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ABSTRACT 

Human serum transferrin (Tf) is a bilobal glycoprotein responsible for the transport 

and metabolism of two ferric ions. However, at only 30% saturation in human serum, 

reports have found that Tf can bind a variety of other metals. Titanium, as it is similar ionic 

size and Lewis acidity to Fe, unsurprisingly is one of these metals that can coordinate to 

Tf. The hydrolysis prone nature of Ti allows us to visualize features of its binding that have 

otherwise been unseen in previously utilized spectroscopic methods used to detail the Ti-

Tf interaction. This thesis explores the binding motifs of both titanocene dichloride and 

titanium oxide and reveals interesting binding profiles outside of the traditional binding 

lobes of Tf.  

Titanocene dichloride (TDC) is a hydrolysis prone anticancer agent that has been 

shown to cause a ligand to metal charge transfer as it binds into the lobes of Tf. While 

UV/Vis proved the characteristic 2:1 metal to protein binding, ICP-OES detected 

spectroscopically mute interactions revealing higher binding equivalents were still 

prevalent in solution, up to approximately 50 equivalents of TDC to Tf, far past that seen 

in controls due to hydrolysis. Further studies showed an inability of TDC to cause a typical 

lobe closure of Tf as would have been seen with Fe. Lobe closure of Tf in the presence of 

TDC directly analyzed through protein volume SAXS measurements and denaturing urea-

PAGE gels. Additionally, studies with Fe2Tf, or Fe(III) bound Tf, still showed solubilized 

TDC, which speaks further on the surface binding properties of Tf and possible new 

pathways of Ti cellular introduction.  
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In addition to being used as drug agents, titanium has many commercial 

applications in cosmetics, sunscreens, and medical devices such as implants. The 

introduction of TiO2 into human serum and complexation with Tf is highly probable and a 

previously untapped area. Exploring this interaction showed not only the dissolution of Ti 

seen spectroscopically in the binding pocket and a higher concentration of Ti found through 

ICP-OES, but interesting results through transmission electron microscopy (TEM) that 

show the changing morphology of the TiO2 particle as it reacts with Tf over time. TEM 

images showed the particle sizing degrading to smaller particles over the course of 168 h. 

TEM was also able to detect selective uptake of nanoparticles by Tf. An equilibrium of Ti-

Tf uptake was found in ICP-OES and UV/Vis results, yet the ability of Tf to change the 

features of TiO2 particle’s size could not have been understood fully without TEM. The 

formation of smaller particles and their introduction into human serum or transport with Tf 

could be the means of cellular accumulation of metal particles. 

Finally, to analyze possible surface interactions on Tf, deglycosylation techniques 

were implemented. Tf has two glycan chains residing on the C-terminal lobe that can be 

cleaved off with an enzyme PNGase F. Preliminary experiments had varied results among 

the binding capabilities deglycosylated Tf has with TiO2 and TDC. The differences among 

these two could help reveal further information about the binding lobe capacity or the site 

directed binding on the surface of the protein in coordination complexes versus oxides. The 

superstoichiometric interaction of TDC with Tf was uninterrupted by deglycosylation of 

Tf. However, uptake of TiO2 by Tf was affected by the removal of the glycan chains on 

the surface of the protein. Experiments with Fe2Tf could help decipher exact coordination 
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and complete the telling of this story of superstoichiometric Ti binding. In our results, 

deglycosylated Fe2Tf did not prevent TDC interacting with the protein surface, but ICP-

OES results showed far less solubilized Ti from TiO2.  
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CHAPTER 1 

 

PERSPECTIVE ON METAL TRANSPORT AND TRAFFICKING BY PROTEINS 

AND GLYCANS IN HUMAN SERUM 

1.1 Human Serum 

Human serum is the soluble portion of clotted blood, excluding all blood cells. It is 

very similar to plasma, which is derived from blood that is uncoagulated, and therefore 

contains proteins and fibrinogens that are necessary in clotting procedures.1 In order to 

prevent coagulation to collect plasma samples, an anticoagulant is used to chelate calcium. 

Common anticoagulants include EDTA, heparin, and sodium citrate.2 Removal of 

fibrinogen proteins necessary in clotting leaves serum with a smaller difference in protein 

content than whole blood plasma.3  

Human serum/plasma, used interchangeably, is diverse and ever changing and is 

believed to contain up to 5,000 proteins.4 Current methods to characterize the serum 

proteome include mass spectrometry techniques, 2D gel electrophoresis, and 

chromatography techniques before using proteomic profiling.2,5,6 While there is a very high 

number of different serum proteins, most are in very low abundance.1,7 For example, 

human serum albumin makes up approximately 52% of serum proteins (40 – 45 g L-1) 

while human serum transferrin makes up a smaller fraction of serum proteins with 2.5            

g L-1 represented in serum.8 Other key serum proteins include immunoglobulins, 

haptoglobin, lipoproteins, cytokines, receptor ligands, lysosomal proteins and other 
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temporary proteins transporting through serum, proteins of infectious organisms/parasites, 

and proteins released from cells as a result of cell death or diseased tissues/tumors.1,9–11 

Besides proteins there are small molecules present in serum. Some of these include 

ligands, drugs, salts, lipids, and amino acids.11 Sugars are also a significant part of human 

serum. Glycosylation of proteins is a very diversifying and abundant process and is 

essential in many roles of proteins and cellular functions.12 Free glycans have also been 

noted to exist in human serum as a product of glycoproteins as well.13  

Progress has been made to characterize the serum and plasma proteomes. Garnering 

more information about the human serum is essential to help improve diagnostic 

techniques, identifying disease biomarkers, and furthering the outlook on the physical 

condition of the human body. Blood glucose levels and lipoproteins have been a carefully 

monitored and researched biomarker for diabetes studies and transferrin levels are 

frequently used as a biomarker for iron quantitation in human serum.14,15 Analyzing the 

components of human serum is another way to monitor metabolism of metals and their 

temporary transport through serum.  

1.2 Trace Metals in Human Serum 

The amount of metal in human serum in particular is difficult to quantitate as the 

regulatory role of serum maintains relatively low metal concentration.16 Regulatory and 

transport serum proteins and ligands are responsible for the trafficking and transport of 

metals throughout human serum to cells and then throughout the body. Three key serum 

proteins and ligands, human serum albumin, human serum transferrin, and glycans, all of 
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which play a role in metal binding and transport will be discussed in detail further in this 

chapter.  

The elemental composition within the human body has been quantitated with 

transition metals with concentration ranges from 0.005 – 4.2 g, as displayed in Table 1.117 

The emergence of transitory metal in serum can also be attributed to the largely growing 

use of metals in medicine. Medicinal metals became more popular since the use of 

cisplatin, the platinum-containing anticancer drug that binds to DNA and prevents 

replication and transcription.18–20 A variety of other metals have been tested as anticancer 

drug compounds, including metallocenes. Inspired by the success of cisplatin, a variety of 

metallocenes were studied for their anticancer activity.21 These metallocenes are metal 

centered compounds with two cyclopentadienyl anions. Metal ions studied have included 

ferrocene (Fe centered), vanadocene (V centered), and molybdocene (Mo centered). 

Titanium anticancer compounds include titanocene dichloride and budotitane, both of 

which were tested in human clinical trials.22–24  

Besides the growing list of metal anticancer drugs, metals have been utilized in 

medicine as MRI contrast agents, radiopharmaceuticals, antimicrobials, selective 

photosensitizers for photodynamic therapies, and a variety of other inhibitors and chelation 

therapies.25 The varied uses of metals for medicinal use are often introduced and 

transported through human serum, yet the exact metal-serum interaction is still unknown 

in many cases.  
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Table 1.1: Average mass (g) of transition metals in a human body. Modified presentation 

from Kaim and Schwederski.17 

1.3 Metal-Albumin Binding 

As the most abundant protein in human serum, albumin carries out an important 

role in maintaining circulation in the bloodstream with the transport of hormones, vitamins, 

enzymes, metal ions, fatty acids, and drugs.26,27 Albumin is a 66 kDa, 585 amino acid single 

chain protein with three main homologous domains, each with two subdomains.28 Each 

domain typically has binding preference for the variety of ligands it is responsible for 

transporting. For example, primarily two binding sites have been found to have drug-

binding capabilities and interactions.29  

Albumin plays a major role in the transport of metal ions. Four metal binding sites 

have been identified in albumin, each with preferential binding to either Cd, Zn, Cu, Ni, 

Au, and Pt.30 Much of the metal ion binding to human serum albumin can be attributed to 

a N-terminal Asp-Ala-His sequence, which strongly binds Cu(II) and Ni(II), preventing 

toxicity in physiological conditions.31–33 These identified metals within albumin binding 

sites are mostly soft or intermediate metals, and binding of hard metals seems unlikely at 

 Mass (g) 

Fe 

Zn 

Zr 

Cu 

Mn 

V 

Ni 

Cr 

Co 

Mo 

4.2 

2.3 

0.3 

0.11 

0.02 

0.02 

0.01 

0.005 

0.003 

0.005 
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this site.34 However, Al(III) binds to albumin and other metal complexes, like Mn(II) and 

Gd(III) contrast agents, bind to albumin as well, showing promise of hard metal 

sequestration in serum.35,36 Studies with titanium showed complexation of anticancer 

compounds by albumin, weakly at the N-terminal sequence but more likely at sites along 

the surface.34 By sequesterin metal ions, albumin fulfills important antioxidant abilities for 

human serum.35 

1.4 Metal-Transferrin Binding 

The primary function of transferrin is iron (III) binding and transport, which affords 

solubility to insoluble iron and prevents oxidation by complexation. Human serum 

transferrin (Tf) is a bilobal glycoprotein that binds two iron ions, one in each lobe, in 

octahedral coordination to two tyrosines, one histidine, and one aspartic acid within its two 

binding lobes.37 A synergistic anion, often a bicarbonate anion, is needed for this 

coordination of iron within the binding pocket. The two lobes of Tf have similar sequence, 

at approximately 30% homology, and the N-lobe and C-lobe are connected by a short linker 

to equal about 80 kDa in total.38 As mentioned above, about 2.5 g L-1 of Tf is present in 

serum, which equates to approximately 31 – 35 M, a high serum concentration compared 

to other low abundance proteins.8 This high concentration is significant since in order to 

meet bone marrow iron supply requirements alone, Tf is needed to turn over more than 10 

times in a day.39 

Once iron is bound, Tf undergoes a conformational change to a closed lobe as noted 

from a change in the radius of gyration as determined by small angle X-ray scattering 

(SAXS) techniques.40,41 Crystallography has also been essential in defining the open and 
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closed lobe states of transferrin, as featured in the structures in Figure 1. This 

conformational change has often been cited as an essential step in recognition by the Tf 

receptor.42 However, other reports state that while the N-lobe undergoes a conformational 

change, the C-lobe remains open upon Fe(III) binding, and the Tf receptor has capabilities 

to recognize sites on both lobes.43 The transferrin receptor is an 97 kDa homodimer located 

on coated pits to mediate endocytosis from the cell surface.44,45 
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Figure 1.1: Structures of human serum transferrin. N-lobe is shown in blue, C-lobe in 

green: (A.) apo-transferrin (2HAU)46, (B.) diferric transferrin and (C.) the N-lobe Fe 

binding site in diferric transferrin (3V83)47. All figures were made using Pymol. Structures 

were positioned to highlight conformational change upon iron binding in the N-lobe. A 

similar change in the C-lobe is difficult to discern due to the position of the lobe.  
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The whole process of iron delivery via Tf endocytosis is pH dependent and leads 

to the recycling of the Tf protein back to human serum.48–50 As Fe2Tf is bound to the 

receptor and brought into the cell, the pH drops to 5.6 and iron is reduced from Fe(III) to 

Fe(II) and released to a chelator yet to be identified.51 ApoTf, still chelated to the receptor, 

is then returned to the cell surface where it is released at neutral serum pH of 7.4, all within 

2 to 3 minutes from the start of the process.52 

This quick and recyclable process of serum Tf is essential due to the high functional 

requirements of iron in the body. Also, at only 30% saturation of Tf with iron, quick 

turnover of the Tf cycle is needed.53,54 With low site saturation and high turnover rate, other 

metals besides iron binding to Tf has been investigated. As various metals are being utilized 

for medicinal purposes and have high serum concentrations it has become commonplace 

to explore these interactions to determine mechanisms of metal incorporation into cells, 

and Tf is a logical target for metal trafficking.  

Additions of transferrin to the medium of sarcoma cell tissue cultures saw a 

significant increase of gallium-67 uptake in tumors, which is applied as a clinical imaging 

tool.55,56 Copper binding to Tf has been documented through pH titrations, fluorescence 

and UV absorption changes, as well as resonance Raman scattering.57–60 Reports of Tf 

binding chromium, manganese, cobalt, bismuth, zinc and aluminum have been cited 

throughout literature as well.61–66 There seems to be no correlation between ionic radius 

and binding strength for various metals binding to Tf compared to the 0.65 Å ionic radius 

of iron.66,67 Correlation between Lewis acidity of metal ions and binding constants has been 

noted, as more Lewis acidic metals, similar to Fe(III), have tighter binding to Tf.68,69 
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Transferrin, despite its tight binding to Fe(III) complexes, is rather uninhibited in binding 

to other metals present in serum.   

Several studies have shown titanium binding to the iron binding lobes of transferrin. 

