein, we designed a
strategy to modify the HFtn witbhemically synthesized AuNS through Sucovalent
conjugationWe have studied the attached to the HFtn bioconjugate system {AEN$
using various analytical technique€Nl was used to examine the shape of the AUNS and
its attachment to the HFtn outer shell. Furthermore;\i&/spectroscopy was utilized to
analyze the changes in th8PReffect of both AUNS and AuNS8IFtn. Additionally, we
used ATRFTIR to study hetotal surfactant removal from the bioconjugates for-toxic
biomedical utilization. Ouresearch has shown that when AuNS is irradiated at 850 nm, it

can release Fe(ll) from the HFtn inner core consistirfghafemiconducting material.

We propose that the release of Fe(ll) can trigger a Fenton reaction irfEzells
cancer cells, bacterial celldgading to the photodynamic pathway in addition to its
photothermal effectFurthermorethe LSPRof AuNSs allowsfor enhanced antibacterial
effects through the generation RDS upon exposure to light 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 complicastiand 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, amtha&cing cancer treatment strategies.
We plan to extend our research to explitresimultaneous antibacterial and anticancer

properties othe AUNSHFtn bioconjugate system.
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7.2 Experimental
7.2.1 Chemicals

All chemicals were used as received. Pure analytical grade solid chemicals,
solvent s, and Dei onityvee usedn gl preparatiens. Sqdiln8 Mq
borohydride (NaBH, 98 + %) , Sodi um hydroxide (NaOH, A
Sodium tetrachloroaurate(lll) dihydrate (NaAu@H2O, > 99%), Phosphotungstic acid
hydrate (H[P(W3010)4].xH20, 99.995%), TritonXL00 (2[4-(2,4,4trimethylpentar2-
yl)phenoxy]ethanol, Laboratory grade)-(B3Pyridyl)-5,6-diphenytl,2,4triazinep ,-p Nj
disulfonic acidmonosodium salt hydrate (Ferrozine, 98+% pure), Trisma base(primary
standard and b(t)fAscerbic, acidyAA MB+%), Bi)ver nittate (AgNO
99%), Hydrochloric Acid (HCI, Certified ACS plus, 36.5 to 38.0%), Ferrous Ammonium
SulfateHexahydrate (Fe(NP(SQw)-6H-O, Crystalline/ Certified

101.5%), from Fisher Chemi&aklnd HEPES buffer (ultrpure, American bio)

7.2.2 Iron Mineralization of HFtn

Briefly, 2.0 mL of purified apoFtn (0.631 mg m).was added t80 mL of HEPES
buffer (pH= 7.4, 0.1 M) and prepared by bubbling(®y for 1.5 h. Then aliquots of
Fe(NHs)2(SQy)2-6H0 (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(ll) addition,
the solution was shaken slowly and kepitaght for 30 min. The solution slowly turned to
a yellowishorange cadr from colorless and a homogeneous solution was observed without

any visible precipitation. Excess Fe(ll) and otheresscions were removed by dialysis



(Molecular porous dialysis membrane, MWCO:1I&kDa) in fresh Tris buffer (pH 7.4,

0.1 M, 1000 mL) for 1.5 h intervals three times and storediD. 4
7.2.3 Preparation of the AuNS

AuNS stabilized with TX100 was synthesized using a method developed by Atta
et all® To start, all the necessary solutions were prepared separately before being
combined. A 10 mL and 20 mL 0.15 M 200 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. Nex500‘ L of 10 mg mL! AuCls the solution was prepared by mixing 50
“ L of 100 mg mL! stock AuCk solution with 450 L of DI water. Finally, 3.9 mM AgN®@
solution (0.0067 g, 10 mL), 0.788 M Ascorbic acid solution (0.1388 g, 1 mL), and 0.01M

NaBHs (0.0038 g, 10 mL) were also prepared.

Gold SeedSolution Preparation

Seed solution was prepared by adding 6Q0of NaBHs solution to a 10 mL
mixture of TX-100 and 100 L of 10 mg mL* AuCls 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 24 °C before using for the next process.

