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ABSTRACT 
 
 

 Metallomics is a growing field of interdisciplinary research that investigates 

metals in biological and environmental systems.  One of the major problems in 

detecting metals in biological systems is the instrumentation required to analyze 

these complex biological samples.  Typically, an inductively coupled plasma-

optical emission spectrometer or –mass spectrometer (ICP – OES or – MS) is 

used for elemental analysis and an electrospray ionization-mass spectrometer 

(ESI-MS) is used for molecular information.  In almost all cases, the sample 

introduction matrix is different for each instrument, which can affect the 

physiological conditions of the sample and change its properties.  Particle 

beam/hollow cathode-optical emission spectroscopy (PB/HC-OES) and liquid 

chromatography-particle beam/glow discharge mass spectrometry (LC-

PB/GDMS) are presented as tools for obtaining both elemental and molecular 

species information without changing sample preparation.   

 The PB/HC system was coupled to a high resolution Jobin-Yvon 

polychromator and optimized with respect to operational parameters using a 

metal mixture of Ag, Ni, and Pb to display the ability of the PB/HC-OES system 

as a simultaneous multiple element detector.  Additionally, a commercially 

available Hewlett Packard 5973 gas chromatography-mass spectrometer (GC-

MS) was converted to a LC-PB/GDMS capable of providing comprehensive 

speciation (both atomic and molecular) information.   
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 The PB/HC-OES method is presented as a tool for determining metal 

binding characteristics involving Tf.  Transferrin (Tf) is an iron transport protein 

that is essential for cellular survival, providing Fe3+ to cells via receptor mediated 

endocytosis.  Transferrin is ~ 40 % Fe3+-loaded, leaving roughly 60 % of Tf with 

free binding sites that can potentially bind other metal ions.  Validation of the 

PB/HC-OES method for quantitative analysis was provided by comparing loading 

percentages of Fe3+ into apo-Tf with UV-VIS absorbance measurements.  The 

PB/HC-OES method was used to determine metal loading of Ni2+ and Zn2+ into 

the C- and N-lobes of apo-Tf and binding of Ag+ to the surface methionines of Tf.  

The monitoring of Cr3+ loading into apo-Tf by PB/HC-OES and ICP-OES/UV-VIS 

absorbance methods are presented as further validation for the use of the 

PB/HC-OES method.  Finally, the PB/HC-OES method was used to monitor the 

direct metal (Fe3+, Cr3+, and Ni2+) competition for transferrin binding under 

physiological relevant concentrations. 
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1 

CHAPTER ONE 

INTRODUCTION 

 

METALLOMICS 

 Understanding the role of metals in biological and environmental systems 

is a growing area of interest and importance to the scientific community.  This is 

supported by the creation of the interdisciplinary journal Metallomics, which 

began in 2009.   Understanding how metals interact within biological systems 

requires instrumentation that provides both elemental and molecular species 

information.1  Typically elemental analysis is achieved using an atomic 

spectroscopy method such as inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) or mass spectrometry (ICP-MS).2  Analysis using an 

ICP provides quantification and identification of the metal(s) that may be present 

in a given system.  However, ICP does not provide the ability to acquire 

molecular information and thus molecular detectors are required.1  Matrix 

assisted laser desorption ionization (MALDI) or electrospray ionization mass 

spectrometry (ESI-MS) provide unique molecular information that can be used in 

a complementary fashion with the ICP to obtain the entire quantitative and 

qualitative picture of a metal containing species in a biological system.3, 4   

 One of the major drawbacks to using two separate instruments is the 

sample introduction requirements (i.e. organic solvents or nitric acid) that differ 

for each instrument.  This can cause disruptions to the physiological conditions of 

the biological system (resulting in denaturing or loss of metal cofactor).  
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However, an instrument that provides both elemental and molecular species 

information on a single platform instrument would be of great use for Metallomics 

research.  This dissertation describes the use of glow discharge spectroscopy as 

a single platform instrument capable of providing both elemental and molecular 

species information for metal-binding proteins that are important to the 

metallomics community. 

 

GLOW DISCHARGE 

 Glow discharge (GD) has been used as a spectroscopic source since the 

early 1900’s, but until the 1960’s GDs were not widely used in analytical 

chemistry.5  In 1967 W. Grimm presented the first known direct current (dc) GD 

optical emission source for solids analysis.6  Eventually, improvements were 

made to the Grimm type source by Duckworth and Marcus in 1989 that utilized 

radio frequency (rf) power to analyze non-conductive samples, which were not 

possible using dc powering modes.7  GD devices can be used for mass 

spectrometry or optical emission spectroscopy.8, 9  GD devices are widely used 

today for the analysis of all types of samples (solid, liquid, and gas).  The 

following sections will discuss the kinetic processes, geometries, and operational 

modes for glow discharge sources. 

 

Kinetic Processes 

Applying a high voltage (ranging from ~ 100 V to several kV, at currents in 

the mA range) across two electrodes in the presence of an inert gas causes the 
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breakdown of the gaseous medium, resulting in electron-ion pairs and allowing 

current to flow between the electrodes.10, 11  Current flowing through a gaseous 

medium is considered a discharge or plasma.  Figure 1.1 represents the 

fundamental processes taking place in a GD source.  The positively and 

negatively charged species will flow towards the respective cathode and anode 

of the system.    When ions with sufficient energy (>30 eV) bombard the surface 

of the cathode, atoms will be ejected or “sputtered” away from the surface of the 

cathode.5  This process of cathodic sputtering is responsible for atomizing the 

sample into the negative glow where a series of potential and kinetic energy 

transfers take place.  Helium and argon are the typical gases used for glow 

discharge sources due to their high metastable level energies (He 20.6 and 19.8 

eV, Ar 17.7 and 11.5 eV) and ionization potentials (He 24.5 eV and Ar 15.8 eV).12  

The inelastic collisions of metastable atoms, ions, and electrons with atoms that 

reach the negative glow region can result in the excitation and ionization of these 

atoms.5  The major mechanisms responsible for excitation and ionization are:  

(Eq. 1.1)   Electron Impact:    M + e- 
�   M* + e- 

      M + e- 
�   M+ + 2e- 

(Eq. 1.2)   Penning Ionization:   M + Arm* �  M* + Ar 
      M + Arm* � M+ + Ar + e- 

(Eq. 1.3)   Charge Exchange:    Ar+ + M �   M+ + Ar 

It must be made clear that these processes are dictated by kinetics, and not 

thermodynamics.  The ions formed and photons released in the negative glow 

can be analyzed by mass spectrometry and optical emission spectroscopy, 

respectively.  The rates and the extents of the fundamental kinetic processes that 



 

take place in the plasma are governed by the operating conditi

physical configuration of the glow discharge source.

 

Figure 1.1   Fundamental processes occurring in a glow discharge plasma

neutral, He* = argon metastable, 

process.13 
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The ability to form samples into pin-like or disc shapes can be problematic 

in some cases.  Therefore, the planar diode geometry (Fig. 1.2b) was designed 

to analyze large flat samples.  Note, this configuration is just a variation of the 

coaxial cathode design.  The flat sample (cathode) is placed parallel to the anode 

in a closed cell.  The housing is made up of the anode and the cathode mount, 

and the ions are introduced into the mass analyzer in the same manner as in the 

coaxial design.  This geometry allows for depth profiling of flat samples. 

The next configuration of note is the Grimm-type (Fig. 1.2c), which is 

typically used for atomic emission spectroscopy,15 but can be applied to mass 

spectrometry under the right operation conditions.10  This configuration is similar 

to the planar diode, but has an additional pumping system very close to the 

sample that prevents redeposition of sputtered atoms.  The anode is placed less 

than one dark space from the cathode resulting in a very stable, restricted 

discharge.  Surface and depth-resolved analyses are possible due to the 

restricted glow discharge, the additional pumping system near the cathode allows 

for operation at higher pressures than the other geometries. 