Studies with the Ti containing anticancer drug titanocene dichloride analyzed transferrin 

as the mediator for Ti delivery to tumor cells.70 The Fe(III) binding sites of transferrin were 

determined to be the location of Ti(IV) complexation to the protein.71 Besides titanium 

metallocenes, titanium citrate can bind to transferrin in a similar fashion with formally 

higher affinity binding to Tf than Fe(III).69 In fact, the only two Ti-Tf crystal structures to 

be solved both show citrate as a synergistic anion in the binding within the traditional 

Fe(III) lobe.72,73 Additionally, both crystal structures show an opened lobe binding 

conformation, as seen in Figure 2. The addition of citrate to Ti-Tf binding was not only 

postulated to be important for Ti binding, but also for its cellular release. However, other 

studies reveal that Ti-Tf has too low a reduction potential under physiological conditions 

for Ti to be released in the same fashion as Fe(III) from transferrin.74,75  
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Figure 1.2: Crystal structures of human serum transferrin with titanium. (A.) Structure from 

Tinoco et al (5DYH).73 (B.) Structure from Curtin et al (5H52).72 All figures were made 

using Pymol.  
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1.5 Metal-Glycan Binding 

Glycosylation is the most common and highly diverse protein modification process 

with nearly all proteins in human serum being glycosylated.76,77 Glycan synthesis occurs 

in the Golgi apparatus, where nine monosaccharides precursors from the diet are assembled 

into diverse glycan chains and bound to cell surfaces.78 The magnitude of the role of 

glycosylation in biological processes cannot be understated. One of the more important 

functions of glycosylation is increased solubility of proteins and prevention of protein 

aggregation.79 Additionally, protein glycosylation helps the function of cell signaling and 

adhesion and with immune response, along with protein folding and overall structural 

integrity of proteins.80–83 As noted earlier, free glycans exist in human serum. Disialo-

biantennary glycans were the most abundant in serum, which are commonly derived from 

transferrin.13 

A variety of instances in literature show glycan capabilities in metal coordination. 

For instance, carbohydrate microarrays are a great bioassay to quickly study diseases. 

Glycans are immobilized onto aluminum slides, showing the binding capabilities of glycan 

chains to the natural aluminum oxide coating on the slide, before they are utilized to scan 

for sugar-protein binding diagnostics.84 An emerging term called metalloglycomics came 

from Codd’s EPR study of sialic acid carbohydrates chelation to chromium compounds, 

relevant to Cr(V) metabolism.85 Recent reports found Pt coordination complexes can bind 

to sulfated polysaccharide chains, which can alter the cytotoxicity of Pt anticancer agents 

and also determined a new cancer target, heparan sulfate proteoglycans (HSPGs).86–88 Ion 

mobility spectrometry has been used to characterize and analyze the binding of an array of 
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metal ions, including Mn, Co, Ni, Cu, Fe, Mg, Ca, and Ba, to a glycan chain which revealed 

different structural conformations.89  

The function of glycan chains has also been shown to moderate metal binding to 

proteins. Such as in the case of prion protein, PrP, in which glycans occupied in the protein 

binds copper, preventing metal accessibility to the PrP binding sites.90 However, 

deglycosylated PrP will bind metal to the protein domain and cause a conversion to prion 

disease related conformer, PrPSc.90  

1.6 Conclusion 

Human serum is a diverse and expansive regulatory system for trace metals. 

Biochemist simulate similar environments to serum through use of buffers mimicking 

physiological conditions in order to study interactions between metals and small molecules 

or proteins. This helps gain a greater understanding of individual interactions that could 

occur all within a controlled lab setting. Understanding the complexity of metal circulation 

through human serum can accelerate metal-based drug development by identifying 

possible targets in serum or improving metal toxicity screenings.  
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CHAPTER 2 

SUPERSTOICHIOMETRIC BINDING OF THE ANTICANCER AGENT 

TITANOCENE DICHLORIDE BY HUMAN SERUM TRANSFERRIN AND THE 

EFFECTS ON LOBE CLOSURE  

2.1 Introduction 

Protein-metal coordination is one way nature has evolved to confer solubility to a 

biologically relevant but otherwise hydrolysis prone metal, such as Fe(III). Bilobal 

glycoprotein human serum transferrin (Tf) functions as a ferric ion transporter by 

coordinating Fe(III) in each lobe in octahedral binding motif to a histidine, aspartic acid, 

two tyrosines, and two oxygens from a synergistic anion.1–3 Once Fe(III) is bound, 80 kDa 

Tf undergoes a conformational change, crystallographic structures of lactoferrin suggested 

a 54° rotation of the N lobe from an open to closed form to encompass iron in the binding 

site,4,5 whereas later results by X-ray solution scattering noted both N- and C-lobe 

closures.6  

There is approximately 35 M transferrin in human serum, but it is only about 30% 

saturated with Fe(III).1,7 Tf may act as the transport vessel for other main group (Bi3+, Ga3+, 

Al3+)8–10 and transition metals (Mn2+, Cu2+, Ru3+).11–14 Small-angle X-ray scattering and 

NMR studies, which have documented lobe closure upon Fe3+ binding, have been utilized 

to show Cu2+, In3+, Al3+, and Bi3+ induced partial to full loadings and lobe closures as 

well.6,15–17 Notably, interactions with Cu(II) has a similar lobe closure effect, but Al(III) 

only partially closes the lobes and Hf(IV) does not produce any change.18 This lobe closure 

is widely thought as the recognition pathway for binding to the transferrin receptor to begin 
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endocytosis into the cells and release iron for cellular functions.19 Ineffective metal-

induced lobe closures can affect receptor recognition of the metal loaded protein, such as 

in the case with an incomplete conformational change with Al3+.20  

In cancerous cells, Tf and the Tf receptor are upregulated.21 Both Ga3+ and Ru3+ 

complexes are thought to utilize Tf as a drug delivery system. Imaging agent 67Ga is 

transported across cell membranes of tumors by Tf,8,22 while Ru(III) anticancer agents bind 

to Tf and still retain antitumor activity.13 Titanium coordination compounds have been 

studied for their anticancer activity across a variety of cell lines in vitro,23 with Tf as the 

main focus as a transport protein to shuttle Ti(IV) across cell membranes.24 Titanocene 

dichloride (TDC) was one of these once-promising Ti drug candidates, but ultimately a 

soluble TDC formulation failed Phase II clinical trials due to ineffective responses and 

dose-limiting toxicity.25,26 The water soluble TDC formulation known as MKT4 was used 

during all clinical trials due to the very hydrolysis prone nature of TDC, which is subject 

to rapid Cp ring loss at physiological pH.25–28 MKT4 displayed different Ti binding motifs 

to Tf, which could explain why the formulation did not live up to the expectation of TDC 

activity in clinical trials.29 Yet, the TDC formulation was seen through X-ray fluorescence 

imaging to accumulate near the nucleus of cells, showing cellular accumulation,30 making 

TDC an interesting model for metal incorporation into the cell.  

Studies with Ti(IV) found that it binds, in both hydrolyzed and unhydrolyzed forms, 

with formally higher affinity to Tf than Fe(III).11,24,31,32 Complexation of TDC with Tf was 

consistent with two equivalent coordination in the Fe binding pockets of Tf, with 

characteristic UV/Vis ligand to metal charge transfer (LMCT) bands to tyrosine at 241, 
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295, and 321 nm.11,24 In all previous UV/Vis experiments of Ti(IV) binding in Tf, the 

extracted information from UV/Vis, relying as it does on the tyrosine-to-Fe(III) charge 

transfer, only reports on binding in the Fe(III) site, but binding elsewhere on the protein is 

not detectable by this technique. The extinction coefficient of Ti binding in Fe’s site was 

originally reported as ε321 nm = 2,415 M-1 cm-1 per site for TDC to Tf binding.24 Other 

reports describe higher extinction coefficients at ε321 nm = 10,380 M-1 cm-1 per site for 

titanium citrate – Tf loading.31 The discrepancies among extinction coefficients could be 

due to a number of factors such as conformational changes allowing more intense LMCT 

transitions, the hydrolyzed versus unhydrolyzed form of Ti in the binding site, or conditions 

supporting more complete Ti loadings.29,31 Further evidence for lobe closure upon Ti(IV) 

binding to Tf was taken from the ability of the closed lobe selective Tf receptor to bind Ti-

Tf.24,33,34 Recent crystallographic work speculates transferrin lobe closure hinderance by 

Ti(IV), casting doubt on the Tf conformation and the likelihood of Tf receptor uptake.35 

Incorporation of citrate as the synergistic anions has been postulated as the ligand 

responsible for Ti(IV) binding to Tf and its cellular release.36  

An unresolved problem is Ti(IV) release from Tf. Neither protonation nor reduction 

is likely to release the metal ion under physiological conditions. Surface binding on Tf with 

a species recognizable to the Tf receptor could also resolve a debated issue of how the Ti 

is removed out of the protein and into the cell. When cycled into the cell, release of Fe 

from Tf is in part by reduction from Fe(III) to Fe(II).37 At endosomal pH, Fe2Tf reduction 

potential is too low for physiological agents to reduce Fe, but in complex with the Tf 

receptor, potential is raised 200 mV.38 Model ligand for Tf N,N’-di(o-
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hydroxybenzyl)ethylenediamine-N,N’-diacetic acid (HBED) complexation with Ti shows 

an even lower reduction potential than Fe2Tf, making it impossible for Ti(IV) to be reduced 

and released from Tf in endosomal conditions.32,39 Surface site binding, however, could be 

an explanation for Ti endosomal release and possible higher reduction potentials of Ti(IV) 

at the surface of Tf.  

The focus of TDC binding to transferrin has been on the Fe(III) binding sites 

leading to studies of how strongly Ti(IV) is bound and binding to transferrin receptor sites 

and release.24,31 Recent studies into metallodrug binding to glycans offers insight to the 

potential of alternative binding to glycated protein surfaces.40 Platinum coordination 

compounds and glycosaminoglycans showed competitive cellular binding affinities 

through electrostatic interactions.41 Similarly, progress has been made in computational 

docking methods to identify passive and active binding of metal-protein stabilization in 

which secondary interactions that have been previously unseen through UV/Vis, ESI-MS, 

or other techniques now come to light.42,43  

In this report we measure the resistance to hydrolysis of TDC and its aqueous 

products in Tf solutions at stoichiometry extending beyond two, comprising the Fe binding 

sites. Investigating additional binding potential and sites on glycoprotein transferrin would 

help to explain the incorporation of Ti in cells. The surface binding potential of Ti(IV) on 

transferrin led to investigations of protein lobe closures and conformational changes upon 

metal binding. Understanding TDC binding to Tf gives a broader scope of Ti(IV) transport 

through human serum and the role of human serum transferrin as the main ligand to warrant 

solubility. Potential stabilization of metal coordination compounds on the surface of 
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glycoprotein transferrin could explain cellular import pathways of metallodrugs, especially 

if stabilized to the receptor recognized closed lobe conformation of Fe2Tf.  

2.2 Experimental 

2.2.1 Materials 

All solutions were prepared with nanopure water of 18.2 MΩ·cm resistivity from a 

Barnstead model D11931 water purifier. All glassware was acid-washed using trace metal 

grade HCl (Fisher). Polyethersulfone (PES) 0.22 m Luer-Lok filters were 13 mm in 

diameter and were purchased from Tisch Scientific. Reagents were sourced from Acros 

Organics (nitrilotriacetic acid), Fisher Chemical (NaHCO3, FeCl3, and Cl3FeH12O6), J.T. 

Baker (KCl, NaH2PO4, NaCl, and Na3C6H5O7), Sigma Aldrich (Ti(IV) chloride, 99.9%), 

Fluka Chemical (Ti atomic absorption standard 1000 ppm) and Ricca Chemical (Fe atomic 

absorption standard 1000 ppm). Titanocene dichloride (TDC) was purchased from Acros 

Organics (97%) and prepared fresh in 1/9 v/v DMSO: 0.1 M saline solution at 4°C. The 

TDC solution was syringe filtered and ICP-OES was used to confirm the concentration. 

Human serum apotransferrin was obtained from Athens Research and its purity was 

checked by SDS-PAGE and was verified as iron-free by UV/Vis (λmax = 465 nm; ε465 nm = 

2,500 M-1 cm-1)24. All other chemicals were used as received. 

2.2.2 Methods 

Experiments were carried out at room temperature (22°C). A physiological buffer 

of 4 mM NaH2PO4, 100 mM NaCl, and 25 mM or 0.89 mM NaHCO3 (pH=7.4)24 was 

prepared to use for all UV/Vis and ICP-OES experiments. An apotransferrin (Tf) stock 

solution was prepared in buffer and its concentration was confirmed using UV/Vis with a 
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transferrin extinction coefficient of ε280 = 93,000 M-1 cm-1.44 Titanocene dichloride 

additions to 6 mL Tf samples allowed for a final Tf concentration of 20 μM (diluted from 

stock Tf) with 0, 2, 4, and 10 equiv of TDC and of 2 μM for experimental equiv of 20, 50, 

and 100. The final concentration of DMSO in samples was < 0.5%. Control samples were 

prepared without addition of Tf stock, to hold TDC in buffered solutions only. A Thermo 

Orion model 410 pH meter equipped with an Orion 8103BNUWP Ross Ultra semimicron 

pH electrode was used to measure and monitor pH. The pH of samples post addition of 

TDC to Tf were measured at pH = 7.31 ± 0.01. All samples were kept in the dark and 

secured to a motor-rotating wheel and allowed to rotate gently. One milliliter aliquots of 

each sample were removed at 0, 2, 96, and 168 h, and syringe filtered with 0.22 m PES 

filters. Experiments were performed in duplicate and averaged between trials.  

2.2.2.1 UV/Vis  

Experiments were performed by using a Varian Cary 50 Bio UV/Vis spectro-

photometer. UV/Vis absorbance was measured from each sample and Ti(IV) binding to the 

iron binding site of Tf was monitored though absorbance at 321 nm using ε321 = 10,380   

M-1 cm-1 site-1 extinction coefficient for Ti-Tf binding,31 unless otherwise noted.  