Gold Growth Solution Preparation

AUNS growth solution was prepared by the following method. 20 mL cfL0X
solution was mixed with 400L of 10 mg mL AuCls solution and stirred for 2 min. Then
a rapid sequential addition of 50Q of 3.9 mM AgNQ;, 40‘ L of 0.788 M ascorbic acid

and 14 L of the seed solution were carried out with#2 ¥ 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 -IR0 added to the initial 10 mL of FX00 solution

can be adjusted. Based on WAk 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 (AuN&tn)

12.0 mL of TX100 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 mLTois HCI (0.1 M, pH=7.4). (If the
AUNS in TX-100 needs to be transferred and stabilized in mBBG100' L of 100° M
MPEGSH can be added to the final25 mL AuNS solution, kept overnight, and then
centrifuged at 1200fpm, 10 min for purification) Then HFtn protein solution 1.0 mL was
added slowly to 1.0 mL of AuNS ifris HClunder ultrasonication for 2 min. (HFtn/AuNS
dispersions, 1:1 v/ v) Then the AuMNS~tn 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 inTris HCl buffer. (pH =7.4, 0.1 M), and stirred for at least 24 h. Next,
the AUNSHFtn solutionwas centrifuged at 10000 rpm for 2 min, decanted excess HFtn/
CTAB. Then HFtn in Tris HCI 20 L was added to the pellet, mixed, kept for 30 min.
Finally, the solution waglispersed in a 2.0 mOris HCI. (pH =7.4, 0.1 M), and

concentrated as desired.



7.3 Characterization

7.3.1 TEMAnalysis

TEM was used to image pure AuNBdAuUNS-HFtn bioconjugatesising a JOEL
JEM-1400 microscope operating at 120 kV (undefb0-100,000magnifications and 20
nm/ 50 nm resolution). All the samples were prepared on coppersuppbrted holey
carbon TEM grids (Ted Pella) and allowed to dry as a thin film. The AHR® sample
was centrifuged at 5000 rpm for 5min thrice and diluted eaahwith 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 shiedlleFtn
protein in the AUNSHFtn bioconjugates, a 2RTA negative staining solution at pH7
was used. When the TEM grids were prepared,L18liquots of the sample were deposited
on the grid and aidried for 10 min. The excess sample was removed with filter paper and
then rinsed with 10L of water. Next, 3 L of the PTA solution was deposited, allowed to

sit for 2 mn, and the excess was removed by filter paper to prepare stained grids.

7.3.2 ATRFTIR Measurements

ATR-FTIR analysis was performed to confirm the-IBO 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 AMCTA) detector cooled by liquid N
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7.4 Photochemical batch reactions
7.41 UV-Vis Spectroscopy and NIRluminator Sudies

All photochemical experiments were conducted in a % guartz 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. AuUNRtn samples and controls
were individually exposed for 120 min, and absorbance speti@0 @00 nm) were
acquired for each photochemical reaction from the\U¥ spectrophotometer. Iron release
studies were conducted with AuUNR~tn, 32 mM sodium potassium tartrate, and 80 mM
Fzin 0.1 M Tris buffer (pH= 7.4). Quantitation of Fe(ll) releaseas determined by UV

Vis spectroscopy at 562 nm due to FeHi)complex formation.
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7.5 Results and Discussion
7.5.1 TEM and UW:is Spectroscopy and TEM of AuNS irI00

The Figure7.1a, the UWis 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 II0O concentration ([TX00]) in the
seed solution, tlongitudinal absorbance band position could be tuned in the NIR window.
During the reaction, TXL00 micelles form and can capture free Au(lll) ions, which can
limit the nucleation and growth steps of the mechanism. Wher1[00{ surpasses the
critical micelle concentration (CMC) of T:A400(0.3 mM), the free Au(lll) 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 chemicakharacteristics of seeds, the ascorbic acid, and the AgNO
concentration, affect the anisotropic growth of AUNS and its longitudinal NIR absorbance.
The same publication thoroughly explored how each reactant influerecesotiphology
and the NIR absorbance. However, the mechanism involved in thensskated TX100

capped AuNS synthesis remains unresoied.