The last geometry of importance is the hollow cathode.  When two 

cathodes are located close to each other, their discharges will coalesce into one 

single negative glow region.15  This phenomenon makes the hollow cathode an 

attractive geometry due to the increased sensitivity which results from the 

increased sputtering, excitation and ionization rates in comparison to the 

previously mentioned configurations.  The hollow cathode lamp (Fig. 1.2d) is the 

most common of the hollow cathode configurations; it can be used as an ion or 
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photon source.  Typically hollow cathode lamps are used in atomic absorption 

spectrometry due to the ability to emit sharp and stable spectral lines.5  There is 

a cylindrical hollow cathode design (Fig. 1.2e) that allows for samples to be 

introduced into the cavity and then atomized and excited/ionized.  The last 

variation is the hollow cathode plume (Fig. 1.2f), which allows for the sample to 

be placed at the end of a cylindrical tube with a small opening put into the middle 

of the sample, resulting in the plasma being pushed through the orifice.16   

 

    Table 1.1   Typical glow discharge geometries and operating parameters. 

Geometries  Detection  Operating Parameters  

Coaxial cathode14 Ions 
Up to 1000 V 

1-5 mA 
~  2.0 Torr Ar 

Grimm-type 
source14 

Ions or photons 
Up to 1500 V 

1-5 mA 
Up to 6.0 Torr Ar 

Hollow cathode14 Ions or photons 
~400 V 

10-60 mA 
~2.0 Torr Ar (or He) 

 

 

Glow Discharge Operational Modes 

 Glow discharge sources can be operated in direct current (dc), radio 

frequency (rf), or pulsed powering modes.  The sample type, detection method, 

and conditions will dictate which method is used.  The direct current (dc) mode is 

the simplest of the three operational modes.  This mode creates a stable, steady 

state source of ions/photons, which is easily amendable to any type of analyzer.  
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Because the sample acts as the cathode in all of the configurations shown 

above, only electrically conductive samples can be analyzed using the dc mode.  

Detection limits for conductive samples using the dc mode are typically found to 

be below 1 ng g-1 for high resolution mass analyzers.10   

Not being able to analyze non-conductive samples led to the use of radio 

frequency (rf) powering schemes, that provide the ability to directly analyze non-

conductive glass, ceramic, and polymer samples.  When using rf powers (13.56 

MHz), no charging takes place at the sample (cathode) because of the oscillation 

of positive and negative charges that bombard the “cathode” which neutralize 

each other, so that the net charge is neutral.17  In the 1970’s, Coburn and Kay as 

well as Harrison and co-workers published the first work with rf-GDMS sources.  

8, 9  In 1989, Marcus and Duckworth began the main exploration into the use of 

the rf-GDOES and MS as an analytical tool.7  Radio frequency power supplies 

cost somewhat more than dc power supplies, but offer the advantage of 

analyzing non-conductors.18  In addition to analyzing non-conducting samples, rf 

plasmas offer greater electron energies and plasma potentials compared to dc 

power supplies.19  For these reasons, all commercial GDOES instruments use rf 

power supplies. 

Another operational mode that has been drawing a good deal of interest is 

the pulsed power mode.  It operates by applying high amounts of short-term 

(millisecond) power (either rf or dc) to the cathode.  This pulsed mode has 

improved sensitivity due to the enhanced sputtering that allows for increased 

analyte excitation and ionization.20  When operating a glow discharge source with 
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the pulsed mode, the discharge gas ions are created in the pre-peak and analyte 

ions are created in the post-peak.21  Thus, with the use of a time-gated detector, 

it is possible to have time-resolved detection, resulting in an improved signal-to-

noise ratios and greater spectral simplicity as background gas species are not 

observed.  

 

LIQUID SAMPLE INTRODUCTION INTO GLOW DISCHARGE PLASMA 

 While glow discharges have been extensively applied to solids analysis, it 

has a growing appeal to be used as an ionization/excitation source for the 

analysis of liquid samples due to its ability to provide elemental and molecular 

species information when operated in an inert atmosphere.  However, the 

introduction of liquid solvent at flow rates from 0.1 – 2.0 mL min-1 (typical for 

liquid chromatography) suppresses the plasma energetics.22  The first efforts to 

analyze liquid samples by GD started with drying the solution based analyte onto 

the cathode, leaving a residue on the surface to be later sputtered from the 

surface for analysis.5  This analysis only works for single samples and is not 

adaptable to on-line sampling via liquid chromatography (LC).  These challenges 

were first accomplished by using the “moving belt” and later the “particle beam” 

technology to introduce and analyze liquid samples using glow discharge 

devices.   
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Moving Belt Interface 

  The “moving belt” works by depositing small liquid droplets onto stainless 

steel beads that are part of a conveyor chain, this chain then moves into a 

reduced pressure drying tube that heats and desolvates the sample leaving the 

dried analyte on the chain.23, 24  The chain (with the dried sample residue) comes 

into contact with the cathode of the GD, resulting in sputtering of the residue from 

the stainless steel bead.23, 24  The “moving belt” is capable of working at flow 

rates up to 200 µL min-1, but requires plasma powers of > 25 W for stable 

operation and the power required is the limiting factor for maximum flow rates.25  

This is a convenient method to introduce liquid flow into a GD source, but the 

“moving belt” has two major flaws; memory effects and different species-specific 

response characteristics for multiple elements.  These flaws limited the use of the 

“moving belt” as an interface for delivering liquid into glow discharge plasmas.   

 

Particle Beam Interface 

 The limited use of the “moving belt” apparatus in LC-MS as a whole led to 

the exploration of new liquid sampling interface systems.  In 1984 the particle 

beam interface, initially named the monodisperse aerosol generation interface for 

coupling (MAGIC) LC-MS,26 was invented in an effort to turn liquid analyte into 

gas phase analytes for use with electron ionization.  The advantage of this 

method derives from the ability to work across a wide ranges of solutions and 

flow rates that may be used in LC, while delivering dry analyte particles into a low 

pressure source.25  The PB apparatus (Fig. 1.3) has 3 major parts: a nebulizer 
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that creates an aerosol spray from the liquid flow, a desolvation chamber to 

desolvate the droplets, and a momentum separator to remove solvent vapors 

and nebulizer gases.  The PB interface can handle liquid flow rates up to ~ 2.0 

mL min-1.  Marcus and co-workers have used this PB technology to introduce 

liquid samples into a glow discharge source coupled with an optical emission or 

mass spectrometer detector for a wide range of applications.25, 27-35  

 

Figure 1.3  Schematic diagram of the particle beam interface 

 

 

LIQUID CHROMATOGRAPHY PARTICLE BEAM GLOW DISCHARGE 

 Two types of PB/GD instruments are employed throughout the work 

presented here.  The first is a particle beam/hollow cathode-optical emission 

spectroscopy (PB/HC-OES) system and the second is a liquid chromatography-
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particle beam/glow discharge mass spectrometry (LC-PB/GDMS) system.  In 

both cases the glow discharge source is operated in dc mode at voltages up to 1 

kV and currents as high as 60 mA. 

 The PB apparatus used for the PB/HC-OES system consists of a 

thermoconcentric nebulizer, a desolvation chamber, and a two-stage momentum 

separator.  Use of the PB enables liquid samples to be introduced as dry analyte 

particles into the hollow cathode glow discharge source without residual vapors 

that would quench the plasma energetics.  Also, no spectral interferences are 

encountered since residual vapors are removed and operation of the source is 

under inert atmosphere.  The optical emission spectrometer employed is a high 

resolution polychromator with 26 photomultiplier tubes that was once part of the 

JY RF-5000 system used for analyzing solids.  Use of this polychromator allows 

for detection of multiple elements simultaneous, which is different from past 

experiments using the PB/HC-OES system that employed a simple 

monochromator.  Operating the hollow cathode glow discharge source under 

inert atmosphere allows for detection of both non-metals (e.g. C, H, N, and O) 

and metals (e.g. Ag, Cr, Fe, Ni, and Zn) simultaneously.  The ability to detect and 

quantify non-metals and metals provides the ability to calculate stoichiometric 

ratios across a wide range of samples.  In particular the monitoring of metal-

binding studies involving transferrin using the PB/HC-OES method will be 

discussed in great detail in the subsequent chapters. 