2.2.2.2 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Aliquots of each sample were analyzed by ICP-OES on a Thermo Scientific iCAP 

7000 Series ICP-OES Spectrometer. Protein samples were filtered with 0.22 μm syringe 

filters prior to 10 – 25X dilution with ultrapure water to obtain the final sample. All samples 

were run without digestion of protein.24 A standard curve was matched to the matrix of the 

samples. Acid used in stock atomic absorption standards to preserve standards is <0.015%. 
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Standards were prepared and analyzed within 1 h of preparation. Reference power was set 

to 1150 W, auxiliary gas and nebulizer gas flow were both set to 0.5 L/min, with 50 rpm 

pump speed and functioned in axial mode. The detection wavelengths used to measure 

elemental emission included 336.121 nm for titanium and 259.940 nm for iron.  

2.2.2.3 Fe(III) Loading into Transferrin  

A 10 mM iron(III) nitrilotriacetic acid (Fe(NTA)2) stock was prepared from Fe(III) 

chloride and two equiv of nitrilotriacetic acid in water and the concentration of iron was 

confirmed by ICP-OES. Transferrin samples were loaded with 2 equiv diluted from 

Fe(NTA)2 stock, dialyzed in Amicon Ultra 4 centrifugal filters by ultracentrifugation with 

buffer additions to remove unbound excess Fe(NTA)2, and characterized by UV-Vis to 

confirm Fe binding and molar ratios.  

2.2.2.4 Spin Dialysis for Excess Ti(IV) Removal  

Aliquots of Tf at 20 μM final protein concentration were equilibrated with 0, 2, 4, 

or 10 equiv of TDC for 30 min. Samples were added to Amicon Ultra 4 centrifugal filters, 

diluted with 1 mL physiological buffer and centrifuged at 3550 g for 10 min. Another buffer 

addition was then made, and the procedure repeated a total of 4 times. Duplicate trial runs 

using physiological buffer with both 25 mM NaHCO3 and 0.89 mM NaHCO3 were 

compared. UV/Vis confirmed Tf concentration before and after spin dialysis. Titanium 

concentration was determined by ICP-OES. 

2.2.2.5 Fluorescence  

Readings were obtained by using a Photon Technology International (PTI) 

Fluorimeter with FeliX32 analysis software. Samples were excited at 280 nm and emission 
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was scanned from 200 – 650 nm. Fluorescence of proteins from 168 h timepoints was 

collected in duplicate and averaged among trials at a λem, max = 322 nm.   

2.2.2.6 Small Angle X-Ray Scattering (SAXS) Analysis  

Samples were prepared in 4 mM NaHPO4, 250 mM NaCl, 0.89 mM NaHCO3         

(pH = 7.4). To examine the effect of TDC binding on the solution state of transferrin, three 

separate preparations of human transferrin (Tf) were incubated with (i) buffer (apo), (ii) 

ferric [NTA] (Fe), (iii) titanium citrate (Ticit), (iv) two equivalents of TDC (TDC2), and 

(v) four equivalents of TDC (TDC4). The three preparations were used to prepare dilution 

series of 1–15 mg/ml Tf, all including the concentration 6 mg/ml Tf. Solution scattering 

data was collected in batch mode at the Soft Condensed Matter – Small Angle Scattering 

(B21) beamline at Diamond Light Source, UK. 

2.2.2.7 Urea-PAGE Gel Analysis of TDC Lobe Binding 

 Metal-protein binding was examined by urea-PAGE electrophoresis by using 10% 

TBE-urea gels.45 Sample buffer (5X) was composed of 89 mM Tris, 89 mM boric acid, 

12% Ficoll 400, 0.01% bromophenol blue, 0.02% xylene cyanole FF, and 7 M urea. A 1X 

Tris-borate buffer (89 mM Tris, 89 mM boric acid) was used as the running buffer. Both 

sample and running buffers were prepared without EDTA, as Ti(IV) may be sequestered 

in its presence,46–48 but were otherwise equivalent to commercial and literature buffer 

protocols.49,50 A 100 mM titanium citrate solution was prepared by additions of 1 M sodium 

citrate with titanium(IV) chloride, with 0.2 M KCl as counter ion. Titanium concentration 

of stock solution was confirmed by ICP-OES. Additions of sodium citrate in Tf-TDC 
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sample buffer were diluted to final concentration of 0.89 mM citrate. Gels were pre-run for 

30 min at 125 V, loaded with 10 uL sample and run for 1.5 h at 125 V.  

2.2.2.8 Kinetic Studies of Ti(IV) Removal with Additions of Fe(III) to Tf Solution 

  Tf samples were loaded with TDC and analyzed by UV/Vis and ICP-OES as 

described above. Aliquots of sample were diluted to 5 M, and 50 µM additions of 

Fe(NTA)2 were introduced just prior to sample scanning by UV/Vis. Samples were capped 

and parafilmed. Spectrum scans (200-700 nm) were recorded. Scans were repeated in 

triplicate and averaged. Samples using physiological buffer containing either 25 mM or 

0.89 mM bicarbonate were compared. Tf- Fe(NTA)2 samples were dialyzed and analyzed 

spectroscopically to confirm a 2:1 Fe to protein binding ratio prior to two equiv TDC 

additions.  

2.3 Results and Discussion 

2.3.1 pH Deviation Among Varied Bicarbonate Concentrations  

Reactions of TDC with apo-Tf under physiological conditions were monitored first 

through changes in UV/Vis absorbance. The absorbance change at 321 nm was 

documented as an interaction between Ti(IV) and the two tyrosine residues in each of the 

two lobes of Tf.24 

The physiological buffer in this study was adapted from the literature.24 In our 

hands, at 25 mM NaHCO3, the pH steadily rose from 7.4 to a pH of 8.5 ± 0.05 over the 

course of a seven day study, even in a closed tube with minimal headspace. Although the 

concentration of bicarbonate in human serum is at higher levels (27 mM)8,51, pH is also 

maintained in serum by a system of regulatory functions. We hypothesize that for these in 
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vitro systems carbon dioxide escapes causing an upward drift in pH at physiological 

bicarbonate concentrations. We found that a lower bicarbonate concentration of 0.89 mM 

NaHCO3, a value used in other experimental systmes,52 allows an excess of bicarbonate as 

a synergistic anion for maximum experimental concentrations of transferrin of 20 M, and 

allows us to keep constant pH buffers.53  

Table A.1 shows the UV/Vis absorbance measured at 321 nm and the concentration 

determined by ICP-OES of Tf-TDC samples maintained at bicarbonate concentrations of 

25 mM (pH 7.4 rising to 8.5) and 0.89 mM (pH 7.4). Increased bicarbonate concentrations 

have minimal effect on metal solubility comparatively to lower, pH maintainable 

concentrations. However, higher concentrations of bicarbonate showed a decrease in 

absorbance at 321 nm, most likely due to occupation of sites in the binding pocket by 

bicarbonate anions and a more accurate molar absorptivity factor of 2,415 M-1 cm-1 when 

compared with ICP-OES concentrations. Figure 2.1 shows the apotransferrin subtracted 

UV spectrum of TDC binding. The apparent absorptivity coefficient used throughout these 

experiments at 0.89 mM to maintain a pH of 7.4 correlated more directly with 10,380 M-1 

cm-1 per site. 

2.3.2 Human Serum Transferrin Supported TDC Resistance to Hydrolytic 

Precipitation  

Results from ICP-OES studies describe what metal is measurable in solution. As 

higher equiv are introduced, the metal complex hydrolyzes as expected and is filtered out 

in ICP-OES controls (Figures A.1 and A.2) and is seen losing UV/Vis absorbance over 

time (Figure A.3). Titanocene dichloride remains soluble in solution with human serum 
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transferrin as equiv are increased beyond saturation in binding pockets while UV/Vis 

absorbance saturation at two equiv is reached. Several timepoints describe this interaction 

in the same manner, extending over the course of a seven-day period. Figure 2.2 shows 

averaged data of timepoints (0, 24, 96 and 168 h) for both ICP-OES and UV/Vis. Upwards 

of 50 equiv of Ti(IV) remains functionally soluble in the presence of transferrin. Error in 

results of 20, 50, or 100 equiv for both controls and protein-bound solutions are most likely 

due to variability in hydrolysis of TDC over the course of seven days as the upper limit of 

Ti(IV) solubility is reached.  

 

Figure 2.1: 20 M apoTf subtracted absorbance spectrum of Tf + TDC 2 equiv (solid), 4 

equiv (dashed), 10 equiv (dotted) (40, 80, 200 M TDC). 



32 

 

 

 

Figure 2.2: (A.) Ratio of Tf-TDC 2, 4, 10 equiv (40, 80, 200 M TDC) striped (ICP-OES), 

Solid (UV-Vis) [Tf] = 20 μM; (B.) Ratio of Tf-TDC 20, 50, 100 equiv striped (40, 100, 

200 M TDC) (ICP-OES), Solid (UV-Vis) [Tf] = 2 μM. 

2.3.3 Fluorescence  

Conformational changes and lobe closures upon Ti(IV) binding to both the surface 

of transferrin as well as in the binding pocket can be confirmed through fluorescence. 

Tryptophan fluorescence measurements are indicative of the conformational change that 

Tf undergoes. As a metal ion binds and causes a lobe closure fluorescence of Trp in the 

active site is quenched.54–57 In the C-lobe, there are five tryptophan residues (Trp 344, 358, 

441, 460, and 550) which contribute to the fluorescence of the lobe, with Trp460 located 

closest to iron bound to the lobe (Trp128 is the equivalent residue in the N-lobe) and is 

believed to be the main contributor of fluorescence for the protein.58 

 

A. 
B. 
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The standard of lobe closures and fluorescence quenching is seen in the model of 

Fe(III) binding to Tf, in which approximately 65% of total protein fluorescence is quenched 

as the lobe closes.55 Fluorescence quenching of Tf with TDC binding was measured and is 

displayed in Table 2.1 (full spectrum represented in Figure A.4). For samples containing 

two to ten equiv of titanocene, quenching is comparable to control of Tf-Fe2 and 

corresponding fluorescence values from literature. When Tf is exposed to higher equiv of 

TDC, exceeding a 20:1 mole ratio, fluorescence quenching is not as pronounced, yet the 

LMCT between metal and tyrosine residues within the binding pocket still correspond to a 

2:1 binding ratio. Decrease in fluorescence and higher standard deviations in these 

instances could be due to variant exposure of Trp460 at higher equiv of Ti(IV). When 

Fe(III) is introduced first, lobe closures are unaffected by TDC introductions at the surface 

of Tf, with fluorescence quenching stable at Fe2-Tf literature standard values.  
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% 

Fluorescence 

% 

Quenching 

Standard 

Deviation 

Tf-Fe(NTA)2 literature* 35 65 - 

Tf-Fe(NTA)2 1 equiv 78.2 21.8 15.7 

Tf-Fe(NTA)2  2 equiv 41.6 58.4 22.8 

Tf-Fe(NTA)2+TDC 4 equiv 32.3 67.7 4.8 

Tf + 2 equiv TDC 45.1 54.9 6.2 

Tf + 4 equiv TDC 37.49 62.51 0.01 

Tf+ 10 equiv TDC 37.4 62.6 10.5 

Tf + 20 equiv TDC 73.5 26.5 10.1 

Tf + 50 equiv TDC 75.0 25.0 3.4 

Tf + 100 equiv TDC 77.8 22.2 10.7 

* He, Q., Mason, A. B., Lyons, B. A., Tam, B. M., Nguyen, V., Macgillivray, R. T. A., 

and Woodworth, R. C. (2001) Spectral and metal-binding properties of three single-point 

tryptophan mutants of the human transferrin N-lobe. Biochem. J. 354, 423–429. 

 

Table 2.1: Fluorescence quenching relative to apoTf fluorescence. PTI. 168 h averaged of 

two samples. 

2.3.4 Apparent Molar Absorptivity  

Analyzing the effects on molar absorptivity on these Tf-Ti species can be telling of 

the electronic transitions occurring near the tyrosines that are attributed to the absorbance 

at 321 nm. As equiv of TDC are increased, the apparent molar absorptivity reaches 

saturation around 3 equiv of metal to transferrin. Higher molar ratios cause a steady 

decrease in apparent absorptivity, or weaker electronic transitions per metal bound, as 

metal occupies sites in or around the binding site (Figure 2.3).  

Less intense charge transfers could be telling of the lack of lobe closures of Tf when 

saturated with TDC, leading to fewer transitions between what would be a closed 

conformation and the metal center. Additionally, opened lobes could lead to solvent 

exposure of the coordinated metal, causing partial hydrolysis within the binding pocket. 
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Partial coordination through hydrolysis would have fewer charge transfers but could have 

binding within the lobes that is equivalent to or exceeding known capacity at the Fe binding 

sites.  

 

 

Figure 2.3: Apparent molar absorptivity; averaged of two trials; UV subtracted (apoTf and 

controls). 

2.3.5 Urea-PAGE Gel Analysis of TDC Lobe Closure  

To further assess conformational changes and binding to specific lobes of Tf, urea-

PAGE gels were utilized. Urea-PAGE gels have been used to determine the effect of 

binding of metal ions to the two lobes of transferrin, as well as the conformation of the 

protein. Figure 2.4 reveals that even the lowest loading of Tf with TDC does not result in 

a conformational change comparable to that of Fe loaded Tf. Adjusting concentration of 

TDC to higher equivalents (Figure 2.5) shows no effect in lobe closures either, as no further 
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migrated bands can be seen compared to Fe2Tf controls. The mobility of the sample as it 

undergoes electrophoresis is influenced by the presence of urea. This method, first detailed 

by Makey and Seal in 1976 has been established in the transferrin literature to determine 

Fe(III) binding.45 Due to the 40% homology among lobes, the mobility of the domains 

differ as they undergo electrophoresis.59 Additionally, the closed conformation of 

transferrin has less exposure to the denaturing effects of urea and therefore can travel 

farther through the gel.60,61 This discrepancy allows us to distinguish between apo-Tf, 

Fe2Tf, and partially loaded transferrin in either the C or N-lobe. Transferrin complexation 

with vanadium(IV) salts have been determined using urea electrophoresis, with results 

showing binding and a conformational change.49 

While carbonate has long been established as the necessary synergistic anion in 

physiological octahedral metal coordination, other synergistic anions have been proposed. 