162



Absorbance (A.U)

= A U N(800 Nm)
= A u N(900 NmM)
A u N(9050 nm)

400 500 600 700 800 900 1000 1100
Wavelength (nm)

b C

63.24nm 1

65.06nm

47.47Tnm —

57.32nm

Figure 7.1: (a)UV-Vis spectra of AuNS in TXL00 with various longitudinal peak
positions (b)nstained image of AUNS in TX00 (c)Spike lengths of AUNS (Longitudinal
band position at  810nm).

TEM images and NIR plasmon spectra of the AuNEX-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-Elshows the diversity of spike
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sizes among the dispersed AuNSs in-I00. 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 5000 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 UWis Spectroscopy of AuNE-tn Bioconjugates

In Figure 7.2a, the stained TEM image of HFtn reveals a distinct structure
comprising an inner core &hand an outer white protein shell. In Figure 7.2b, the stained
AuUNS-HFtn clearly demonstrates the conjugation of HFtn with the AuNSs at the spikes of
the AuNSs. The dark spherical spheres in the unstained image represEhtcbre.
Additionally, the unstained TEM image shows that the HFtn can be trapped within the
cagelike inner cavities created due to aggregation of the AulRfgufe 7.2c). More
unstiined TEM images of AuN&IFtn have been provided in Appendix: Figure £3a
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 AuUNS spike surface denotes the

HFtn protein shell thickness 6f2 nm.
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Figure 7.2: (a)Stained TEM image of the HFt(b)Stained TEM image of AUNBFtn
bioconjugates. The AuNS and the HFtn attached to the tips and the other surfaces of the
AuNS have been shown. (c)Unstained image of AUNFEn. The HFtn attached to the
spikes and trapped inside AuNS cages has beenycawn (d)UV-Vis spectra of pure

HFtn and AuNSHFtn in Tris HCI (pH = 7.4). ~ 40 nm redshift was observed when AuNS

is transferred to HFtn in Tris HCI from FX00.

According to the UWis spectrum shown in Figure 7.2d, the longitudinal peak was
redshifted to 850 nm from its initial absorbance 816 nm after the HFtn bioconjugation.
This redshiftis due to the changea therefractive index of thenedium from Tx100 to

Tris HCI. The data presented in the text provides detailed insights into the structure of HFtn
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and offers valuable information on its interactions with AuNS, including the formation of
AUNS nanocages and AuN$~tn bioconjugation. More unstained TEM images of AuNS

HFtn have been provided in Appendix: Figure E4a

7.5.3 Confirmation of TXX00Removal from AuN&IFtn by ATRFTIR

Joectroscopy

TX-100 is a modified poly(ethylene glycol) derivative and a nonionic surfactant.
Its terminal hydroxy group has been converted into the correspondiig,p
trimethylpentar3-yl)phenyl ether? It has been shown to cause cytotoxicity due to its
prolonged exposure and high concentratfdnghis is mainly because it disrupts the
compactness and integrity of the cellular lipid membrane and organelle menfraoes
avoid any adverse effects, removing-IBO from the AuNSHFtn bioconjugates is crucial
before using them in biological applications. An AFRIR study was conducted to ensure
that the TX100 removal had been successfully accomplished. The-RAIMR spetrum
of AuNSs stabilized in TXLOO is represented by the dark green spegiwhile the AUNS
HFtn bioconjugates in THBICI (0.1 M, pH= 7.4) solution corresponds to the light green
spectra, respectivelyAppendix Figure E5a and b). The two spectra exhiloticeable
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
Additionally, the weak and sharp bands observed at 1610, 1581, and 151arem
attributed to GC in-plane stretching vibrations of benzeAeThe aromatic irplane
bending mode is detected at 1186'ciwhile the GO-C stretching frequency generated

due to oxyethylene units attached to the benzene ring is ob¥eav@092 crit. It is vital
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to note that this unique feature is a distinguishing characteristic df0DXcompared to
Tris-HCI. According to the pale green spectrum, the infrared spectroscopy analysis of Tris
HCI reveals that the 1272 and 763 tipeak represents the-IT stretching and N
wagging frequency, respectively. TheQCstretching vibration corresponds to FHEI is
located at 1041 crhThe broad band at 30%00 cm' is attributed to the NH and GH
stretching vibrations of primary amines of Tris and the HFtn. In additienpeak at 1625
cmit represents the Ml bending frequency of primary amines of Tris and the H¥Tine