 For the LC-PB/GDMS system the PB interface utilizes a concentric 

nebulizer rather than thermoconcentric nebulization, with the desolvation 
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chamber and two-stage momentum separator similar to the PB/HC-OES system 

above.  The mass spectrometer chamber is from a Hewlett Packard 5973 GC-

MS, which had the GC removed and replaced with the PB interface.  The EI 

source was removed and a copper cathode with a geometry similar to the direct 

insertion probe (coaxial cathode) was inserted.  Utilizing a mass spectrometer as 

the detector for the glow discharge source allows for atomic and molecular 

species information to be obtained simultaneously using a single platform 

instrument.  This is important since there is no available instrument that provides 

this type of analytical information on a single platform instrument. 

 

SUMMARY 

 This chapter described the glow discharge kinetics, geometries, and 

operating conditions that are used for analytical chemistry.  The section on glow 

discharge was published in The Encyclopedia of Spectroscopy and 

Spectrometry, 2nd Edition (C. D. Quarles Jr., J. Castro, R. K. Marcus, 2010, 

Elsevier, pp. 762-769).  Chapters 2 and 3 describe the optimization of operating 

conditions for the PB/HC-OES and LC-PB/GDMS systems, respectively, and 

outline future applications.  Chapter 2 involves the coupling of a high resolution 

JY-5000 polychromator, which allows simultaneous detection of multiple 

elements, as the detector for the PB/HC system and was published in the Journal 

of Spectrochimica Acta Part B (C. D. Quarles Jr., R. K. Marcus, 2009, vol. 64, pp. 

1185-1193).  Chapter 3 describes the conversion of a commercial HP5973 GC-

MS to a LC-PB/GDMS capable of obtaining elemental and molecular species 
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simultaneously and was published in the Journal of Analytical Atomic 

Spectroscopy (C. D. Quarles Jr., S. Niemann, R. K. Marcus, 2010, vol. 25, pp. 

1780-1786).  Chapters 4 – 6 deal with applying the PB/HC-OES system as a tool 

for Metallomics based research with emphasis in the monitoring of metal loading 

into transferrin.  Chapter 4 was published in Metallomics (C. D. Quarles Jr., J. L. 

Brumaghim, R. K. Marcus, 2010, vol. 2, pp 154-161) and involves the validation 

of the PB/HC-OES method for detecting Fe3+ loaded Tf with that of a common 

UV-VIS absorbance method, and describes the potential that the PB/HC-OES 

system has in monitoring other metal ions that can be loaded into Tf.  Chapter 5 

was published in Metallomics (C. D. Quarles Jr., J. L. Brumaghim, R. K. Marcus, 

2010, vol. 2, pp. 792-799) and describes the comparison of the PB/HC-OES 

method with an ICP-OES/UV-VIS absorbance method for the monitoring of Cr3+ 

loading into apo-Tf.  Chapter 6 has been submitted to the Journal of Biological 

Inorganic Chemistry (C. D. Quarles Jr., R. K. Marcus, J. L. Brumaghim, 

submitted January 2011) and investigates the direct competition of Fe3+, Cr3+, 

and Ni2+ under physiological concentrations for binding into apo-Tf. 
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CHAPTER TWO 

SIMULTANEOUS MULTIELEMENT DETECTION IN PARTICLE 

BEAM/HOLLOW CATHODE-OPTICAL EMISSION SPECTROSCOPY 

 

INTRODUCTION 

 Metals account for less than 2% of the total body weight in the human 

body, but contribute to crucial roles such as structural/stabilization of 

compounds/proteins, binding substrates for regulation, enzyme catalysis, oxygen 

transport, signal transduction, and controlling redox reactions.1-4 Current 

challenges are ongoing in the determination of metal content, speciation, 

localization, and use within organisms to give a better understanding to the 

factors that govern metal binding and selectivity within them.1, 4 Unlike metals in 

the earth's crust, the abundance of metals in the human body is on the trace level 

(≤ ng mL-1).3 The ability to detect and identify trace amounts of metals within a 

given compound is a primary goal of metal speciation, but this only tells a small 

part of the story. The ability to analyze and detect not only the metal, but also to 

deduce the entire make-up of the compound or protein based on the total 

elemental composition, is the more relevant information regarding the function of 

the compound/protein. This laboratory refers to this type of methodology as 

“comprehensive speciation”. 

 Typically, metal speciation is performed using high-performance liquid 

chromatography (HPLC) or capillary electrophoresis (CE) coupled with 

inductively coupled plasma-optical emission or mass spectrometry (ICP-
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OES/MS).5, 6 These techniques lack the ability to detect non-metals such as 

carbon, hydrogen, nitrogen, and oxygen with high sensitivity due to constant 

backgrounds in/from the plasma,7, 8 particularly when they are present in the 

chromatographic mobile phases. Common tools in proteomics, matrix assisted 

laser desorption ionization (MALDI) and electrospray ionization MS (ESI MS) 

provide fundamental information as it applies to proteins, but these techniques 

only give the molecular information and do not readily yield the 

inorganic/elemental information needed to gather a full picture of the protein–

metal interaction.9 Relative to atomic spectroscopy methods, they suffer from 

poor sensitivity and quantification power due to the complex matrix effects from 

biological samples/buffer systems. Techniques supplying both molecular and 

atomic information would be very powerful contributors in the field of metallomics. 

 This laboratory has previously developed a liquid chromatography-particle 

beam/hollow cathode-optical emission spectrometer (LC-PB/HC-OES) that can 

analyze inorganic and/or organic samples, providing empirical formulas based on 

element ratios (including C, H, N, O, S, and metals), with detection limits on the 

single ng mL− 1 level and below.10-13 The PB/HC-OES system combines the 

excitation properties of a glow discharge (GD) source with the solvent removal 

capabilities of the particle beam (PB) to allow dry analyte particles to reach the 

hollow cathode (HC) GD region.7 Use of the PB allows work in an inert 

(discharge gas) atmosphere plasma, in the absence of solvent remnants, which 

makes it possible to detect “gaseous” elements and non-metals such as C, H, N, 

O, S, and P with high sensitivity. Previous experiments using monochromator 
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detection system include determinations of metal salts and organometallic 

compounds, as well as the non-metal detection of proteins and amino acids 

based on C and H content.11-18 Improvements have been made by substituting 

the monochromator with a polychromator, allowing for simultaneous, 

multielement detection, thus reducing data collection times, sample sizes, and 

the dependence on chromatographic retention times to substantiate elemental 

correlations. In addition, the use of a nitrogen-purged spectrometer permits 

enhanced detection of many of the non-metal elements at more sensitive 

transitions that lie in the vacuum-UV region of the spectrum. 

 Presented here is the evaluation of the PB/HC-OES using the 

polychromator from a JY RF-5000 as the detector. This instrument was originally 

operated as an rf-GD-OES instrument used for solids analysis, but the 

commercial rf-GD source has been removed and the new HC source added in its 

place. Direct mounting of the PB/HC with the polychromator required changes to 

the source block geometry; as a result optimization of working parameters was 

needed. Nitrate salts (silver, lead, and nickel) were chosen for the optimization 

studies, because they present a range of physical, chemical and spectroscopic 

properties. The ability to monitor Cu (I) and Ar (I) during analysis provides 

insights into interesting interelement and matrix effects; effects that were not 

observed using the monochromator. Spectroscopic and temporal responses of 

the elemental constituents of different proteins are presented to demonstrate the 

utility of this approach in metallomics. These studies set the groundwork for using 

this system as a detector across the breadth of metal speciation. Chapter 2 was 
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published in the Journal of Spectrochimica Acta Part B (C. D. Quarles Jr., R. K. 

Marcus, 2009, vol. 64, pp. 1185-1193). 