Citrate has been anticipated as a necessary synergistic anion specific for Ti(IV) binding to 

transferrin and crystallographic data points to citrate as the necessary anion in Ti(IV) 

binding.35 Using both synthesized Ti(IV) citrate and additions of sodium citrate alongside 

TDC additions, conformations were determined via urea-PAGE gels. It can be seen that 

neither species caused a conformational change upon binding, yet UV/Vis and ICP-OES 

results indicate binding and the presence of soluble Ti(IV).  

These results suggest that Ti(IV) does not induce a conformational change and does 

not discriminate against Ti(IV) source or synergistic anions. Additionally, Ti(IV) does not 

seem to affect the lobe closed conformation of Fe2Tf, which leads to a plausible mechanism 

of Ti(IV) uptake into cells.  
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Figure 2.4: Urea-polyacrylamide gel electrophoresis of: 1) apo-Tf, 2) Fe2Tf (2 equiv 

binding) 3) partially loaded Fe1Tf (1 equiv binding), 4) Tf-TDC 2 equiv, 5) Tf-TDC 2 equiv 

(0.89 mM citrate), 6) Tf-Ti citrate 2 equiv, and 7) Fe2Tf (2 equiv binding) + TDC 2 equiv. 
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Figure 2.5: Urea-polyacrylamide gel electrophoresis of: 1) apo-Tf, 2) Fe2Tf (2 equiv 

binding) 3) Tf + TDC 2 equiv, 4) Tf + TDC 4 equiv, 5) Tf + TDC 10 equiv, 6) Tf + TDC 

20 equiv, 7) Tf + TDC 50 equiv, 8) Tf + TDC 10 equiv (0.89 mM citrate), 9) Fe2Tf (2 equiv 

binding) + TDC 4 equiv, and 10) Tf + TDC 10 equiv (25 mM bicarbonate). 
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2.3.6 Small Angle X-ray Scattering Analysis (SAXS)  

Primary data analysis indicated that all three preparations displayed near-ideal 

solution behavior (Figure A.5). A small negative trend in the radius of gyration (RG) vs. 

concentration was evident in all specimens, associated with decreasing molecular volume. 

Hence, to accurately compare the effect of all ligands data from the intermediate 

concentration 6 mg mL-1 was used, merging independent experiments where possible (n=3 

for apo, Fe and Ti citrate, n=2 for TDC2, n=1 for TDC4). 

The Guinier approximation uses the lower region of the small angle scattering curve 

to give a calculation of the protein’s size and shape by relating the forward scattering 

intensity, ln(I0), versus the scattering vector, q2.62,63 The P(r) distribution measures the 

distribution distances of pairs within the molecule, whereas Porod plots give an estimation 

of particle volume from total and forward scattering data.62,63 The resultant scattering 

curves were analyzed by Guinier plot, P(r) distribution and Porod plots, which produced 

consistent values of the radius of gyration (RG), and forward scattering intensity (I0) (Table 

2.2 and Figure A.6). 

Transferrin bound with Ti citrate or 2–4 equivalents of TDC had an equivalent 

molecular volume (V) to the apo form, whereas the molecular volume of Fe-bound 

transferrin has a significantly reduced molecular volume. This result is consistent with 

solution analysis, shown in this paper, and previous crystallography results of Ti bound Tf. 
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 Apo Fe Ti citrate TDC2 TDC4 

n 3 3 3 2 1 

Guinier      

q, Å-1 

(sRG) 

0.0053–0.041 

(0.166–1.27) 

0.0053–0.041 

(0.104–1.20) 

0.0053–0.041 

(0.254–1.36) 

0.0053–0.041 

(0.122–1.22) 

0.0053–0.041 

(0.117–1.22) 

RG, Å 31.0±0.05 30.9±0.04 31.1±0.04 31.1±0.05 31.2±0.07 

I0 0.4244±0.0004 0.4581±0.0003 0.4158±0.0004 0.4814±0.0004 0.4812±0.0006 

P(r)      

q, Å-1 0.0053–0.36 0.0053–0.36 0.0053–0.36 0.0053–0.36 0.0053–0.36 

Dmax, Å 93.0 91.0 94.0 94.0 92.5 

RG, Å 31.02 30.93 31.05 31.01 31.08 

I0 0.4249 0.4588 0.4161 0.4812 0.4805 

Porod      

RG, Å 31.16±0.04 30.74±0.04 31.15±0.15 31.14±0.05 31.19±0.17 

I0 0.424±0.01 0.459±0.01 0.414±0.01 0.480±0.01 0.479±0.02 

V, nm3 112.1±2.0 90.9±5.9 111.6±2.6 109.8±2.3 109.6±2.5 

 

Table 2.2: Data values extracted from Guinier plot, P(r) distribution and Porod plots 

analysis of apoTf, Fe2Tf, Tf-Ti(citrate), Tf + TDC 2 equiv, and Tf +TDC 4 equiv. 
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2.3.7 Surface Interactions of TDC with Fe(III) Loaded Tf  

When 4 equiv of TDC is incubated with Fe2Tf over 7 days, Ti remains in solution, 

presumably interacting with the Tf surface. Figure 2.6 details this interaction in which 

Fe(III) binding ratios stay constant at 2:1, while hydrolysis-prone TDC remains in solution. 

This further gives evidence to surface interactions of TDC, as Fe(III) is not removed from 

the binding site with the introduction of TDC over time, yet TDC remains soluble in the 

presence of the protein. 

  

Figure 2.6: ICP-OES results from Fe2Tf + TDC 4 equiv. Striped: Ratio Ti:Tf; Solid: Ratio 

Fe:Tf. 

Excess dialysis and buffer exchanges allow equilibration of protein and metal, 

presumably to binding sites of proteins. Equilibration of TDC loaded Tf at 0.89 mM 

sodium bicarbonate, still supported high molar ratios of TDC to Tf after dialysis (Figure 

A.7 A). However, at 25 mM sodium bicarbonate, equilibrated samples reached a minimum 
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molar ratio of 2:1 metal to protein, indicating weak binding at the surface of the protein 

(Figure A.7 B). The metal removal from surplus binding features of transferrin could be 

facilitated by excess bicarbonate when equilibrated in buffered solution or a change in pH 

over the course of the experiment. UV/Vis Ti:Tf ratio results are consistent, indicating 

minimal loss of Ti-Tyr transitions within the binding pocket.  

Sadler et al. monitored the displacement of Ti(IV) in the binding site of Tf with the 

introduction of Fe(III) through methods of ICP-OES and 1H NMR.24 This Ti(IV) 

displacement process is described as occurring in two phases, in which the first Ti(IV) is 

displaced after approximately 7 minutes and a second Ti(IV) is displaced after a week. 

However, as this exchange is monitored through methods that we have noted retain higher 

soluble concentrations of Ti(IV) in the presence of Fe2Tf, and the slow disappearance of 

TDC over time can be attributed to excess dialysis to remove Ti(IV) surface interactions. 

When the spectroscopic kinetic reaction is monitored, the exchange of Ti and Fe is 

completed in a shorter timeframe overall (Figure A.8). Spectrophotometric analysis clearly 

details the disappearance of absorbance at 321 nm (associated with Tf-Ti) and the 

appearance of absorbance at 465 nm (the association of Tf-Fe). Table 2.2 describes the rate 

constants for the first order fit of each of these exchanges.  
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It is notable to mention that the exchange of Ti with iron loaded Tf does not result 

in ion exchange. Ti(IV) lack of exchange with Fe2Tf, is could likely be due to the exposure 

of coordination sites in the binding pocket, as Fe2Tf experiences a lobe closure upon 

binding. The reverse is true for Ti(IV) loaded Tf, in which exchange with Fe(III) is eased 

from possible forced lobe openings with Ti(IV) or varied hydrolytic states of Ti(IV) within 

the binding pocket.  

 

 

k1  

(min-1) 

Ratio Ti:Tf ( ε321 = 

10,380 M-1 cm-1) 

Ratio Ti:M 

(ICP-OES) 

ApoTf + Fe(NTA)2 0.13±0.05 - - 

Tf-TDC 2 equiv + Fe(NTA)2 0.024±0.005 2.3±0.2 3.2±0.2 

Tf-TDC 4 equiv + Fe(NTA)2 0.029±0.006 2.2±0.2 4.7±1.3 

Tf-TDC 10 equiv + Fe(NTA)2 0.024±0.004 3.2±0.9 12.1±2.9 

Tf-TDC 2 equiv + Fe(NTA)2 

(25 mM bicarbonate) 0.2±0.2 0.7±0.2 1.6±0.2 
    

 

Table 2.3: First order rate constants for Tf preloaded with varied equivalents of TDC and 

10 equiv additions of Fe(NTA)2. Ti:Tf ratios are the result of UV/Vis and ICP-OES 

analysis of Tf-TDC loaded prior to Fe(NTA)2 additions.  

2.4 Conclusion 

The hydrolytic nature of titanocene dichloride allowed us to see interactions with 

transferrin that otherwise would have been missed. Extra molar equivalent binding of 

titanium on the surface of transferrin leads to interesting ideas about surface interactions 

and possible transport of metal to protein, protein to receptor, receptor-protein to cell. 

Fluorescence quenching and LMCT results indicate binding of titanium in the established 

binding pockets, giving a 2:1 molar ratio with loading within each lobe of transferrin. 
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While fluorescence results alone would point to a conformational change upon Ti(IV) 

loading, Urea-PAGE gels and SAXS indicate that no such conformational change occurs 

with additions of TDC. Surface binding of Ti(IV) on Fe2Tf does not interfere with any 

conformational changes. Further investigation into receptor recognition of surface bound 

titanium-Fe2-transferrin could elucidate further the pathway of titanium from human serum 

to cells.  
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CHAPTER 3 

THE UPTAKE OF TITANIUM OXIDE AND THE CHANGE IN PARTICLE 

SPECIATION BY HUMAN SERUM TRANSFERRIN 

3.1 Introduction 

Titanium oxide is the most prevalent form of Ti and occurs naturally in high 

abundance in the environment. Crystalline anatase and rutile are the two most common 

morphologies of TiO2, of which rutile is more stable thermodynamically.1–3 The low 

solubility of TiO2 contributes to its overall low bioavailability and titanium is often 

regarded as a biologically inactive and inert species.4 Due to its minimal demonstrated risk, 

TiO2 and titanium alloys are commonly used in cosmetics, paints, sunscreens, and in 

pharmaceuticals and medical devices, such as medical and dental implants.1 Titanium alloy 

implants are passivated with a TiO2 layer which increases biocompatibility, and they are 

regarded as an inert and biosafe. However, elevated Ti levels have been observed in the 

serum of patients with implants.5 Dissolution of Ti, even without initial signs of wear, can 

lead to implant corrosion and Ti accumulation in the serum, urine, spleen and lungs.6,7 

Additionally, implant failure and diagnosis has been correlated with increased serum Ti 

levels.8,9 

The biological significance of the Ti release and its means of transport is under 

current question. To afford solubility to the otherwise insoluble Ti(IV), complexation with 

a ligand is often necessary. Analysis of Ti serum saturation in patients with implants 

revealed the molecular weight of Ti bound serum proteins to be very similar to that of 

serum albumin and serum transferrin (Tf).10 Tf has been shown to have the advantage in 
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direct binding to solubilized Ti(IV) over albumin.11 Furthermore, Tf was identified to work 

in conjunction with citrate to bind Ti from direct implant-serum measurements, but had a 

less pronounced effect when looking at serum containing Tf alone.12  

Human serum transferrin is a bilobal glycoprotein capable of binding two ferric 

ions in octahedral coordination into binding pockets of the protein. Tf acts as the transport 

protein responsible for Fe(III) solubility and exchange in human serum to later participate 

in iron metabolism. At only 30% saturation with Fe(III), Tf is widely believed to bind other 

metals.13–16 Ti(IV) binding to Tf has been formally shown to bind even stronger than iron 

in solution.17 Additionally, stabilization by Tf has been noticed in other hydrolysis prone 

forms of Ti(IV), such as with anticancer agent titanocene dichloride.18 In this study, the 

dissolution directly from TiO2 by Tf is of interest to explain the phenomenon of cellular Ti 

accumulation from commercialized sources. While previous research studied the 

stabilization of Ti ions in serum by Tf, the direct dissolution of TiO2 to Tf has potential to 

reveal foundational information about the passivating inert coating on Ti implants and the 

distribution of Ti in human serum.  

3.2 Experimental  

3.2.1 Materials 

All solutions were prepared with nanopure water of 18.2 MΩ·cm resistivity from a 

Barnstead model D11931 water purifier. Glassware was acid-washed with trace metal 

grade HCl (Fisher). Titanium oxide (anatase and rutile) was purchased from Aldrich. 

Particle size was confirmed by dynamic light scattering (DLS) to be 342 and 615 nm for 

anatase and rutile respectively. Brunauer–Emmett–Teller (BET) analysis confirmed 
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particle surface areas to be 16.1 and 5.7 m2 g-1 for anatase and rutile respectively. Human 

serum apotransferrin was obtained from Athens Research and its purity was confirmed by 

SDS-PAGE and was verified as iron-free by UV/Vis at λmax 465 nm and a molar 

absorptivity constant of 2,500 M-1 cm-1.18 All other chemicals were used as received. 