CH: bending modes of T>00 are located at 1458, 1350, and 949 @urresponding to

the scissoring, wagging, and rockjmgspectively?? In Tris-HCI, those modes are slightly
shifted and relocated at 1460, 1390, and 912.€he CH twisting modes can be seen at
1295 and 1247 cth In tris, CHztwisting modeat 1296 cm' can beobserved. Additionally,

the GH bending mode can be observed at 927 and 882f@mlX-100 and TrisHCI,
respectively. The infrared spectral analysis of the AUNS IALDX and AUNSHFtn in
Tris-HCI indicates that the TH00 surfactant has been successfully removed from the

bioconjugates, and AUNBFtn has been transferred to THEI.

7.5.4 Fe(ll)Release from the AuNSFtn under 850 nm NIRradiation

The reaction mixture consisting of AuNg-tn bioconjugates, Tris HCI buffer (pH
=7.4), Sodium potassium tartrate, armwas exposed to an 850 nm NIR illuminator for
various time intervals, and the amount of Fe(ll) released from the system was determined.
Fz is a chelator specific to Fe(ll) ions, and it exhibits a sharp absorbance peak at 532 nm

when it forms a complex with Fe(#}.This absorbance peak can be used to measure the
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concentration of Fe(ll) 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 exjssir
indicates that the concentration of released Fe(ll) ions in the solution is increasing over
time. To quantitatively determine the concentration of released Fe(ll), Beer's Lambert law
was employed® By applying this law, the concentration of Fe(ll) 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(ll) concentrations are 34, 131, and 447 nM Fe(ll),
resgectively. Control reactions performed without the presence of HFtn and AuNS did not
exhibit a significant release of Fe(l(JFigure 7.3b). This suggests that the observed
photochemical effect, resulting in the release of Fe(ll) ions, only occurs when &uiNS
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(ll) ions.
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Figure 7.3: (a) UV-Vis absorbance peak of Fe¢(fFg complex formation at =532 nmfor
different 850 nm NIR exposure times and for controls (reaction mixture except for AUNS
and HFtn) (b)[Fe(Il)] released from the AuMNS-tn bioconjugate system under 850 nm
NIR exposure during 2,5, and 24 h exposure times.

The mechanism behind the Hg(elease can be attributed to the same mechanism
explained in Chapter 5 for Fe(ll) release from AutNRs attached to HFtn (AuNfRIFtn)

system under 850 nm NIR exposure. Hhen HFtn requires a minimum energy of 2.6 eV
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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 excit€liteore directly.
Previous studies have explored metamiconductor heterojunctions to induce charge
separation in semiconductors using various mecharffisese mechanisms include
PIRET, PHETY, ard PHETU?’ 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 semiconduct®rin the case of AUNS anh core materials, their UWis
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-AENS
conjugate system. Insteadye postulate thathe most common electron transfer
mechanismm, PHETr and PHETunvolve in photocatalytic reactions viAuNS-HFtn
heterojunctiotf® These mechanisms rely on the transfer of feighrgy electrons from the

metal to the semiconductor to drive desired chemical reactions.
7.6 Future Work with the AUNS-HFtn System

7.61 AnticancerProperties

Based on our preliminary studies, we have observed that the -ANS
bioconjugate system has the ability to release Fe(ll) when exposed to 850 nm NIR light.
The Fe(ll) release can be further enhanced by increasing the duration of exposure and the
power ofthe NIR illuminator. We hypothesize that the AuNGtn system may generate
hydroxyl radicals through the Fenton reaction when subjected to elevated leve(3,of H
in cancer cells, similar to what was observed in our previous studies with the- AENR

sygem?® Consequently, these photodynamic properties of the AHR® bioconjugate
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system can be harnessed to induce ferroptosis, leading to damage in cancer cell
membranes! This suggests the potential utility of the AuMEtn system in targeted

cancer therapy by selectively inducing cell death through ferroptosis.
7.62 AntibacterialProperties