 

EXPERIMENTAL 

Sample Preparation and Solution Delivery 

High-purity (18.2 MΩ-cm) Barnstead Nanopure (Dubuque, IA) water and 

HPLC grade methanol (EMD Chemicals, Cincinnati, OH) were used for 

preparation of metal salt samples and as the mobile phase solutions.  Stock 

solutions (1000 µg mL-1) of lead nitrate, nickel nitrate, and silver nitrate (Sigma-

Aldrich, St. Louis, MO) were prepared in 50% HPLC grade methanol and 50% 

Nanopure water and stored at room temperature in the dark.  Protein solutions of 

hemoglobin, myoglobin, and cytochrome c (Sigma-Aldrich) were prepared in 0.1 

% trifluoroacetic acid (TFA) (Fisher Scientific, Fair Lawn, NJ).  A Waters (Milford, 

MA) model 510 high-performance liquid chromatography pump with a six-port 

Rheodyne 7125 (Rohnert Park, CA) injection valve using a Rheodyne 10 µL 

injection loop was used for delivery of sample solutions to the PB interface. 

 
Particle Beam Interface 

 A Thermabeam (Extrel Corporation, Pittsburgh, PA) particle beam 

interface (Fig. 2.1) was used to introduce the sample into the hollow cathode 

glow discharge source 7.  This interface consists of a thermoconcentric nebulizer, 

a desolvation chamber, and a two-stage momentum separator.  Liquid flow 

enters the nebulizer through a fused-silica capillary (100 µm i.d.) positioned 

inside of a metal tube that has a DC potential applied across its length.  This 



 

potential creates thermal energy that is transferred to the coaxial flow of He gas, 

which passes across the tip of the capillary to affect aerosol generation.  This 

spray enters the desolvation chamber, which is wrapped w

variable temperature control, to desolvate the aerosol.  The particle

gas stream is then introduced into a two

removes low mass gas molecules (solvent and He nebulizer gas), delivering dry 

analyte particles (< 10 µm size 

Figure 2.1   Diagrammatic representation of HPLC

Hollow Cathode Glow Discharge Source

The HC glow discharge design was altered slightly from the one employed 

in previous works 10-14, 16-19, 21, 22

with an inner diameter of 3.5 mm and a lengt
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potential creates thermal energy that is transferred to the coaxial flow of He gas, 

which passes across the tip of the capillary to affect aerosol generation.  This 

spray enters the desolvation chamber, which is wrapped with heating tape for 

variable temperature control, to desolvate the aerosol.  The particle

gas stream is then introduced into a two-stage momentum separator that 

removes low mass gas molecules (solvent and He nebulizer gas), delivering dry 

µm size 19, 20) to the HC source volume.   

Diagrammatic representation of HPLC-PB/HC-OES system 

 

 

Hollow Cathode Glow Discharge Source 

The HC glow discharge design was altered slightly from the one employed 

19, 21, 22.  The HC was machined from bulk copper rod 

with an inner diameter of 3.5 mm and a length of 26.5 mm.  The discharge gas 

potential creates thermal energy that is transferred to the coaxial flow of He gas, 

which passes across the tip of the capillary to affect aerosol generation.  This 

ith heating tape for 

variable temperature control, to desolvate the aerosol.  The particle-containing 

stage momentum separator that 

removes low mass gas molecules (solvent and He nebulizer gas), delivering dry 

 

The HC glow discharge design was altered slightly from the one employed 

.  The HC was machined from bulk copper rod 

h of 26.5 mm.  The discharge gas 
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passes through the back end of the hollow, toward the optical window, passing 

the 3.45 mm diameter particle inlet drilled in the side of the cathode, to sweep 

material into the main portions of the discharge region.  The HC is mounted in 

the center of a “thermoblock” made of stainless steel.  The overall dimensions of 

the steel block were reduced, while keeping optical lengths the same as the old 

design. The new thermoblock design has a removable top for access to the HC 

without having to take the source completely apart.  The previous design 

required removal of the HC through the side port having the optical lens mounted 

to it.  In this design, that port is bolted to the instrument in proximity to the 

spectrometer entrance slit.  The cartridge heaters (model SC 2515, Scientific 

Instruments, Ringoes, NJ) were relocated to the bottom of the block, yielding 

more uniform heating of the HC, which is required to provide sufficient energy to 

vaporize the introduced particles.  The block temperature is monitored with a W-

Re thermocouple and the gas pressure monitored with a Pirani-type vacuum 

gauge (VRC Model 912011, Pittsburgh, PA).  Power is provided to the HC by a 

Bertan (Model 915-1N, Hicksville, NY) power supply that is operated in constant 

current mode.   Helium (ultra high purity) is used as the discharge gas for the 

analytical studies, while Ar is used in those studies where the effects of different 

parameters on excitation conditions are performed.   

 

Optical Emission Spectrometer and Data Acquisition 

A JY RF-5000 (Jobin-Yvon, Division of Horiba Group, Longjumea, France) 

has been modified and applied as the detector for the LC-PB/HC system.  
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Essentially, the rf-GD source supplied with the spectrometer has been replaced 

with the PB/HC-OES source.  The JY RF-5000 polychromator includes a 0.5-m 

Paschen-Runge polychromator with an ion-etched holographic grating with 2400 

grooves mm-1, providing a practical resolution of ~0.01 nm. The optical path is 

nitrogen purged to enable optical emission detection across the range of 110-620 

nm.  The photomultiplier tube for each of the optical channels (26 in total on this 

instrument) is sampled by the analog-to-digital converter at a rate of 2 kHz. The 

elemental transitions monitored here are:  Ag (I) - 338.28 nm, Ar (I) - 404.44 nm, 

C (I) - 156.14 nm, Cu (I) -  327.39 nm,  Fe (I) - 371.99 nm, Na (I) - 589.59 nm, Ni 

(I) - 341.47 nm, P (I) - 177.49 nm, Pb (I) – 220.35 nm, and S (I) - 180.73 nm.  

Spectrometer control and data acquisition were controlled using JY Quantum 

2000 version 1.1 software on a Hewlett-Packard Vectra VE computer.  Data files 

were then exported and processed as Microsoft Excel (Seattle, WA) files.  

Reported analyte responses (peak area, peak height, and peak width) are the 

average of 3 determinations (i.e. injections) at each set of experimental 

conditions. 

 

RESULTS AND DISCUSSION 

Conditions Effecting Analyte Response 

 The dry particle delivery to the glow discharge from solution-based 

samples requires efficient nebulization and desolvation of the analyte, followed 

by aerodynamic transport through the momentum separator. Once the dry 

analyte particles enter the HC, they are vaporized and atomized, with the excited 
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species' emission monitored via the polychromator. To obtain optimal 

performance, a number of parameters (liquid flow rate, nebulization temperature, 

desolvation temperature, thermoblock temperature, and the discharge gas 

pressure and current) were evaluated using injections of the multielement, nitrate 

salt solutions. The optimization procedure was done methodically beginning with 

the particle introduction aspects, moving through to the signal generation 

parameters. In each case, the operation parameters were studied across ranges 

of that produced meaningful analytical responses. Because of the desire to 

operate as an HPLC detector, optimization of peak area, peak height, and peak 

width is necessary to obtain the best analytical response while maintaining the 

desired chromatographic quality. Responses (peak area, height, and width) of Pb 

(I) 220.35 nm, Ni (I) 341.47 nm, and Ag (I) 338.28 emission intensities for 10 µL 

triplicate injections of a multielement solution were collected to determine optimal 

conditions. Fig. 2.2 represents a single 10 µL injection of the multielement salt 

solution (50 µg mL− 1 Ag, 100 µg mL− 1 Ni, and 250 µg mL− 1 Pb) under what 

might be called intermediate operation conditions. The responses for each of the 

elements in the test mixture follow the same trends as a function of changes in 

sample introduction conditions, and so only the Ni (I) responses will be presented 

in the following discussions. 