Reagents were sourced from Acros Organics (nitrilotriacetic acid), Fisher Chemical 

(NaHCO3, FeCl3, and Cl3FeH12O6), J.T. Baker (NaH2PO4, and NaCl), and Sigma Aldrich 

(Ti (IV), 99.9%).  

3.2.2 Methods 

A physiological buffer of 4 mM NaH2PO4, 100 mM NaCl, 0.89 mM NaHCO3 

(pH=7.4) was prepared to use for all experiments. A Thermo Orion model 410 pH meter 

equipped with an Orion 8103BNUWP Ross Ultra semimicro pH electrode was used to 

measure buffer pH. An apotransferrin (Tf) stock solution of 35 M was prepared in buffer 

and its concentration was confirmed using UV/Vis with the transferrin extinction 

coefficient at ε280 = 93,000 M-1 cm-1.19 Tf solutions was added to prepared vials of 

measured anatase (5 mg mL-1) or rutile (5 or 20 mg mL-1). Buffer was added to anatase or 

rutile samples in the absence of Tf as controls. All samples were kept in darkened incubator 

at 37°C, added to a motor-rotating wheel to be gently agitated. Aliquots of each sample 

were removed, and syringe filtered with 0.22 μm PES filters. Polyethersulfone (PES)     

0.22 m Luer-Lok filters were 13 mm in diameter and were purchased from Tisch 

Scientific. Experiments were performed in triplicate.  
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3.2.2.1 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)  

An iCAP 7000 Series ICP-OES Spectrometer was used to conduct all 

measurements. Aliquots of the filtered samples were diluted with ultrapure water to obtain 

the final sample. All samples were run without digestion of protein.18 A standard curve was 

utilized without addition of acid to match the matrix of the samples. Standards were 

sourced from Fluka Chemical (Ti atomic absorption standard 1000 ppm) and Ricca 

Chemical (Fe atomic absorption standard 1000 ppm). Nitric acid used in stock atomic 

absorption standards to preserve standards is negligible post dilution. Standards were 

prepared and analyzed within 1 hour of preparation to allow for accuracy due to stability 

of standards. Reference power was set to 1150 W, auxiliary gas and nebulizer gas flow 

were both set to 0.5 L/min, with 50 rpm pump speed and functioned in axial mode. 

Detection wavelengths used to measure elemental emission included 336.1 nm for titanium 

and 259.9 nm for iron. 

3.2.2.2 UV/Vis  

Experiments were performed using a Varian Cary 50 Bio UV/Vis spectro-

photometer. UV/Vis absorbance was measured from each sample, and Ti(IV) binding to 

Tf was monitored at 321 nm using ε321 = 10,380 M-1 cm-1 for Ti-Tf binding.17 

3.2.2.3 Fluorescence  

Readings were obtained on 96 well plates using the SpectraMax Gemini EM 

Microplate Reader (Molecular Devices). Samples were excited at 280 nm and emission 

was recorded with a 1 nm step from 200 – 600 nm. Samples were analyzed in triplicate and 

trials averaged at λem, max = 322 nm.  
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3.2.2.4 Transmission Electron Microscopy (TEM)  

Images were obtained using a JEOL JEM1400 microscope operating at 120 kV. 

Samples were deposited directly onto a carbon mesh grid (Ted Pella) and allowed to dry.  

3.2.2.5 Dynamic Light Scattering  

A Zetasizer Nano ZS (Malvern) was used for dynamic light scattering (DLS) 

analyses. All samples were run at 25°C using 0.8954 viscosity and 1.330 refractive index 

for the physiological buffer dispersant. Individual samples were analyzed with an 

absorbance of 0.000 and individualized refractive indexes based on sample type (i.e. 

protein RI 1.450, anatase RI 2.561, rutile RI 2.616).3 

3.2.2.6 Fe(III) loading into transferrin 

A 10 mM iron (III) nitrilotriacetic acid (Fe(NTA)2) stock was prepared from Fe(III) 

chloride and two equiv of nitrilotriacetic acid in water. The concentration of iron was 

confirmed by ICP-OES. Transferrin samples were loaded with 2 equiv diluted from 

Fe(NTA)2 stock, dialyzed in Amicon Ultra 4 centrifugal filters by ultracentrifugation with 

buffer additions to remove unbound excess Fe(NTA)2, and characterized by UV-Vis and 

ICP-OES to confirm Fe binding and molar ratios.  

3.3 Results and Discussion 

3.3.1 UV/Vis, Fluorescence, and Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES) Titanium Detection  

Minimum dissolution of titanium ions was observed, as expected, in any of the 

controls of TiO2 particles in buffered solutions (Figure B.1). ICP-OES results of transferrin 

samples ranging from 5 – 20 mg mL-1 of rutile displayed a dissolution increase in the 
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presence of Tf. Figure 3.1 A shows dissolution at 5 mg mL-1 rutile at concentrations 

exceeding samples not treated with Tf protein additions as well as anatase – Tf additions 

within the same concentration range. Tf reactions with lower rutile loadings (5 mg mL-1) 

displayed Ti uptake levels up to 10 M with trends in saturation at the 2 h mark (Figure 

3.1 B). Dissolution increases with more concentrated TiO2 additions, reaching upwards of 

30 M Ti in human serum transferrin solutions reacting with 20 mg mL-1 TiO2 (Figure 3.1 

C). Varied timepoints track the dissolution process up to 168 h of incubation. Substrate 

saturation is seen rather quickly for all samples at two hours with particle scattering at later 

timepoints (Figure 3.1 B and D).  
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Figure 3.1: ICP-OES results of 35 M Tf with varied concentration TiO2 (A.) 168 h 

dissolution: apoTf (●), Tf + anatase 5 mg mL-1 (●), Tf + rutile 5 mg mL-1 (○); (B.) 

Dissolution over 2 h; (C.) Dissolution over 168 h: Tf + rutile 5 mg mL-1 repeated (○),         

Tf + rutile 20 mg mL-1 (); (D.) Dissolution over 2 h. 

 

A. B. 

C. 
D. 
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Anatase at 5 mg mL-1 was analyzed concurrently but was far less actively 

solubilized in solution with transferrin. Comparing the crystalline structure of anatase and 

rutile, the crystal packing of rutile makes it far more susceptible to ligand complexation 

and is naturally more abundant. This trend is apparent in analyzing the mineral loadings of 

anatase compared to rutile in Figure 3.2, in which rutile at 5 and 20 mg mL-1 both see 

higher loadings to Tf compared to anatase. Interestingly, lower mineral exposure (5 mg 

mL-1 rutile) saw slightly increased loadings to Tf compared to exposure to more bulk 

material.  

 

Figure 3.2: Mineral loadings of anatase 5 mg mL-1 (●) rutile 5 mg mL-1 (●) and rutile 20 

mg mL-1 (○) with Tf.  
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The resulting concentration of titanium as calculated by the LMCT at λ321 nm with 

an apparent molar absorptivity of 10,380 M-1 cm-1 is detailed in Figure 3.3.17 UV/Vis results 

do not point to full 2:1 binding in the traditional lobes as has been seen with other Ti 

forms.18 UV/Vis characterization of these Ti-Tf complexes revealed minimal electronic 

transitions between TiO2 and the tyrosine residues in the Fe-binding pocket of transferrin 

that typically confirm metal binding in the lobes of Tf. Protein subtracted spectrum can be 

seen in Figure B.2. The high deviation in concentrations derived from ICP-OES and 

UV/Vis is telling of the reactivity of TiO2 with Tf and even pointing to possible surface 

interactions, which could hinder full 2:1 Ti(IV) binding in the Fe binding pocket of Tf. 

UV/Vis controls of particles in buffered solution in the absence of protein displayed 

minimal scattering (Figure B.3). 
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Figure 3.3: [Ti] as determined by LMCT UV/Vis absorbance using the molar absorptivity 

coefficient of 10,380 M-1 cm-1 at 321 nm with 35 M apoTf subtracted from UV/Vis 

absorbance. Tf + anatase 5 mg mL-1 (●), Tf + rutile 5 mg mL-1 (○), Tf + rutile 20 mg         

mL-1 (). 

For both anatase and rutile forms, the ICP-OES detection of Ti had high variability 

compared to UV/Vis. This could be due to the capability of the Tf surface to adhere Ti(IV) 

ions. It is important to note that ICP-OES detects not only soluble metal ions, but all metal 

in solution. The use of the term dissolution here is therefore loosely used to describe all 

functionally solubilized Ti(IV) ions and Ti particles adhered to the surface of Tf as detected 

by ICP-OES.  
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Conformational changes of the protein, corresponding to lobe closures upon metal 

binding at the Fe-binding sites of transferrin, can be monitored via fluorescence quenching 

of the tryptophan residues residing in the C-lobe of Tf. Fe(III) binding to Tf results in a 

65% quenching of fluorescence.20 For anatase 5 mg mL-1, rutile 5 mg mL-1, and rutile 20 

mg mL-1 fluorescence quenching was insignificant for all Ti loading variables. Ti(IV) 

interactions occurring within the binding pocket, observed in UV/Vis, either does not result 

in a protein conformational change upon binding or unobstructed the tryptophan residues 

within the lobe.  

3.3.2 DLS and TEM 

In addition to aqueous analysis, the TiO2 particle were analyzed after reaction with 

Tf. Dynamic light scattering (DLS) tracked two different sized species over 0.5 h, 4 h, 8 h, 

and 168 h monitored timepoints within filtered samples. The small diameter of Tf protein 

(approximately 8 nm)21 was detected in all treated samples and controls. A larger particle 

species developed a scattering intensity in the presence of anatase and rutile 5 – 20 mg    

mL-1 (Figure 3.4). The size range of this secondary particle species is smaller than or near 

the size of the particle cutoff of the syringe filters used (at 0.22 m). Controls of anatase 

and rutile suspended in water were used to confirm that original particle sizes were larger 

than the cutoff of the selected 0.22 m filters (Figure B.4). Particle sizes larger than the 

filter in samples reacted with Tf could be the result of particle aggregation post filtration.  
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Figure 3.4: 8 h DLS spectra apoTf (–), Tf + anatase 5 mg mL-1 (–), Tf + rutile 5 mg mL-1 

(–), Tf + rutile 20 mg mL-1 (–). 

Imaged timepoints of Tf with anatase and rutile from 0.5 h, 4 h, 8 h, and 168 h were 

obtained by transmission electron microscopy (TEM). The electronic character of the metal 

oxide was visualized, but inherent nature of TEM limits the visualization of the presence 

of the protein. Unfiltered Tf – rutile samples show a smoother particle surface in the 

presence of protein compared to unfiltered controls without protein (Figure 3.5). While 

rutile and anatase particles were confirmed by dynamic light scattering (DLS) to be 

homogeneous in size, it is plausible that particle aggregation occurred, or the smaller 

nanoparticles seen in TEM were masked in DLS by larger particle scattering. Particle 

surface smoothing observed in the presence of protein would speak of selective 

nanoparticle uptake by Tf. Additionally, nanoparticles were visualized in TEM images of 
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rutile at 5 mg mL-1 loading with Tf over all imaged timepoints filtered post reaction (Figure 

3.6). These nanoparticles indicate the potential breaking down of larger particle species, 

which can be tracked over the Tf reaction time course. The presence of two species in DLS, 

that of Tf and of a larger particle, is consistent with what is seen and theorized in TEM 

imaging, that Tf surface adhesion to initial large TiO2 particles induces degradation. 

However, DLS data did not reveal a trend in particle size reduction as the time course 

continued for any of the Ti particle loadings or morphologies (Figure B.5). Aggregation of 

particles or the interaction with Tf could still be a factor while collecting DLS data which 

can be seen in TEM interpretations despite the appearance of smaller particles at increased 

timepoints.  

When larger quantities of rutile were introduced, 20 mg mL-1, crystalline features 

were observed in earlier timepoints in the TEM (Figure 3.7). The degradation of larger 

quantities of rutile particles occurs at a much slower rate as visualized through TEM, which 

is consistent with ICP-OES findings of mineral loading of Ti to Tf (Figure 3.2) which 

shows a lower bulk loading of material over time than rutile 5 mg mL-1.  
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Figure 3.5: TEM images of (A.) Tf + rutile 20 mg mL-1 at 1 h; and (B.) rutile 20 mg mL-1 

1 h unfiltered.  
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Figure 3.6: TEM images of Tf + rutile 5 mg mL-1 at (A.) 0.5 h; (B.) 4 h; (C.) 8 h; and (D.) 

168 h. 
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Figure 3.7: TEM images of Tf + rutile 20 mg mL-1 at (A.) 0.5 h; (B.) 4 h; (C.) 8 h; and (D.) 

168 h. 