Bacterial infections have become a severe issue for public Réalthe
conventional antibiotics used to treat bacterial infections have proven to be less effective
due to the development of antibiotiesistant bacteria, structural changes, and gene
mutations in bacterial straif3. Interestingly, pathogenic bacteria have evolved
sophisticated strategies to acquire iron, as iron is an essential nutrient for their survival and
growth3* These bacteria can obtain iron from various host sources, including host proteins
like Ftn3> Hence, Ftn is an attractive target for these bacteria. Recently, nanogzatietd
antibiotics have been thoroughly researched to combat microbial drug restéfdnce.
AuNPs have superior photostability, modifiable surfaces, lower toxicity, and higher
bioavailability compared to other metal nanomaterfal¥he presence of sharp tips with
high surfaceo-volume ratiosand the ability to produce heat by absorbing Nigkes
branched AuNS a more compelling candidate for attacking bacteriaftElisrefore, lhe
unique characteristics oAUNS-HFtn bioconjugates having stable interactios and
potentially targetingbacterial cellsmake it a promising candidate for various selective

antibacteriabiomedical applications.

7.7 Conclusion

In this study, TX100 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 -8u interactions. Following the
bioconjugation, the UWVis spectrum exhibited a red shift in the longitudinal band
position, shifting to 850 nm. ATIRTIR spectroscopy was employed to valedéte
removal of the toxic TXL0O0 surfactant from the AuUNBFtn bioconjugate system. Upon
exposure to an &nm NIR light source, the system demonstrated Fe(ll) release. The
results indicated that within 2, 5, and 24 h of exposure, the concentrations of released Fe(ll)
were 34 nM, 131 nM, and 447 nM, respectivélgditionally, the mechanism responsible

for generatingROS through the Fenton reaction can be utilized to harness the dual
anticancer and antibacterial propertielsthe AuNSHFtn bioconjugate systenihis
unique hybrid material possesses the capability to inhibit cancer growth while also
combating pagntial 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 ironstorage globular protein that can sequester free Fe(ll) as a Fe(lll)
bearing iron oxyhydroxide solid via enzymatic oxidation pathways within its chvity.
HSFtnhaving an outer diameter of 2 nm and an inner diameter oB8~m, is a well
characterized Ftn protein, and its 3D structure and amino acid sequence are we# known.
HSFtn is defined as a protein shell that is composed of 24 protein subunits with various
proportions of H and L chairfddSFtn comprises mainly stabledhains and only 1015%
H-chains. %ray crystallographic studies have shown 476000 g'rabthe molar mass of
oligomers containing 24 subunftddSFtn shows promise as a candidate for targeting
cancer cells due to its ability to bind with TfR1 receptors which are overexpressed in cancer
cells? Cancer cells have high metabolic activity, DNA synthesis, and cellular growth,
which leads to the elevated enzymatic activity of ribonucleotide reducTdss.requires
cellular iron as a cofactor, resulting in the cegpression of TfR1 receptors in cancer
cells? 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?

Prior research has shown thtNSpscan be grown on the exterior surface of

HSFtn via a photochemical process where HSFtn in the presence afiAuk presence
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of citrate is exposed to lightThe plasmon resonance of the8hm AuNSps grown in this
circumstance resides-a620 nm’ While the mechanism for the growth of the AUNSps on
HSFtn has not been well established, particle formation may occur infate Bore of
HSFtn whereCys groups are available to form Aibonds during exposure to ligiftA
complication related to the potential attachment of AUNPs to HSFtn is the lack of solvent

exposedCys on the outer surface of the protein cage.