 



 

Figure 2.2 Illustration of simultaneous

containing 50, 100, and 250 µg mL

water:methanol, nebulizer gas flow rate = ~1400 mL min

HPLC flow rate = 0.9 mL min-1, 

temperature = 150°C, discharge current = 60 mA, dis charge pressure = 2 Torr He

 

 

 In order to affect efficient glow discharge excitation, only dry analyte 

particles should reach the HC volume

discharge). Residual vapors reaching the glow discharge compete for the fixed 

amount of plasma energy, effectively quenching the 

contributing elemental and molecular spectral backgrounds. The nebulization of 

the solvent and analyte into a fine aerosol spray is the first of a two

required to produce dry analyte particles; the second 

There is a balance in terms of the amount of thermal energy imparted in the 

nebulization process (i.e., tip temperature) and the liquid load (i.e., flow rate). It is 
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Illustration of simultaneous, multielement monitoring of a 10 

containing 50, 100, and 250 µg mL-1 of Ag, Ni, and Pb respectively. Solvent = 50:50 

water:methanol, nebulizer gas flow rate = ~1400 mL min-1 He, nebulizer tip temperature = 110ºC, 

, hollow cathode block temperature = 400°C, desolvati on chamber 

temperature = 150°C, discharge current = 60 mA, dis charge pressure = 2 Torr He  

In order to affect efficient glow discharge excitation, only dry analyte 

particles should reach the HC volume (i.e. no residual solvent gets into the glow 

discharge). Residual vapors reaching the glow discharge compete for the fixed 

energy, effectively quenching the plasma,23-25

contributing elemental and molecular spectral backgrounds. The nebulization of 

the solvent and analyte into a fine aerosol spray is the first of a two-part process 

required to produce dry analyte particles; the second being the desolvation step. 

There is a balance in terms of the amount of thermal energy imparted in the 

nebulization process (i.e., tip temperature) and the liquid load (i.e., flow rate). It is 

 

, multielement monitoring of a 10 µL injection 

Solvent = 50:50 

He, nebulizer tip temperature = 110ºC, 

hollow cathode block temperature = 400°C, desolvati on chamber 

 

In order to affect efficient glow discharge excitation, only dry analyte 

(i.e. no residual solvent gets into the glow 

discharge). Residual vapors reaching the glow discharge compete for the fixed 

25 while also 

contributing elemental and molecular spectral backgrounds. The nebulization of 

part process 

being the desolvation step. 

There is a balance in terms of the amount of thermal energy imparted in the 

nebulization process (i.e., tip temperature) and the liquid load (i.e., flow rate). It is 
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important to remember that the data presented here reflects discrete injections of 

the same amount of sample; it is the bulk solution flow that changes. 

 As seen in Fig. 2.3a, the analyte response (peak height) of nickel passes 

through a maximum at  0.9 mL min− 1, as solvent flow rate increases at a given 

nebulizer temperature, leveling to an intermediate response at higher flow rates. 

An increase in height in this case is likely the result of temporal compression of 

the sample plug. As expected, the peak heights increase with the nebulizer tip 

temperature at all flow rates, reflecting more efficient nebulization. Temperatures 

higher than 120 °C result in poor temporal stability  and signal suppression due to 

desolvation occurring within the capillary, eventually resulting in clogging. Peak 

area response (Fig. 2.3b) is a better reflection of the total analyte transport (and 

eventual vaporization/excitation efficiency). Here, it can be seen that greater 

integrated intensities are achieved at higher flow rates than for peak height, 

though at the highest nebulizer temperatures a local maxima is seen at flow rates 

that were optimum for peak height measurements. These two sets of responses 

are interpreted as a trade-off between efficient nebulization (high temperature 

and low flow rates) and the higher pressure developed in the desolvation 

chamber at high flow rates, improving transport through the differential pumping 

in the momentum separator. The importance of the mixing that occurs in the high 

pressure (  0.2 atm) desolvation chamber is highlighted in the response of peak 

widths (FWHM) at increasing solvent flow rates (Fig. 2.3c). In the absence of 

mixing, fast flow rates should deliver the analyte plug in a shorter period of time, 

but what is seen is the opposite effect. The larger solvent/vapor volume in the 



 

spray chamber, which occurs at high flow rates and temperatures, results in 

pronounced peak broadening. Ultimately, the nebulization conditions must allow 

for efficient vapor production (high temperature and low flow rate), with a 

chamber pressure (vapor loading) that 

without excessive mixing. Based on the overall responses of the three metals the 

optimal operating conditions are at 0.9

temperature of 110 °C. 
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, which occurs at high flow rates and temperatures, results in 

pronounced peak broadening. Ultimately, the nebulization conditions must allow 

for efficient vapor production (high temperature and low flow rate), with a 

chamber pressure (vapor loading) that yields good aerodynamic transport, 

without excessive mixing. Based on the overall responses of the three metals the 

optimal operating conditions are at 0.9 mL min− 1 flow rate and a nebulization 

, which occurs at high flow rates and temperatures, results in 

pronounced peak broadening. Ultimately, the nebulization conditions must allow 

for efficient vapor production (high temperature and low flow rate), with a 

yields good aerodynamic transport, 

without excessive mixing. Based on the overall responses of the three metals the 

flow rate and a nebulization 
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Figure 2.3     Effect of nebulization conditions on Ni (I) 341.41 nm emission intensity for 

triplicate injections of nitrate salt solution containing 50 µg mL-1 of silver, 100 µg mL-1 of nickel, 

and 250 µg mL-1 of lead.  a) peak height b) peak area c) peak width.  Solvent = 50:50 

water:methanol, injection volume = 10 µL, nebulizer gas flow rate = ~1400 mL min-1 He, hollow 

cathode block temperature = 350°C, desolvation cham ber temperature = 150°C, discharge 

current = 60 mA, discharge pressure = 2 Torr He 

 

 

 The desolvation chamber is the second component involved in the 

process of sample introduction into the HC. An optimum temperature must be 

maintained to ensure that the aerosol spray is completely desolvated, allowing 

the analyte to be analyzed as if it was particulate matter introduced into a gas 

stream. Temperatures from 90–190 °C were evaluated. Temperatures below 

90 °C begin to approach temperatures below the boilin g point of the 50:50 

water:methanol carrier solvent, causing inefficient solvent removal and 

condensation within the chamber. This was evident as the emission responses 

decrease dramatically as the desolvation temperature is below 90 °C. At 

temperatures greater than 190 °C the emission responses also showed dramatic 

decreases. This may be caused by vaporization or dissociation of the salts prior 

to entering the momentum separator, leading to removal of analyte vapor by the 

momentum separator. The optimal desolvation chamber temperature for analysis 

was found to be 150 °C, which was used for each of the r emaining studies. 

 The operational parameters for the GD source (voltage/current, gas 

identity/pressure) must be optimized to provide proper atomization and 

excitation. Use of GD sources in direct solids analysis relies on sample 
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atomization through cathodic sputtering by discharge gas ions, followed by 

excitation and ionization through gas-phase collisions with electrons and 

metastable discharge gas atoms.23, 26, 27 The HC source design employed here 

relies principally on thermal vaporization of introduced particles for atomization. 

As such, the principle role of the discharge gas identity is the establishment of 

suitable excitation conditions. Helium was chosen as the discharge gas due to its 

high metastable-atom levels (19.77 and 20.55 eV), and coincident higher energy 

electron populations that can provide energy for molecular species dissociation 

and excitation.23 In the optimization of discharge parameters, and potential 

diagnosis of excitation condition variations, it is valuable to monitor the emission 

of the discharge gas species. Unfortunately, this instrument is not equipped with 

a He (I) detection channel, and so excitation conditions within the plasma are 

monitored using the Ar (I) emission channel in some of the studies that follow. 