 

 

A. B. 

C. D. 
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Regardless of original mineral loadings, the changing morphology of rutile to 

smaller nanoparticles (NPs) in the presence of Tf in human serum could cause health 

implications that otherwise were overlooked due to the initial size of the manufactured 

particle. TiO2 NPs pose their own health concerns and are still under review for their 

toxicological consequences in the human body. The engineering of NPs in human serum 

by Tf from TiO2 sources increases potential risk of accumulation and organ lesions induced 

from NPs.22 

3.3.3 Fe2Tf and Rutile Dissolution  

Fe2Tf, used here to refer to dually loaded Fe(III) to Tf, is the intermediate Tf 

complex of Fe(III) regulation. A conformational change is initiated with the binding of 

Fe(III) in the Tf lobes, this closed conformation is important for receptor recognition and 

endocytosis. Dissolution studies with rutile and Fe2Tf were especially important in order 

to demonstrate possible surface binding effects on Fe2Tf. The effects on Fe(III) binding 

and the lobe conformation with the reaction with TiO2 could disturb the metabolic 

functions of Tf if Ti binding is not site directed to the surface of Tf as suspected.  
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Interestingly, Fe2Tf displays similar dissolution of rutile at 5 mg mL-1 at a similar 

rate and concentration as the same reaction with apo-Tf (Figure 3.8). ICP-OES and UV/Vis 

were used to monitor the concentration of Fe in Fe2Tf. ICP-OES maintained a 1.68 ± 0.13 

Fe:Tf ratio (Figure B.6). The molar ratio as determined by UV/Vis is more telling of the 

inability to exchange Fe and Ti ions within the binding pocket of Tf, as was calculated by 

a LMCT at λ465 nm with ε= 2,500 M-1cm-1 to be near full binding with a 1.95 ± 0.13 Fe:Tf 

ratio. Surface adhesion of TiO2 particles does not disturb the electronic characteristics of 

Fe(III) binding within the Tf lobes. Absorbance of Fe-Tf binding at λ465 nm distorts 

measurement of Ti-Tf characteristic binding at λ321 nm. 

 

Figure 3.8: ICP-OES [Ti] results for 35 M Fe2Tf + rutile 5 mg mL-1 (●) and Fe2Tf (○) 

over (A.)168 h and (B.) 8 h. 

 

 

A. B. 
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Rapid metal oxide surface adhesion of Tf is a distinct pathway of titanium transport 

through human serum. As results indicate an open lobe conformation of Tf after dissolution 

of titanium oxides and only partial Ti ion interaction in the binding pocket as calculated by 

LMCTs in UV/Vis, thus, Fe(III) could have accessibility to Tf binding lobes and 

subsequently to the Tf receptor to incite endocytosis.  

3.4 Conclusions 

Uptake of titanium ions from titanium oxides by Tf in the traditional binding lobes 

was visualized through UV/Vis spectroscopy but does not give a complete understanding 

of the full reaction. The higher concentrations detected by ICP-OES points to an interaction 

of the protein with the metal oxide that is otherwise unseen spectroscopically. The open 

lobe conformation of the protein after reactions with TiO2 are indicated by fluorescence 

results and could be suggestive of additional incorporation of Fe(III) within the binding 

lobes. TiO2 reactions with Fe2Tf further support surface binding as a plausible means of Ti 

transport. While ICP-OES and UV/Vis data find saturation of Ti uptake, TEM results show 

changes to the particle over time at an equilibrium point of the particle-protein interaction. 

The selective uptake of particles as well as the changes to the particle size from adhering 

to Tf causes a wearing down of particle speciation over the course of 168 h. It is now not 

so much the uptake or dissolution of particles from oxide passivated implants, but the 

affected morphology of those particles in human serum that calls into question the inertness 

of TiO2 in biological environments.  

 



70 

 

3.5 References 

1. Buettner, K. M.; Valentine, A. M. Bioinorganic chemistry of titanium. Chem. Rev. 

2012, 112 (3), 1863–1881. 

2. Bourikas, K.; Kordulis, C.; Lycourghiotis, A. Titanium dioxide (anatase and rutile): 

Surface chemistry, liquid–solid interface chemistry, and scientific synthesis of 

supported catalysts. Chem. Rev. 2014, 114 (19), 9754–9823. 

3. Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 2003, 48, 53–

229. 

4. Iavicoli, I.; Leso, V.; Bergamaschi, A. Toxicological Effects of Titanium Dioxide 

Nanoparticles: A Review of In Vivo Studies . J. Nanomater. 2012, 2012, 1–36. 

5. Nuevo-Ordonez, Y.; Montes-Bayon, M.; Blanco-Gonzalez, E.; Paz-Aparicio, J.; 

Raimundez, J. D.; Tejerina, J. M.; Pena, M. A.; Sanz-Medel, A. Titanium release in 

serum of patients with different bone fixation implants and its interaction with serum 

biomolecules at physiological levels. Anal. Bioanal. Chem. 2011, 401 (9), 2747–

2754. 

6. Sarmiento-González, A.; Encinar, J. R.; Marchante-Gayón, J. M.; Sanz-Medel, A. 

Titanium levels in the organs and blood of rats with a titanium implant, in the 

absence of wear, as determined by double-focusing ICP-MS. Anal. Bioanal. Chem. 

2009, 393 (1), 335–343. 

7. Addison, O.; A.J., D.; R.J., N.; S., K.; M., M.; J.F.W., M.; D., P.; R.A., M. Do 

“passive” medical titanium surfaces deteriorate in service in the absence of wear? J. 

R. Soc. Interface 2012, 9 (76), 3161–3164. 

8. Jacobs, J. J.; Skipor, A. K.; Campbell, P. A.; Hallab, N. J.; Urban, R. M.; Amstutz, 

H. C. Can metal levels be used to monitor metal-on-metal hip arthroplasties? J. 

Arthroplasty 2004, 19 (8 SUPPL.), 59–65. 

9. Leopold, S. S.; Berger, R. A.; Patterson, L.; Skipor, A. K.; Urban, R. M.; Jacobs, J. 

J. Serum titanium level for diagnosis of a failed, metal-backed patellar component. 

J. Arthroplasty 2000, 15 (7), 938–943. 

10. Hallab, N. J.; Jacobs, J. J.; Skipor, A.; Black, J.; Mikecz, K.; Galante, J. O. Systemic 

metal-protein binding associated with total joint replacement arthroplasty. J. 

Biomed. Mater. Res. 2000, 49 (3), 353–361. 

11. Tinoco, A. D.; Eames, E. V; Valentine, A. M.; V, Y. U.; Box, P. O.; V, N. H. 

Reconsideration of serum Ti (IV) transport: Albumin and transferrin trafficking of 



71 

 

Ti (IV) and its complexes. J. Am. Chem. Soc. 2008, 130, 2262–2270. 

12. Curtin, J. P.; Wang, M.; Cheng, T.; Jin, L.; Sun, H. The role of citrate, lactate and 

transferrin in determining titanium release from surgical devices into human serum. 

J. Biol. Inorg. Chem. 2018, 23 (3), 471–480. 

13. Sun, H.; Li, H.; Sadler, P. J. Transferrin as a metal ion mediator. Chem. Rev. 1999, 

99, 2817–2842. 

14. Harris, W. R.; Chen, Y. Electron paramagnetic resonance and difference ultraviolet 

studies of Mn2+ binding to serum transferrin. J. Inorg. Biochem. 1994, 54, 1–19. 

15. Kratzs, F.; Hartmann, M.; Keppler, B.; Messoriq, L. The binding properties of two 

antitumor ruthenium (III) complexes to apotransferrin. J. Biol. Chem. 1993, 269 (4), 

2581–2588. 

16. Hirose, J.; Fujiwara, H.; Magarifuchi, T.; Iguti, Y.; Iwamoto, H.; Kominami, S.; 

Hiromi, K. Copper binding selectivity of N- and C-sites in serum (human)- and ovo-

transferrin. Biochem. Biophys. Acta 1996, 1296, 103–111. 

17. Tinoco, A. D.; Valentine, A. M. Ti (IV) binds to human serum transferrin more 

tightly than does Fe (III). J. Am. Chem. Soc. 2005, 127, 11218–11219. 

18. Guo, M.; Sun, H.; Mcardle, H. J.; Gambling, L.; Sadler, P. J. Ti IV uptake and 

release by human serum transferrin and recognition of Ti IV -transferrin by cancer 

cells: Understanding the mechanism of action of the drug titanocene dichloride. 

Biochemistry 2000, 39, 10023–10033. 

19. Chasteen, N. D. Human serotransferrin: Structure and function. Coord. Chem. Rev. 

1977, 22, 1–36. 

20. He, Q.; Mason, A. B.; Lyons, B. A.; Tam, B. M.; Nguyen, V.; Macgillivray, R. T. 

A.; Woodworth, R. C. Spectral and metal-binding properties of three single-point 

tryptophan mutants of the human transferrin N-lobe. Biochem. J. 2001, 354, 423–

429. 

21. Kilár, F.; Simon, I. The effect of iron binding on the conformation of transferrin. A 

small angle x-ray scattering study. Biophys. J. 1985, 48 (5), 799–802. 

22. Shi, H.; Magaye, R.; Castranova, V.; Zhao, J. Titanium dioxide nanoparticles: a 

review of current toxicological data. Part. Fibre Toxicol. 2013, 10 (15), 1–33. 

 



72 

 

CHAPTER 4 

DEGLYCOSYLATION OF HUMAN SERUM TRANSFERRIN AFFECTS 

TITANOCENE DICHLORIDE AND TITANIUM OXIDE INTERACTION AT 

THE SURFACE OF THE PROTEIN 

4.1 Introduction 

Sugars are a very diverse, complex, and abundant class of biomolecules that are 

essential in cellular adhesion, cellular migration, progression of diseases, and a variety of 

other biological functions.1,2 However, much has been left unexplored in the field of 

glycobiology, mostly due to the diversity of biomolecules. An emerging study of metal-

oligosaccharide coordination and effects, termed metalloglycomics, looks at the sialic acid 

carbohydrate family and the bio-metallic interactions that could occur.3  

Transferrin is a glycoprotein whose main role is ligation and transport of essential 

iron to cells. The role of glycan chains on the C-terminal lobe of transferrin has been of 

interest for some time. The two glycan chains of transferrin are N-linked to Asn-413 and 

Asn-610 residues very near to the Fe(III) binding pocket on that same lobe (Figure 4.1).4 

The oligosaccharides of transferrin are typically identified as sialylated biantennary 

structures.5 Deglycosylation of Tf (deTf) does not hinder receptor binding and endocytosis 

of Fe(III) bound Tf into the cell.6 While the deglycosylated protein has been studied for 

interactions with Fe(III) in terms of its involvement in Fe(III) binding and receptor binding, 

deTf studies have not included interactions with other metal complexes.6–8 
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Figure 4.1: Crystal structure of diferric human serum transferrin (3V83).9 N-lobe is shown 

in blue, C-lobe in green. Inset depicts two asparagine residues, Asn 413 and Asn 610, on 

the C-lobe of transferrin, the site for N-linked glycosylation. Asn 413 and Asn 610 shown 

here as pink spheres. All figures were made using Pymol 

Titanocene dichloride (TDC) is Ti(IV) anticancer compound well-studied for its 

interactions with Tf as a possible means of cellular import. TDC faltered in phase II of 

clinical trials, but still remains a valuable model for drug interactions with transport 

proteins and the study of Ti(IV) cellular accumulation.10 Previous research found a unique 

superstoichiometric binding motif with TDC bound in excess to transferrin with possible 

surface interactions.11 Modifying the glycation sites on transferrin is an easy tool to 

determine site specific binding on the transport protein. Glycan chains have recently been 

noted for their ability to bind metal-ammine coordination complexes, such as Pt anticancer 

agents, which could change the cytotoxic effects of these compounds due to these glycan 

interactions.12–14  
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Titanium oxide is abundant in nature, but hardly bioavailable due to its limited 

solubility. Because of this, it is often believed that TiO2 is an inert compound and is often 

featured in many manufactured products and medical devices.15,16 However, the 

accumulation of TiO2 in patients with titanium implants as well as the findings on toxicity 

of TiO2 nanoparticles, is a cause for concern for titanium oxide in consumer products.17,18 

A possible route for cellular uptake, similarly to TDC, is through transferrin binding and 

endocytosis. A previous study has found from rutile and anatase TiO2 particles, that a 

selective interaction is seen for smaller sized particles and the exposure to Tf of the surface 

of the oxide particle can cause the decrease in particle size over the course of a 168 h 

study.19 Glycan chains on transferrin could possibly be responsible for this outcome. 

Interactions between glycans and TiO2 nanoparticles, especially with sialic acid containing 

glycans like those in transferrin, have already been explored. Chromatography techniques 

have been established by utilizing the affinity of sialic acids for TiO2 to identify 

glycosylation sites on glycoproteins and peptides.20,21 

By removing the glycan chains from Tf and reacting the deglycosylated transferrin 

(deTf) with both TDC and TiO2, we will be able to elicit further information about the 

binding phenomenon seen in both Ti complexes. Additionally, understanding the role of 

glycan chains in the cellular metal circulation will be very crucial, not just in terms of 

transferrin, but for metal distribution by this large class of sugars in general.  
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4.2 Experimental 

4.2.1 Materials 

All solutions were prepared with nanopure water of 18.2 MΩ·cm resistivity from a 

Barnstead model D11931 water purifier. All glassware was acid-washed using trace metal 

grade HCl (Fisher). Polyethersulfone (PES) 0.22 m Luer-Lok filters were 13 mm in 

diameter and were purchased from Tisch Scientific. Reagents were sourced from Acros 

Organics (nitrilotriacetic acid), Fisher Chemical (NaHCO3, FeCl3, and Cl3FeH12O6), J.T. 

Baker (NaH2PO4 and NaCl), Fluka Chemical (Ti atomic absorption standard 1000 ppm) 

and Ricca Chemical (Fe atomic absorption standard 1000 ppm). PNGase F enzyme 

(P0704S) was used as received from New England Biolabs. Titanocene dichloride (TDC) 

was purchased from Acros Organics (97%) and prepared fresh in 1/9 v/v DMSO: 0.1 M 

saline solution at 4°C. The TDC solution was syringe filtered and ICP-OES was used to 

confirm the concentration. Human serum apotransferrin (apoTf) was obtained from Athens 

Research and its purity was checked by SDS-PAGE and was verified as iron-free by 

UV/Vis (λmax = 465 nm; ε465 nm = 2,500 M-1 cm-1)10. All other chemicals were used as 

received. 