In the current study, we investigate the development AaNSp-HSFtn
bioconjugates composed of HSFtn attached to chemically synthesized AuNSpsek
known AuNR AuNSps play a significant role in the field of biological sciences, mainly
due to their tunable optical, physical, and chemical properties and biocompalibility.
They exhibit norcytotoxicity, making them safe for use in various biological
applicationst? We show in the present contribution that the installation of sckxmbsed
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 releting
succinimidyl Sacetylthioacetate (SATAJ with primary amine groups (Lys) on the
exterior protein surface of HSFtn. It is mentioned that SAUActionalized proteins and
antibodies have beemidely utilized in potential applications for biosensor fabricatfon
drug targeting® immunoassay® immunosensor$’ antibacterial application$ and
liposome coupling® Besides, AUNSps are a wédhown contrasting agent used for various
imaging techniques, including dafield light scattering, optical coherence tomography
(OCT), Photothermal imaging (PTI), Surfaeehanced Raman Spectroscopy (SERS), and
Magnetic resonase imaging (MRIY° Hence, the AuNS#pISFtn bioconjugate system

holds great potential for cancer cell imaging in addition to targeted cancer therapeutics.
17¢



With regard to a targeted cancer photothermal therapeutic, the ability of the bioconjugate
to release Fe(ll) ions opens up the possibility of suppressingerfumor 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 chemi
cmt) were used in all preparations. Apoferritin from equine spleen (apoFtn), sodium
hydroxide (NaOH, ACS reagent, Pell ets, o
dihydrate (NaAuCL2H0, > 99%), SATA, Tris(Zarboxyethyl)phosphine hydrochloride
(TCEP powder)5 , -BitNjpbis(2n i t r obenzoi ¢ a cDinkthy( sDIfoxitiB, O 9
(DMSO, ACS reaget , O 9 P-AMifvI3-merdagRopropionic acid (Cysteine,
Assay: > 99 %) , Hydroxyl ami ne hydrochlorid
Phosphotungstic acid hydrat@Hs[P(W3010)4]. xH20, 99.995%), 3(2-Pyridyl)-5,6-
diphenytl,2 4triazinep , -gisNifonic acid monosodium salt hydrate (Ferrozine, 98+%
pure), and Trisma base(primary standard anc
Aldrich. Hydrochloric acid (HCI, Certified ACS plus, 36to 38.0%), Sodium phosphate
di basic heptahydr atregysitd | HP@/Ilc®eH tWA3%),ed ACS
sodium phosphattnonob asi ¢ mo n o hk@,rcedtadline/¢enifeedt AGSO
Assay: O 98 to 102%), sodium citrate dihyd
sulfate hexahydrate (Fe(NH(SQu)2:6H0, crystalline/certified

101.5%), Sodium potassium tartrate (KN#@Oes-4H.O, Certified ACS),
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ehyl enedi aminetetraacetic acid (EDTA, EIl ec

purchased from Fisher Chemi€al Finally, HEPES buffer (ultepure) was obtained from

American bio.

8.22 Iron Mineralization of HSFtn

Briefly, 10.0 mL of an apoFtn solution (25 mg ML443000 g mot) in HEPES
buffer (pH= 7.4, 0.1 M) containing NaCl (100 mM) was prepared at room temperature.
Aliquots of Fe(NH)2(SQu)2-6H20 (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(ll) addition, the solution was shaken
slowly and exposed to air for 30 mimhe initially colorless solution slowly turned to a
yellowishrorange, and a homogeneous solution was observed without any visible
precipitation. Excess Fe(ll) and other excess ions were removed by dialysis (molecular
porous dialysis membrane, MWCO:-12 kDa) in fresh Tris buffer (pH 7.4, 0.1 M, 1000

mL) for 1.5 h intervals three times and stored €4

8.23 Preparation of ANSps

Sphericalshaped AuNSps (45 nm diameter) were synthesized by a modified
method based on prior wofk?? First, an aqueous solution containing NaAugHLO
(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 graed 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 winged color due to monodispersed sphergta@ped AuNSp formation. The

final wine-red color AUNSp solution was stored at 4 °C.

8.24 Synthesis of AUNSHSFtn

SATA labeling protocol

A 20 ml volume of HSFtn (40 mg mL?, 443000 g mot) was transferred to fresh
phosphate buffer (0.1 M, 1000 mL, pH = 7.4) by dialyz{Mplecular porous dialysis
membrane, MWCO: 24 kDa) for 180 min intervals for a total of three tinigsfore 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 dissalv&MSO werethen
mixed with 5 mL of HSFtn. Individual SATA concentrations of 0.5, 2.6, 5.2, and 13.2 mg
mL™* were used, resulting in expected SATA: HSFtn ratios of 10, 50, 100, and12€0.
AUNSp-HSFtn reaction mixtures were allowed to react overnightJat 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: 1214 kDa) for 240 min intervals (a total of four dialysis cycles).