 The peak height, area, and width responses of triplicate injections (10 µL, 

100 µg mL− 1 Ni, Pb, and Ag) as a function of pressure variations between 0.5 

and 4.0 Torr, (1 Torr = 133.33 Pa) and current variations between 20 and 70 mA 

were monitored. Across the entire range of pressures, the intensity was generally 

proportional to current. This trend is expected because the increase in current 

results in more electrons within the HC, allowing for more collisions that result in 

optical emission responses.23 Pressure is an important parameter because high 

pressures reduce mean free path and greater collision frequencies, while low 

pressures result in higher electron energy distributions.28 The data show a 

decrease in response at the low and high pressure regions, with the maximum 
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response seen at 2 Torr. Beyond the observed optical responses, extremes of 

low currents and high pressures tended to change the plasma location, to occur 

outside of the geometric constraints of the primary hollow. At the optimal 

conditions of pressure and current, the plasma exists in the correct position 

within the hollow cathode, providing for the greatest analytical sensitivity and 

temporal stability. 

 In addition to the noted contributions of discharge gas pressure to 

emission efficiencies (affecting collision frequency and electron energy), there is 

one other salient aspect to the role of pressure — residence time in the plasma. 

Peak width increases as discharge gas pressure increases, reflecting the 

increased amount of collisions that are taking place within the HC. Thus, while 

higher pressure yields lower electron energies, the atoms remain in the plasma 

for a longer period of time. One additional aspect that was not anticipated, is the 

fact that low discharge currents lead to broader peak widths. This would certainly 

suggest that sputtering of particle residues may play some role in atomization 

under the thermal conditions in this set of studies. The optimal parameters for the 

discharge conditions were set at a pressure of 2.0 Torr He and a discharge 

current of 60 mA. Past operating conditions for the PB/HC-OES system varied 

from 1.0–2.0 Torr and 40–60 mA depending on the type of analyte being 

examined,11, 12, 15, 29 but the general trend is the same as past experiments in this 

laboratory.22 

 According to Slevin and Harrison,30 the mode of delivery of atoms from the 

surface to the gas phase in a HC is affected by the HC temperature. If the 
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temperature of the HC source is sufficiently low, cathodic sputtering is the major 

mechanism for atomization. When the temperature of the HC is modest               

(~100 °C) both cathodic sputtering and selective vapori zation of volatile 

compounds occur. At higher HC temperatures (> 100 °C), t hermal volatilization is 

the major source of atomization. It has been previously shown that vaporization 

from the HC walls is the primary means of generating gas-phase species in the 

PB/HC-OES system.17, 19 Optimal HC temperatures have ranged from 200–

300 °C, with higher temperatures leading to pyrolysis of carbonaceous 

samples.10, 11, 17, 19, 20 Given the difference in the placement of the heaters and 

thermocouples in the new design, it was imperative to characterize the role of 

“measured” temperature on the analyte responses. 

 In principle, changes in temperature will affect the rate of particle 

vaporization as well as the overall extent of the vaporization/atomization 

processes. Fig. 2.4 depicts the peak height, area, and width of the emission 

responses for Ni (I), Pb (I), and Ag (I) as a function of the measured thermoblock 

temperature over a range of 250–500 °C, with a fixe d current and pressure of 

60 mA and 2 Torr He. Different from the other experimental parameters 

evaluated to this point, there are differences in the elemental responses related 

to the vaporization step. For example, the peak height (Fig. 2.4a) response for 

Ag increases as temperature increases, while the nickel and lead responses 

remain consistent throughout. By the same token, as the Ag (I) increases so too 

does its variability among the triplicate injections. These basic trends suggest 

that, over this temperature range, Ag vaporization is enhanced, while those of Pb 



 34 

and Ni are not appreciably affected. On a first principle basis, one would consider 

the various melting points of the metals, though more correctly those of the 

compounds are relevant. Coincidently, the melting points of the metal salts 

increase from 56–290 °C from Pb to Ni nitrates, while  the melting points of the 

metals range from 327–1455 °C from Pb to Ni (Ag valu es lie in between in both 

cases). It must be remembered that melting points are obtained for what are bulk 

materials at atmospheric pressure in comparison to micron-sized particles at 

pressures of ~10− 3 atm, and so direct correlations are hard to make. 

 As mentioned above, there are kinetic and thermodynamic aspects to the 

role of temperature in vaporization. These two points begin to be discerned in the 

peak area and width responses of the three elements. The peak area (Fig. 2.4b) 

responses reflect the total vaporization as a function of temperature. For Ag and 

Pb, the response is consistent over the entire temperature range, while the Ni 

response increases with higher temperatures. Source block temperatures of 

> 400 °C are seen to increase the overall yield of Ni a toms in the plasma. The 

peak width (Fig. 2.4c) responses differentiate between the kinetic and 

thermodynamic aspects. The vaporization of Ag is more rapid with increasing 

temperatures, and so there is an increase in peak height while the area remains 

the same. Alternatively, more Ni is being vaporized at higher temperatures, but 

on a slower time scale. While Ag and Ni show appreciable thermal differences, 

there is virtually no effect of temperature on the Pb responses. This suggests that 

the temperatures employed are above any threshold values in the Pb 

vaporization process. 



 

 The optimum temperatures observed here are appreciably higher than 

previous works (~200 °C).

source block geometry changes and the size and amount of 

the new design of the thermoblock. The actual temperature of the HC walls is 

likely very comparable in the two designs, with the present measurements 

probably closer to reality because the thermocouple element is placed much 

closer to the HC. While it is easy to suggest that hig

desirable, temperatures could not exceed 500

ring used in the top of the HC source block, causing loss of vacuum integrity. In 

addition, temperatures exceeding 500

decrease in analyte response for organic species due to pyrolysis.

Further refinement may be required to efficiently detect inorganic and organic 

(metal and non-metal) species simultaneously.
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The optimum temperatures observed here are appreciably higher than 

°C). 10, 11, 17, 19, 20 This difference can be attributed to the 

source block geometry changes and the size and amount of boron nitride

hermoblock. The actual temperature of the HC walls is 

likely very comparable in the two designs, with the present measurements 

probably closer to reality because the thermocouple element is placed much 

closer to the HC. While it is easy to suggest that higher temperatures would be 

desirable, temperatures could not exceed 500 °C due to melting of the 

ring used in the top of the HC source block, causing loss of vacuum integrity. In 

addition, temperatures exceeding 500 °C would also be expected to yie

decrease in analyte response for organic species due to pyrolysis.10, 11, 17, 19, 20

Further refinement may be required to efficiently detect inorganic and organic 

al) species simultaneously. 
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hermoblock. The actual temperature of the HC walls is 

likely very comparable in the two designs, with the present measurements 

probably closer to reality because the thermocouple element is placed much 

her temperatures would be 
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ring used in the top of the HC source block, causing loss of vacuum integrity. In 
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10, 11, 17, 19, 20 

Further refinement may be required to efficiently detect inorganic and organic 

 



 

 

Figure 2.4  Effect of vaporization conditions on Ni (I) 341.41 nm, Pb (I) 220.35 nm, and Ag 

338.28 (I) nm emission intensity for triplicate injections of nitrate salt solution containing 50

mL-1 of silver, 100 µg mL-1 of Ni, and 250

width.  Solvent = 50:50 water:methanol, injection volume = 10 

mL min-1  He, nebulizer tip temperature = 110°C, HPLC flow ra te = 0.

chamber temperature = 150°C, discharge current = 60  mA, discharge pressure = 2 Torr He

(b) 

(c) 
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Effect of vaporization conditions on Ni (I) 341.41 nm, Pb (I) 220.35 nm, and Ag 

338.28 (I) nm emission intensity for triplicate injections of nitrate salt solution containing 50

of Ni, and 250 µg mL-1 of lead.  a) peak height b) peak area c) peak 

width.  Solvent = 50:50 water:methanol, injection volume = 10 µL, nebulizer gas flow rate = ~1400 

He, nebulizer tip temperature = 110°C, HPLC flow ra te = 0.9 mL min

chamber temperature = 150°C, discharge current = 60  mA, discharge pressure = 2 Torr He

 

 

 

 

Effect of vaporization conditions on Ni (I) 341.41 nm, Pb (I) 220.35 nm, and Ag 

338.28 (I) nm emission intensity for triplicate injections of nitrate salt solution containing 50 µg 

of lead.  a) peak height b) peak area c) peak 

L, nebulizer gas flow rate = ~1400 

9 mL min-1, desolvation 

chamber temperature = 150°C, discharge current = 60  mA, discharge pressure = 2 Torr He 
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Characterization of Analytical Responses 