4.2.2 Methods 

A physiological buffer of 4 mM NaH2PO4, 100 mM NaCl, 0.89 mM NaHCO3 

(pH=7.410 and pH=8.3) was prepared to use for all UV/Vis and ICP experiments. A Thermo 

Orion model 410 pH meter equipped with an Orion 8103BNUWP Ross Ultra semi-micron 

pH electrode was used to measure and monitor pH. Deglycosylation procedures from New 

England Biolabs were carried out accordingly with slight modifications. An apotransferrin 
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(Tf) stock solution at 125 M was prepared in pH 8.3 buffer and its concentration was 

confirmed using UV/Vis with a transferrin extinction coefficient of ε280 = 93,000 M-1       

cm-1.22 A higher pH was more compatible with enzymatic processes. PNGase F enzyme 

(10 L) was added to apoTf and incubated for 48 h at 37°C. Following incubation, an 

aliquot of the mixture was analyzed by 10% SDS-PAGE gel and by MALDI-MS (dialyzed 

into 10 mM NH4HCO3) to determine whether reaction was complete. The reaction mixture 

was used as is to complete experimental analysis. Titanocene dichloride additions to deTf 

samples allowed for a final deTf concentration of 20 μM (diluted from stock Tf with pH 

7.4 buffer) with 4 and 10 equiv of TDC. All samples were kept in the dark and added to a 

motor-rotating wheel and allowed to rotate gently. One milliliter aliquots of each sample 

were removed at specified time intervals, and syringe filtered with 0.22 m PES filters. 

4.2.2.1 Timepoints  

Experimental data are averaged from collected timepoints at 8 and 24 h for all rutile 20 mg 

mL-1 experiments. Protein samples treated with TDC were incubated at room temperature 

for 24 h prior to filtration. Experiments were performed in triplicate and averaged among 

trials. 
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4.2.2.2 UV/Vis, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES), Fe(III) Loading into Transferrin, Fluorescence, Urea-PAGE Gels Analysis 

of TDC Lobe Binding, and Kinetic Studies of Ti(IV) Removal with Additions of 

Fe(III) to deTf Solution  

All protein sample preparation, treatment and analysis is equivalent to description 

in Chapter II with the exception of using transferrin protein samples pretreated with 

PNGase F for deglycosylation.  

4.3 Results and Discussion 

4.3.1 Deglycosylated transferrin 

 The easiest method for cleaving the N-linked oligosaccharides on Tf is by 

enzymatic digestion with Peptide-N- Glycosidase F (PNGase F). Following the incubation 

period with the enzyme, the protein was analyzed by 10% SDS PAGE gels to determine a 

shift to lower molecular weight. Figure C.1 shows a representation of the molecular weight 

shift in this characterization.  

MALDI-MS was further utilized to characterize the shift in molecular weight as a 

determinant of successful deglycosylation. A decrease in molecular weight from 78.8 kDa 

(wild type transferrin) to 76.9 kDa after PNGase F treatment (Figure C.2 – 4) was seen in 

deglycosylation results. When comparing this to ES-MS results of the removal of sialylated 

oligosaccharides on transferrin from 79.5 kDa deglycosylated to 75.1 kDa,5 most likely we 

have achieved a partial deglycosylation of transferrin with only a 2.4% decrease in 

molecular weight from the glycan chains compared to a typical 5% mass decrease. Partial 

deglycosylation may have been due to experimental constraints that required the 
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deglycosylation procedure to be scaled up. However, we are analyzing the overall change 

in binding effects from the fully glycated to deglycosylated transferrin, in which even 

partial deglycosylated transferrin would represent this change.  

4.3.2 deTf Interactions with TDC 

The superstoichiometric trend that was seen in surface glycated transferrin was 

originally postulated to be due to the binding effects of the glycan chains with the 

hydrolysis prone titanocene dichloride (TDC). However, in the surface modified protein, 

we see very similar superstoichiometric trends as what was previously noted in wild type 

transferrin. Absorbances in the UV/Vis correlated to a 2:1 TDC to deTf binding ratio using 

the molar absorptivity of the tyrosine residues in the binding lobes of transferrin. As 

predicted, truncation of the glycan chains offers no interference with the TDC binding into 

the lobes of transferrin (Figure 4.2). Spectroscopic analysis alone offers a parallel 

comparison to Fe(III) binding in the traditional lobes; however, inductively coupled plasma 

optical emission spectroscopy (ICP-OES) tells of all metal in solution, and can be very 

telling of extraneous interactions, especially for hydrolysis prone TDC.  

In the case of TDC with deTf, the concentration of Ti metal in solution determined 

by ICP-OES was nearly equivalent to the dosed concentration of TDC. This is very telling 

of the minimal role that glycan chains play on the surface of transferrin in the 

superstoichiometric binding phenomenon previously seen. Comparison of the deglycated 

and wild type transferrin can be seen in Figure 4.3. The interaction of TDC with transferrin 

in superfluous amounts therefore are either site directed at another surface location on 

transferrin or are accumulated and possibly hydrolyzed within the binding pocket of 
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transferrin, exceeding the documented 2:1 metal to protein ratio. Either case is probable 

given that excess TDC would be silent in the UV/Vis outside of the binding pockets. 

  

Figure 4.2: UV/Vis results of Ti to Tf ratio from LMCT at 321 nm using 10,380 M-1cm-1 

molar absorption coefficient and 20 M Tf for wild type transferrin and deTf with 

treatment of 4 and 10 equiv TDC.  
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Figure 4.3: ICP-OES results of TDC in solution with Tf and deTf after 24 h incubation 

periods.  
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In order to understand more about the glycation binding effects on TDC, kinetic 

exchange experiments with Fe(III) were compared to wild type protein. The exchange of 

TDC for Fe(III) within the binding lobes of deTf involves a decrease in absorbance at 321 

nm (corresponding to a LMCT for tyrosine to Ti(IV)) and a corresponding increase in 

absorbance at 465 nm (corresponding to tyrosine – Fe(III)’s LMCT). Figure C.5 details the 

exchange of 4 equiv TDC with 10 equiv Fe(III) on deTf. The appearance of the Fe2Tf 

species is defined around 50 min of equilibration. Comparison of rate constants between 

deTf and Tf are detailed in Table 4.1. While 10 equiv TDC reactions were along the same 

order, 4 equiv TDC were noticeably slower, speaking towards the possibility of a tighter 

and more site directed binding in the binding lobe of deTf. It is speculated that lower 

equivalents of TDC allow for more traditional, tighter binding in the lobe, compared to 

what may be metal hydrolysis in the pocket with higher equivalents.  

 

 

 

 

Table 4.1: Rate constants of kinetic exchange reaction of Tf + TDC varied equiv with 10 

equiv of Fe(NTA)2. 

 k1 (min-1) 

Tf + TDC 4 equiv 

Tf + TDC 10 equiv 

deTf + TDC 4 equiv 

deTf + TDC 10 equiv  

0.029 ± 0.006 

0.024 ± 0.004 

0.042 ± 0.002  

0.029 ± 0.004 
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Figure 4.4: ICP-OES results from Fe2Tf of 0 and 4 equiv TDC and deFe2Tf binding of 0, 

4, and 10 equiv binding. Striped: Ratio Ti:Tf; Solid: Ratio Fe:Tf.  

The reverse analysis was also conducted in analyzing TDC surface interactions on 

a closed lobe deglycosylated Fe2Tf species. By titrating TDC in deTf post equilibration of 

Fe, the effect of glycan chains can be visualized more clearly. By eliminating access to the 

binding pocket with Fe(III) additions and by modifying the surface of the protein by 

enzymatically removing the glycan chains, the surface binding of TDC to Tf is evident. 

Figure 4.4 shows that there is still clear binding of TDC to an unseen interaction on the 

deTf surface. This evidence enhances the theory of surface bound transport of TDC by 

Fe2Tf for the future use of Ti anticancer drugs and for understanding of Ti(IV) transport.  

4.3.3 deTf Interaction with Titanium Oxide Surfaces 

The ligand to metal charge transfer of Ti from TiO2 in the binding lobe of Tf never 

fully reached a 2:1 binding ratio, even with unmodified protein (Chapter 3). Enzymatically 
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deglycosylated deTf still follows this trend in the UV/Vis absorbance results, where the 

LMCT of Ti-tyrosine (seen in Figure 4.5) reaches less than one eighth saturation of deTf 

within the binding lobes. Full potential binding in the traditional lobes of transferrin was 

not fully understood in wild type TiO2 experiments, and the decreased lobe binding in 

deglycosylated transferrin tracks with the newly gained information from ICP-OES. A 

significant decrease in Ti concentration as determined by ICP-OES over 8 and 24 h 

incubation period of deTf with 20 mg mL-1 rutile is noticeable from wild type transferrin 

results (Figure 4.6). There was a 96% decrease in functionally soluble TiO2 at 24 h by deTf, 

a result that speaks on the significant role of glycan chains in TiO2 interactions. Minimal 

soluble Ti can be detected in controls of anatase and rutile in filtered buffer solutions in the 

absence of protein (Figure B.1). 

Another interesting comparison has been with analysis of transmission electron 

microscopy (TEM) imaging. Filtered samples of Tf reacted with 20 mg mL-1 additions of 

rutile at earlier timepoints in TEM images showed crystalline features, evident of larger 

TiO2 particles capable of passing through the filter. Over time these crystals were broken 

down into smaller particles by later timepoints (Chapter 3). Additionally, it was postulated 

that nanoparticulate interactions were prevalent and then led to the degradation of micron-

sized particles. However, in the filtered deglycosylated Tf case, 8 h TEM time points of 

exposure of 20 mg mL-1 rutile did not feature crystalline features, but only displayed 

dispersed nanoparticles (Figure 4.7). Without the glycan chains on Tf, minimal interaction 

between the TiO2 particle and Tf seems to occur. Coupled with the lower solution 

concentrations in ICP-OES, it is logical that only the few nanoparticles in the micron-
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characterized commercialized rutile had an interaction with deTf. It is undetermined if this 

interaction is site-directed to the binding lobes of transferrin, as it is near the natural 

solubility of titanium oxides or a factor of the relative sizes of the particle and lobe opening. 

Regardless, a fraction of Ti in solution is accounted for by the UV/Vis LMCT for binding 

lobe interactions.  

Further evidence of the role of glycan chains is noticeable in the interaction of TiO2 

with deglycosylated Fe2Tf. With the preloaded Fe2Tf lobes already undergoing a 

conformational change and the modified deglycosylated surface, ICP-OES results show 

that about half of the TiO2 is detectable in solution compared to deTf without Fe(III) 

(Figure 4.6). This is near control levels of how much Ti is naturally solubilized in buffered 

solutions at this pH. The result is very telling of the primary role of the glycan chains in 

the functional solubility of Ti, where the secondary interaction would be in the binding 

lobe.  
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Figure 4.5: UV/Vis results of Ti to Tf ratio from LMCT at 321 nm using 10,380 M-1cm-1 

molar absorption coefficient and 20 M Tf for wild type transferrin and deTf after 

treatment with 20 mg mL-1 rutile at 8 h and 24 h incubation.  
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Figure 4.6: ICP-OES results for 20 M Tf, deTf, and deFe2Tf with 20 mg mL-1 rutile at     

8 h and 24 h.  

 

Figure 4.7: TEM of disperse nanoparticles in a sample of deTf with 20 mg mL-1 rutile at 

8 h.  
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4.3.4 Ti(IV) Complexes Effects on deTf Lobe Closures  

4.3.4.1 Fluorescence  

Fluorescence of the tryptophan residues near the metal-binding pocket of Tf can 

help detail the conformational position of the protein before and after Ti(IV) complex 

introduction. Relative fluorescence of deglycosylated Tf compared to apoTf in Figure 4.8 

shows minimal fluorescence quenching, telling of the fluorescent influence of the glycan 

chains in this method. Deglycosylated Fe2Tf behaved similarly to fluorescence quenching 

studies of glycated Fe2Tf from literature. Analysis of TDC 4 equiv and 10 equiv loaded 

deTf, on average, had slightly higher fluorescence compared to trials with glycated Tf. Yet, 

both deglycated and glycated TDC-Tf samples typically had higher standard deviation in 

fluorescence quenching studies, due to what we believe is varied tryptophan residue 

exposure from hydrolysis of TDC within the binding lobe, making it difficult to draw a 

conclusion based on glycation alone.  

Fluorescence studies were remarkably similar in the glycated and deglycated states 

for samples with TiO2 additions. TiO2, while seen in UV/Vis studies to be partially lobe 

directed, is not affecting tryptophan fluorescence, which is often interpreted as sign of a 

conformational change of the protein. When looking at Fe2Tf with either Ti(IV) complex, 

TDC or TiO2, Fe(III) site directed bilobal binding and assumed conformational change is 

prevalent over the presence of titanium. The prevalent Fe2Tf form causes fluorescence 

quenching consistent in the wildtype Tf form of tryptophan saturated protein.  
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Figure 4.8: Fluorescence relative to apoTf of deTf and deFe2Tf treated with 0, 4, and 10 

equiv of TDC or 20 mg mL-1 rutile after 8 h and 24 h.  
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4.3.4.2 Urea-PAGE Gel Analysis of TDC Lobe Binding  

Previous studies have shown that a conformational change can be characterized 

with fluorescence quenching, but a decrease in fluorescence is not necessarily a sure sign 

of a conformational change. Urea-PAGE gels have been utilized by Makey and Seal to 

determine a closed conformation of transferrin when bound to a metal ion migrates farther 

down the gel due to less exposure to the denaturing urea.23 Small angle X-ray scattering 

(SAXS) techniques previously has shown consistent results with Urea-PAGE gels to 

determine transferrin conformation in solution and the accuracy of denaturing gels 

compared to fluorescence quenching studies. Figure 4.9 shows the early denaturing effects 

in the Urea-PAGE gel on deTf samples containing varied equivalents of TDC and with 

rutile 20 mg mL-1 at 8 and 24 h timepoints. Glycosylation has no effect on lobe closure of 

Fe2Tf samples, even with incorporation of Ti(IV) complexes. This is a consistent result 

with the work of Mason et al. who noted that surface glycation of transferrin is not 

necessary for receptor recognition, only the conformational lobe closure which would in 

turn initiate endocytosis.6,8,24 

 

Figure 4.9: (1) deTf + TDC 10 equiv; (2) deTf + TDC 4 equiv; (3) apoTf; (4) deTf; (5) 

deTf + R 20 mg mL-1 8 h; (6) deTf; (5) deTf + R 20 mg mL-1 24 h; (7) deFe2Tf + TDC 4 

equiv; (8) deFe2Tf + TDC 10 equiv; (9) deFe2Tf; (10) Fe2Tf. 