SATA deprotection protocol and AuUNSp conjugation

Deacylation of the protected thiol in the AuNB®Ftn was accomplished by
placing the complex in a solution containing 2.5% hydroxylamine (25 ni¢ 25 mL
added to 5 mL of HSFtn) and TCEP (25 mgtnD.10 mL added to 5 mL of HSFtn) for
120 min at room temperaturdhe 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 kDa) for 60 min.

8.25 Preparation of AUNSISFtn bioconjugate

AUNSp-HSFtn (100:1 SATA: HSFtn) was individually conjugated to AuNSps at
different concentrations ([AUNSp]57.6, 115.2, 230.4 and 460.81). The final AUNSp
HSFtn bioconjugates were transferred to -H{SI buffer (0.1 M, pH = 7.4) by dialyzing
in a molecular porous dialysis membrane (MWCO:142kDa) for 180 min (for three

dialysis cycles) to remove excess reactant

8.26 Determination of the extent of thiolation on HSBynusing 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, arid)2r0
phosphate buffer (0.1 M, p& 7.4, 1 mM EDTA) was measured at 412 nm. The
relationship between absorbance andykteine concentration was plotted to establish a
correlation, and an equation was derived to quantifySkegroups attached to HSFtn. To
prepare Ellman's reagent, a saatbf 4.0 mg [* was prepared in sodium phosphate &uff
(0.1 M, pH=8.0, 1 mM EDTA). Subsequently, 2@ of Ellman's reagent was added to
SATA-modified HSFtn, thoroughly mixed, and incubated for 15 min at room temperature.
Following the incubation, UWis absorbance at 412 nm was measured. The calibration
curve established with-tysteine was used to detena the total number of solvent

exposed free thiol residues in the SATodified HSFtn bioconjugates. Further details
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and visual representations can be found in the Supplementary Information (SI), specifically

in Appendix: Figure Fla and b.

8.3 Characterization
8.3.1 Determination of protein concentration

The concentration of HSFwas quantitatively determined by the Precision Red
advanced protein asgdynd the A280 methott. A 150 W UV-Vis spectrophotometer
(ThermoFisher Scientific, UL 6101Q) was used to measure the absorbances. The
Precision Red protein assay accurately measures protein concentrations from 0.25 to 50
mg mL%. 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

aborptivity of a protein at 280 nm to determing @oncentration.

8.3.2TEM Analyss

To capture images of AUNSps and AuUNSg8Ftn we used a JOEL JE#400, 120
kV TEM. All AuNSp and AuNSpHSFtn 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 negativatedtaiith a 29PTA

solution at pH=7.0.
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8.3.3 LS Studies

A Malvern Zetasizer particle size analyzer was used to measure the hydrodynamic
particle size distribution of AUNP and AuN${5SFtn bioconjugates. 1 mL solutions were
used in a disposable plastic cell (DTS001fy), the particle size analysis andPZ
measurements.

8.3.4 ICP-OES Studies

ICP-OES (ThermaScientific, iCAP 7400ASX520) was used to determine the
concentration of gold (JAu]) in AuUNSp. AuNSp samples were diluted with DI water to 10
mL, and 2% by volume HN®was added to acidify the solution. AUNSp were mixed with
5 mL of concentrated aqua regia (25% HCI, 75% HN@igested for at least 24 h, and
then diluted the final samples to 10 mL with DI water before analyzing for Au content

using ICROES.
8.4 PhotochemicaBatch Reactions
8.4.1 U\WVis Spectroscopy and XeampSudies

Photochemicabxperiments were carried out on solutions of interest in a?L cm
guartz 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 wasfiltered using an optical longass filter (_ > 475 nm), andthe incident
absorbance spectrum (8200 nm) was acquired at zetime. 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,
and80 mM Fzin 0.1 M Tris buffer (pH= 7.4).For our Cr(VI) reduction experiments, we

used solutions containing 0.100 MM&07 (0.2 mM [Cr(VI1)] (noFzwas present).