Consistently, previous work with the PB/HC-OES on monochromator-

based detection systems showed quite good analytical response characteristics, 

with detection limits in the low µg mL− 1 to ng mL− 1 levels,11, 12, 21 suggesting that 

it would be possible to analyze biological and environmental samples on the 

trace element level. Of course, what is more important in speciation applications 

is to have such capabilities in a simultaneous, multielement mode. Analytical 

response curves were generated over a concentration range of 0.001 to 400 µg 

mL− 1 (each) for the nitrate salt solutions using the peak area of 10 µL triplicate 

injections. The results of these determinations are presented in Table 2.1. Given 

the large range of the test solution concentrations (six orders of magnitude), 

these results are quite compelling. Detection limits were also determined, and 

are also presented in the table in units of concentration and absolute mass in the 

10 µL injection volume. The LODs are in the mid-ng mL− 1 range with absolute 

masses at the single-nanogram level for the nitrate salts. The concentration of 

LODs is somewhat higher than metals by inductively coupled plasma (ICP)-

OES.31, 32 Additionally, previous studies have shown that enhanced sensitivity 

can be achieved with the PB/HC-OES when using solutions with added carrier 

salts for example 100 µg mL− 1 KCl.16, 20 A comparison of the detection limits for 

iron using ICP-OES and the PB/HC-OES system found that LODs that were 

0.9 ng mL− 1 and 41.9 ng mL− 1, respectively.14 Generally, the ICP is sampling a 

steady state of milliliters of sample solution while the PB/HC-OES system 

analyzes microliter-size samples. In terms of mass (which is of relevance in 



 38 

chromatographic applications), the PB/HC-OES system is able to detect low 

nanograms of absolute mass introduced into the HC, whereas this has not been 

demonstrated with ICP-OES systems using solution nebulization methods. 

 

Table 2.1  Elemental response function characteristics. 

Salts Response Function 
Correlation 

(R2) 
LOD 

(µg mL -1) 
Absolute 
Mass (ng)  

Pb(NO3)2 y = 0.0071x - 0.0193 0.9878 0.216 2.16 

Ni(NO3)2 y = 0.0497x - 0.027 0.9668 0.017 0.17 

AgNO 3 y = 0.0948x - 0.3397 0.9981 0.019 0.19 
 

 

Identification of Potential Interelement and Matrix Effects 

The key advantage of the new polychromator system is that it allows for 

simultaneous multielement detection. An interesting change in emission 

response was noted in early evaluation of this system when the emission 

transient half-widths became longer when some multielement solutions were 

introduced into the HC or multiple injections were made in succession. This 

phenomenon is illustrated in Fig. 2.5, which consists of the transients for 

sequential single-element injections of Ag, Ni, and Pb (10 µL of 50, 100, and 

250 µg mL− 1 respectively), followed by a single injection of those elements 

combined (at the same concentrations). Based on the peak heights, the Ag (I) 

response is somewhat suppressed, while the Ni (I) is moderately enhanced. At 

the same time the Pb (I) response shows a smaller height with a longer, distorted 

transient decay. These changes suggest that the energetic conditions within the 



 

HC plasma are being perturbed; effecting atomization rates and/or excitation 

conditions. These phenomena would n

monochromator system. 

 

Figure 2.5 Single and multiple element injections of silver, nickel, and lead (50, 100, and 

250 µg mL-1 respectively).  Response and peak shape changes when multiple elements are 

present in the HC.  Solvent = 50:50 water:methanol, injection volume = 10 

rate = ~1400 mL min-1 He, nebulizer tip temperature = 110°C, HPLC flow ra te = 0.9 m

hollow cathode block temperature = 400°C, desolvati on chamber temperature = 150°C, discharge 

current = 60 mA, discharge pressure = 2 Torr He
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conditions, and the discharge current/voltage to assess the electrical 

characteristics. Unfortunately, there is no optical channel for He (I) on this 

instrument to monitor excitation conditions. Alternatively, it is possible to use Ar 

(I) emission as a surrogate. As an extreme case, Fig. 2.6 shows the effects of a 

5× (by mass) excess of Na on the 100 µg mL− 1 injections of Ag, including the 

influences on sputtering and excitation conditions as monitored by the Cu (I) and 

Ar (I) emission lines respectively. Each of the optical channels is monitored 

continuously during the course of the successive triplicate injections. It is 

observed that when silver is solely introduced into the plasma no change or 

effect is seen on the Na (I), Cu (I), and Ar (I) emission channels, however, when 

adding Na to the solution, the response for silver decreases dramatically and 

suppression is seen for both Cu and Ar that occurs on the same time scale as 

the injection transient. Perhaps surprising is the fact that there is very little signal 

on the Na (I) channel (though proper operation of the channel verified), but it is 

known that Na is a poor emitter in GD plasmas. Sodium is an easily ionizable 

element that affects analyte emission signals in other spectrochemical devices.33, 

34 The ready ionization of Na is seen also as a decrease of the discharge 

maintenance voltage, also corresponding to the time scale of the injection 

transient. Thus, given the multielement capabilities it is easily deduced that there 

is decreased sputtering and a lowering of electron temperatures associated with 

the Na introduction; the GD equivalent to the common EIE effect as seen in arc 

discharges as well.34 

 



 

Figure 2.6  Effects of Na on Ag (I) intensities, excitation conditions, and sputtering conditions 

while monitoring Ar (I) 404.44 nm, Cu (I) 327.39 nm, Na (I) 589.59 nm, and Ag (I) 338.28 nm 

emission intensities. Solvent = 50:50 water:methanol

flow rate = ~1400 mL min-1 He, nebulizer tip temperature = 110°C, HPLC flow ra te = 0.9 mL min

hollow cathode block temperature = 400°C, desolvati on chamber temperature = 150°C, discharge 

current = 60 mA, discharge pressure = 2 Torr He

 

 

Simultaneous Monitoring in Protein Determinations

 Within the field of metallomics, the ability to determine metals across a 

vast array of chemical forms is required. As stated previously, it is not sufficient 

to identify that a chromatographic fraction contains a particular metal, but the 

precise identity of the compound must be known. The concept of determining 

empirical formulae based on metal and non

demonstrated using the PB/HC
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and metalloproteins.11-14, 18 Previous PB/HC-OES work also illustrated the 

concept that total protein determinations can be performed based on C (I) 

emission, with detection limits in the single ng range .17 In terms of using 

empirical formulae to identify proteins, iron-containing proteins have been 

determined based on Fe (I)/S (I) ratios, while also obtaining metal-content LODs 

on the ng level (using microliter injections).11 These levels are in fact very 

competitive on a mass basis with conventional ICP-MS. 

 Future work on protein determinations coupled with chromatographic 

separations is projected to be the mainstay of the PB/HC-OES system as a tool 

for speciation and metallomics. Fig. 2.7 demonstrates the monitoring of 

simultaneous responses of C (I), Fe (I), S (I), and P (I) for 200 µL injections of 

protein solutions. The first two sets of peaks represent successive injections of 

hemoglobin while the last three pairs reflect equal mass concentrations of a 

mixture of hemoglobin, myoglobin, and cytochrome c. The ability to 

simultaneously observe the metals and non-metal constituents of the proteins is 

demonstrated, with the use of C as an analyte being unique among other OES 

systems. Other “gaseous elements” such as N, H, and O could also be 

determined but are excluded here for simplicity of presentation. Hemoglobin was 

chosen in this demonstration because it is a middle range molecular weight (

 68 kDa) protein that is rich with heteroatoms. The first set of optical transient 

traces (60 mg mL− 1) in Fig. 2.7 display double peaks, which may be related to 

the overloading of the HC. The 1 mg mL− 1 injections show little more than the C 

(I) signal (at this scale setting), which shows a single-mode transient as 
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expected. The transients for the protein mixtures illustrate better the presumed 

mass overloading phenomenon as the total protein concentrations decrease from 

15 to 3 mg mL− 1, becoming single-mode at the lower concentration. Also of note 

is the fact that each of the proteins has a different empirical formula (e.g., only 

hemoglobin is phosphorylated), which would be seen through the transients of 

each. Finally, it is interesting that the transient intensities for the C (I) emission 

for the 1 mg mL− 1 hemoglobin and the 0.75 mg mL− 1protein mixture are nearly 

equivalent on this scale. This would suggest that the overall atomization and 

excitation efficiencies of these diverse proteins are quite similar. 