90 

 

4.4 Conclusion 

The removal of glycan chain residues on the surface of transferrin plays a variable 

role for its interaction with different Ti(IV) complexes. The distribution of TiO2 particles 

is greatly affected by the presence of glycated transferrin surfaces, with a primary binding 

being on glycan chains. Secondary binding in the traditional binding pockets is completely 

inhibited when TiO2 is incubated with Fe2Tf, due to a conformational change of the 

modified protein. As glycosylation plays a major role in the functions of proteins, 

interaction of TiO2 in human serum seems unavoidable.  

On the other hand, glycation played no major role in TDC binding, in either the 

Fe(III) inhibited lobes or on the surface of the protein. It seems clear that even if there is 

hydrolysis of TDC within the binding lobe of Tf, that there is still a mechanism of surface 

adhesion regardless of the presence of glycans. This study reaffirms our hypothesis of 

receptor recognition of surface bound Ti(IV) to Fe2Tf as a possible means of transport and 

Ti metal accumulation in cells. The shuttling of anticancer drug model TDC on surface 

sites of diferric transferrin sees unique binding interactions to the surface landscape of Tf, 

making Tf an interesting target for drug design.  
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APPENDIX A 

ADDITIONAL FIGURES SHOWING SUPERSTOICHIOMETRIC BINDING OF 

TITANOCENE DICHLORIDE TO TRANSFERRIN 

 

 

Table A.1: Averaged UV/Vis absorbance at 321 nm and ICP-OES Ti concentration (M) 

determined for 25 mM (pH 8.5) and 0.89 mM (pH 7.4) bicarbonate samples.  

 

 

 

 

 

 

 

 

 25 mM NaHCO3 0.89 mM NaHCO3 

 Absorbance ICP-OES (mM) Absorbance ICP-OES (mM) 

Tf + TDC 2 equiv 

Tf + TDC 4 equiv 

Tf + TDC 10 equiv 

0.19 ± 0.001 

0.19 ± 0.008 

0.22 ± 0.009 

1.86 ± 0.029 

3.42 ± 0.316 

8.65 ± 1.261 

0.36 ± 0.017 

0.41 ± 0.046 

0.43 ± 0.069 

1.51 ± 0.035 

2.99 ± 0.046 

7.49 ± 0.108 
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Figure A.1: 0, 40, 80, 200 M TDC ICP-OES controls corresponding to Tf (20 M) + TDC 

0, 2, 4, 10 equiv. 
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Figure A.2: 0, 40, 100, 200 M TDC ICP-OES controls corresponding to Tf (2 M) + TDC 

0, 20, 50, 100 equiv. 
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Figure A.3: (A.) 40 M UV/Vis control corresponding to 2 and 20 equiv TDC. (B.) 80 M 

UV/Vis control corresponding to 4 equiv TDC. (C.) 100 M UV/Vis control corresponding 

to 50 equiv TDC. (D.) 200 M UV/Vis control corresponding to 10 equiv TDC. 0 h (solid), 

24 h (dashed), 96 h (dotted), 168 h (dash-dot). 

 

 

A. B. 

D. C. 
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Figure A.4: 96 h fluorescence spectrum of (A.) 20 M Tf + TDC 0 equiv (red), 2 equiv 

(dark blue), 4 equiv (light blue), 10 equiv (purple) and (B.) 2 M Tf + TDC 0 equiv (red), 

20 equiv (dark blue), 50 equiv (light blue), 100 equiv (purple).  

 

 

 

 

 

 

A. B. 
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Figure A.5: Concentration analysis of forwards scattering intensity (I0) and the radius of 

gyration (RG) versus each applied concentration ranging from 1 – 15 mg mL-1 for (A.) 

apoTf, (B.) Fe2Tf, (C.) Tf-Ti(citrate), (D.) Tf + TDC 2 equiv, (E.) Tf + TDC 4 equiv. 

 

 

 

 

 

 

 

 

 

 

 

  



101 

 

 

 

 

 

Figure A.6: Guinier plot, P(r) distribution and Porod plots of each of the samples (A.) 

apoTf, (B.) Fe2Tf, (C.) Tf-Ti(citrate), (D.) Tf + TDC 2 equiv, (E.) Tf + TDC 4 equiv.  
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Figure A.7: Spin Dialysis UV/Vis Results with 0.89 mM bicarbonate (A.) and with 25 mM 

bicarbonate (B.). Striped – pre spin dialysis (ε321 nm =10,380 M-1 cm-1); light grey – Post 

spin dialysis (ε321 nm =10,380 M-1 cm-1); White – pre spin dialysis (ε321 nm =2415 M-1 cm-1); 

Dark grey – post spin dialysis (ε321 nm =2,415 M-1 cm-1). 

A. B. 
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Figure A.8: Kinetic exchange of 4 equiv of TDC loaded to Tf with 10 equivalent additions 

of Fe(NTA)2. Fit obtained through SPECFIT/32. (A.) Series of spectra scans over 260 

minutes after initial addition of Fe(NTA)2 at t=0 minutes. (B.) Concentration profile of the 

two species in respect to time. (C.) The molar extinction coefficients of each species. The 

red curve represents the Tf + TDC 4 equiv starting species and the blue curve represents 

the Fe2Tf (+ TDC 4 equiv) species.  

A. B. 

C. 
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APPENDIX B 

ADDITIONAL FIGURES FOR TITANIUM OXIDE AND TRANSFERRIN 

ASSOCIATION 

 

Figure B.1: ICP-OES controls in buffer: apoTf (●), filtered anatase 5 mg mL-1 (), filtered 

rutile       5 mg mL-1 (x), filtered rutile 20 mg mL-1 (○). 
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Figure B.2: UV/Vis spectrum of (A.) Tf + rutile 5 mg mL-1 (apoTf subtracted); (B.) Tf + 

rutile 20 mg mL-1 (apoTf subtracted); (C.) Tf + anatase 5 mg mL-1 (apoTf subtracted). 

 

A. B. 

C. 
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Figure B.3: UV/Vis spectrum of (A.) rutile only 5 mg mL-1; (B.) rutile only 20 mg mL-1; 

(C.) anatase only 5 mg mL-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. 
B. 

C. 
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Figure B.4: DLS spectrum of (A.) anatase (–) and rutile (–) suspended in water control. 
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Figure B.5: DLS spectra of timepoints 0 h (–), 0.5 h (–), 1 h (–), 4 h (–), 8 h (–) (A.) 

apoTf; (B.) Tf + anatase 5 mg mL-1; (C.) Tf + rutile 5 mg mL-1 ; (D.) Tf + rutile 20 mg    

mL-1. 

A. B. 

C. D. 
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Figure B.6: ICP-OES [Fe] results for 35 M Fe2Tf + rutile 5 mg mL-1 (●) and Fe2Tf (○) 

over 168 h. 
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APPENDIX C 

ADDITIONAL FIGURES OF DEGLYCOSYLATED TRANSFERRIN 

 

 

Figure C.1: SDS-PAGE gel result confirming deglycosylated transferrin. Lanes 1 and 4 

containing low molecular weight ladder. Lane 2 contains apoTf. Lane 3 contains apoTf 

treated with PNGase F enzyme.  
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Figure C.2: MALDI-MS analysis results of apoTf in buffered solution. 
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Figure C.3: MALDI-MS analysis results of deTf in buffered solution. Sample set 1 of 2.  
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Figure C.4: MALDI-MS analysis results of deTf in buffered solution. Sample set 2 of 2. 
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Figure C.5: Kinetic exchange of 4 equiv of TDC loaded to deTf with 10 equivalent 

additions of Fe(NTA)2. Fit obtained through SPECFIT/32. (A.) Series of spectra scans over 

260 minutes after initial addition of Fe(NTA)2 at t=0 minutes. (B.) Concentration profile 

of the two species in respect to time. (C.) The molar extinction coefficients of each species. 

A. B. 

C. 
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The red curve represents the deTf + TDC 4 equiv starting species and the blue curve 

represents the Fe2deTf (+ TDC 4 equiv) species.
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APPENDIX D 

ASSAY OF TOPOISOMERASE I INHIBITION BY TITANOCENE 

DICHLORIDE 

The main target and focus for the mechanism of action for anticancer drug 

titanocene dichloride (TDC) has typically been DNA, due to TDC’s similarities to 

cisplatin. Other primary targets for Ti(IV) complex activity have been postulated to be 

protein kinase C and DNA topoisomerase II.1,2 Topoisomerase II (topo II) is an enzyme 

that controls DNA conformation and topology by making cuts to double stranded DNA.3 

Inhibition by metallocenes of topo II can be analyzed using agarose gel electrophoresis of 

a plasmid DNA, by analyzing the mobility of supercoiled DNA compared to relaxed or 

nicked DNA which does not run as far down the gel.4 A simpler, less expensive assay using 

topoisomerase I was used first to practice proof of principle before moving to topo II. Topo 

I behaves similarly to topo II, making cuts to single stranded DNA to relax it from its 

supercoiled state.  

Topoisomerase I isolated protein was graciously provided by John Nitiss 

(University of Illinois) at a concentration of 60 ng L-1. Reagents came from J.T. Baker 

(NaCl, KCl, and glycerol), Bacto (Tryptone), American Bioanalytical (agar and 

ampicillin), Fisher (Tris-Cl), Acros Organics (dithiothreitol), Sigma (EDTA, acetylated 

bovine serum albumin), Biorad (bromophenol blue), and AmericanBio (yeast extract). 

QIAprep Spin Miniprep kit, 1 Kb ladder, DH5α cells, and pUC 19 control plasmid vector 

was obtained from New England Biolabs. 
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DH5 with pUC19 E. coli cells were transformed by closely following the 

manufacturer protocol. Cells were spread onto plates and incubated overnight at 37°C. 

Overnight cell cultures were grown in 10 mL LB media with 10 L of 100 mg mL-1 

ampicillin stock added to each tube with single colonies transferred from plates. Tubes 

were shaken overnight at 37°C, 250 rpm. DH5α pUC19 E. coli overnight cultures were 

pelleted and elution of plasmid DNA followed QIAprep Spin Miniprep protocol.  

Procedures for the topoisomerase assay DNA gel was obtained from Nitiss et al.4 

Briefly, samples were prepared with 5 L of 5x loading dye, 2 L of 10x topoisomerase I 

reaction buffer (recipes following Nitiss et al)4, 200 ng of plasmid DNA, 30 ng of topo I 

enzyme, and varied equivalents of test reactant and water so final volume is equal to 20 

L. Samples were then incubated at 37°C for 30 minutes before being loaded onto a 0.8% 

agarose gel and run for 2 h at 50 V. The gel was stained with an ethidium bromide solution 

before imaged in UV transilluminator.  

 Figure D.1 shows the results of analysis with additions of TDC to topo I and 

plasmid substrates. However, there was no positive control result seen in this analysis. The 

lane containing substrate alone does not show a fully supercoiled plasmid, meaning a 

negative result for the control. The same confusion happened in lane 3, with the buffer 

control, where no relaxation seems to occur, but rather a supercoiled band was present. 

This result could be caused by a solvent involvement in the normal enzymatic reaction. 

Thus, while additions up to 6x TDC to topo I show a positive result for inhibition of 

topoisomerase activity, more analysis is needed to confirm any buffer interaction with the 

normal functions of topoisomerase.  
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A solvent control was tested in addition to the assay in order to ensure that TDC 

solvent (prepared in 10%DMSO/saline 1/9 v/v) did not have any effect on the enzymatic 

activity. Figure D.2 shows relaxation of the plasmid under the same concentration additions 

of DMSO/saline as TDC studies. The relaxation of the supercoiled plasmid substrate can 

be seen with additions of 30 ng of topo I (Figure D.2). The results of this gel are promising 

for future studies under these buffer conditions, perhaps showing an inactivated enzyme 

during the first trial run seen in Figure D.1.  
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Figure D.1: Topoisomerase I assay with varied equivalents of TDC. From left to right: 1 

Kb ladder, substrate only, buffer control (topoI, plasmid, 10% DMSO), 1:1 topo I to TDC 

(ng:ng), blank, 1:2, 1:4, 1:6 topo I to TDC (ng:ng). 
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Figure D.2: Solvent control assay with topo I and plasmid relaxation with 10% DMSO and 

10% DMSO/saline (1/9 v/v).  

 More analysis is needed to confirm the activity of TDC against the topoisomerase 

I enzyme. It has been shown that the preparation of TDC in 10% DMSO/saline (1/9 v/v) 

does not play a role in the normal enzymatic activity of topo I. Repeat analysis of 

topoisomerase inhibition under increased additions of TDC is needed in order to make a 

clear determination. Analysis of Figure D.1 outside of controls leans more towards a 

positive inhibition result, an interesting determination since topo I was not the primary 

perspective target. This result is an interesting stepping-stone before leading to the more 

complex topo II assay but seems to add some value and insight to the inhibitory activity of 

titanocene dichloride.  
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