8.5 Results andDiscussion

8.5.1 TEM, DLSand U\AVis Spectroscopic Analysis

Figure 8.1a exhibits a TEM image of citrat@pped AuNSps (AuNS@itrate) in
DI. The majority ofthe particles have a spherical shape, although some triarsipalped
structures are present. Transferring the AuC&pate particles to Tris HCI buffer medium

resulted in significant changes to the AUNSp morphology.
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Figure 8.1: (a)TEM image of unstained AuNSpitrate (b)Unstained TEM of AuNP in
Tris HCI(pH=7.4) (c)Unstained TEM image of AuN&{SFtn (d)Stained image of
AUNSpHSFtn (e)Stained TEM image of AUNS{SFtn 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 thaElhere of the Ftn is visible
near the AUNSps. FinallfFigure 8.1d exhibits a stained TEM image of the AuNtjin

system to highlight the position of the protein cage of Ftn relative to the AuNSps. The



image emphasizes that the protein cage of Ftn (white circular structures) is in contact with
the AuNSps, consistent with the presence of AWNSE-tn conjugates.

We also determined the distribution of particle sizes shown in the TEM images for
the AUNSps and AuUNSpPISFtn by using ImageJ software (Appendix: Figures F2a and c).
The average surface area of the AUNSps was 21034.6 nm and for AUNSpHSFtn
the average surface area was 270374.4 nm (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 AuNSpHSFtn modification. The winreed cobred AuNSps were stable and
homogeneously dispersed in citrate with an average diameter of 23%6nm (Figure
8.1e). We also carried out DLS for the AUNSps and AuNSEtn. The DLS results show
that the solution of AuNSgitrate exhibits a single peak at a 22.7 nm (hydrodynamic
diameter). In contrast, AUNSHSFtn is associated with three peaks a,147.5, 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. Itis likely not due to AUNSPps since they arealds ~14 nm.

In Appendix: Figure F4a exhibits thgV-Vis absorbance spectra of AuNSp
Citrate, HSFtn and AUNSHSFtn. The zoomed in spectral area of the-\J¥ spectra at
400-800 nm is shown in Appendix: Figure F4b. The absorbance peak of 520 nm is due to
the LSPRof AUNSps. There is also a small UV absorbance feature aB@3@m which
is unique to AUNSp$. AuUNSp-HSFtn exhibits two distinct peaks at 53& 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 AUNSpHSFtn to an increase in size of the AuNSps of the conjugate.

8.52 Optimization of SATA and tAdiol Residues in the HSFtn

SATA is a weltknown molecule that camodify primary amine groups into
terminal sulfhydryl groupg-SH).2® In Appendix: FigureF5 illustrates the chemical
reaction between SATA and the primary amaoataining amino acid in HSFtn. These
nucleophilic primary amines can be available at theMhinus of the polypeptide chain
and in the side chain of Lys amino acid residues and palsititharged at physiologic pH.
SATA can be bound to Lys by releasing the bulkydiroxysuccinimide group and forming
an amide bond. The modified Lys from the reaction with SATA yields a protected terminal
thiol. Hydroxylamine can deprotect the SA¥Aodified Lys to generate terminal
sulfhydryl, and TCEP stabilizes the sulthydryl by preventing the disulfide bond

formation?®



Figure 8.2: Relationship between the amount of SATA conjugation to HSFtn and SATA
to HSFtn molar ratios in the reaction mixture [HSFtn] = .2 The number of SATA
conjugated per HSFtn reached a plateaulat as the [SATA] was increased.

DTNB is selective forSH groups at neutral pH. As shown in Appendix: Figuee F
it reacts with a freeSH group to yield a mixsaito5di sul vy
thiobenzoic acid (TNB). This yellowc ol or ed product ca#isbe qua
spectroscopy based on its strong absorbance at 412 :118(600 M'cmt).2° 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
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