  It is likely that the PB and GD conditions for proteins will differ from those 

of the salts. One of the primary challenges in moving forward in the LC sampling 

is band broadening (extended tailing) of the optical transients that was not seen 

in the previous source design.22 The sources of this broadening are either related 

to eddy currents in the gas flow within the hollow or interactions of analyte 

species with the cathode surface itself. These two processes will be differentiated 

through the use of volatile organometallic compounds introduced into the gas 

phase without a surface vaporization step. 

 



 

 

Figure 2.7  Injection of multiple protein solutions.  Monitoring C (I) 156.14 nm, S (I) 180.73 

nm, P (I) 177.49, and Fe (I) 371.99 nm emission intensities.  Solvent = 50:50 water:methanol, 

injection volume = 200 µL, nebulizer gas flow rate = ~1400 mL min

temperature = 110°C, HPLC flow rate = 0.9 mL min

desolvation chamber temperature = 150°C, discharge current = 60 mA, discharge pressure = 2 

Torr He 

 

 A JY RF-5000 high resolution polychromator has been implemented with 

the PB/HC-OES system in order to explore its potential as a simultaneous, 

multielement detector for applications in metal speciation and metallomics where 

liquid chromatography is typical

polychromator permits the monitoring of optical transitions down to 110

which is most important in the determinations of non

Because of the changes in the overall source design, 
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operating conditions (both in terms of the PB interface and the HC) was 

performed and found to be in general agreement with previous work published on 

the PB/HC-OES. Detection limits (very low mg mL− 1 − ng mL− 1, without carriers) 

for nitrate salts (single-nanogram, absolute) are comparable to previous work 

where a monochromator was used. In addition to its analytical versatility, the 

multielement capabilities provide a number of interesting possibilities for plasma 

diagnostics. Matrix and interelement effects not previously explicitly documented 

within the HC are now possible. Future studies will include using the PB/HC-OES 

system as a species-specific detector in the general fields of metal speciation 

and metallomics. 
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CHAPTER THREE 

CONVERSION OF A COMMERCIAL GAS CHROMATOGRAPHY-MASS 

SPECTROMETER TO A LIQUID CHROMATOGRAPHY-PARTICLE 

BEAM/GLOW DISCHARGE MASS SPECTROMETER 

 

INTRODUCTION 

 The lack of a single instrument available to perform comprehensive 

speciation for both organic and inorganic species has been a topic of discussion 

at many scientific meeting over the last decade. Most laboratories employ 

inductively coupled plasma-optical emission spectroscopy or mass spectrometry 

(ICP-OES or -MS) for elemental analysis and liquid chromatography-mass 

spectrometry (LC-MS) (e.g., electrospray-MS) to obtain the molecular 

information.1 Since, these are both expensive instruments that require skilled 

operators, a simpler, single platform instrument capable of providing both 

elemental and molecular information is greatly desired. While such an instrument 

would likely involve some compromises in ultimate performance, the range of 

applications that could benefit from these basic capabilities is quite large. 

 Glow discharges (GDs) have been employed as ionization sources for 

analyzing solid samples based on their excellent ability to sputter and 

excite/ionize the analyte.2, 3 Ionization of analyte species in the gas phase is 

affected by electron and Penning-type collisions.4 Glow discharge sources used 

with MS analyzers provide the ability to obtain both elemental and molecular 

information simultaneously when coupled with gas and liquid chromatography 
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(GC and LC) separations.5-9 While gaseous introduction into a GD source is 

relatively straightforward, the presence of residual solvents from a liquid 

originating sample is deleterious to source performance.10, 11 The ability to 

directly introduce liquid samples into a GD source is made possible by utilizing 

particle beam (PB) technology,12  a transport-type LC-MS interface originally 

introduced by Willoughby and Browner.13 This technology has been exploited by 

Marcus and co-workers to perform comprehensive speciation analysis of 

botanical extracts using both EI and GD sources.14, 15  

 Gas chromatography-mass spectrometers (GC-MS) are used in many 

natural products laboratories, but the types of samples that often require 

speciation analysis are not volatile and lack sufficient thermal stability for 

separation by GC.16 Many of these same laboratories employ LC separation 

strategies for determinations of involatile compounds, most often using UV-Vis 

absorbance detection. Unfortunately, this approach is virtually useless in the 

case of the identification of unknowns. Conversion of a GC-MS to an LC-MS 

would allow for a much wider range of samples to be analyzed on a single 

platform, providing much needed sensitivity and qualitative powers. Such a 

conversion can be accomplished using the particle beam interface available from 

CSS Analytical Inc. (Shawnee, KS) that interfaces directly to commercial GC-MS 

chambers and utilizes the same EI source typical of a GC-MS instrument. The 

identification of medicinally active compounds in prairie plants was accomplished 

by LC-MS using the Genesis II (CSS Analytical) PB interface.17 This approach 

provides molecular species' data, but changing the source from an EI to a GD 
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source would allow generation of molecular and elemental information 

simultaneously, within a single LC separation. 

 Described here is the conversion of an existing GC-MS (HP/Agilent 5973 

MSD, Santa Clara, CA) into a liquid chromatography-particle beam/glow 

discharge mass spectrometer (LC-PB/GDMS) system. Various sample 

introduction and plasma parameters were evaluated using caffeine as the test 

compound. Analyte particle entry into the source without residual solvent vapors 

is critical to ion source performance, and thus the nebulization, desolvation, and 

momentum separator parameters were optimized as a function of flow rates 

(liquid and gas), desolvation temperatures, and the momentum skimmer gap 

distances and orifice diameters of the transfer tube. The glow discharge 

operation space was also evaluated. The analytical responses for caffeine 

injections using the original EI source were compared to the responses from the 

GD source. Other organic and inorganic compounds and metals were 

investigated to understand the instrument performance for a range of analyte 

types that would be encountered in the realm of comprehensive speciation 

analysis.  Chapter 3 was published in the Journal of Analytical Atomic 

Spectroscopy (C. D. Quarles Jr., S. Niemann, R. K. Marcus, 2010, vol. 25, pp. 

1780-1786). 
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EXPERIMENTAL 

Sample Preparation and Solution Delivery 

 High-purity (18.2 MΩ cm) Barnstead Nanopure (Dubuque, IA) water and 

HPLC grade methanol (EMD Chemicals, Cincinnati, OH) were used for 

preparation of the samples and used as the mobile phase solutions. Stock 

solutions (1000 µg mL−1) of caffeine, creatinine, a tetra-peptide (N-CBZ-PRO-

LEU-GLY), selenium-methyl-selenocysteine, lead nitrate, and cesium chloride 

(Sigma-Aldrich, St Louis, MO) were prepared in 50% HPLC grade methanol and 

50% Nanopure water and stored in a cold room ( 5 °C).  A Waters (Milford, MA) 

model 510 high-performance liquid chromatography pump with a six-port 

Rhedoyne 7125 (Rohnert Park, CA) injection valve, using a Rheodyne 100 µL 

injection loop, was used for delivery of the sample solutions to the particle beam 

interface. 

 

Particle Beam Interface 

 Fig. 3.1 is a diagrammatic representation of the components of this 

PB/GDMS system. A Genesis II particle beam interface (CSS Analytical 

Company Inc., Shawnee, KS) was used to introduce the sample into the glow 

discharge source volume. The interface consists of a nebulizer, a heated 

desolvation chamber, and a two-stage momentum separator. Fig. 3.1 displays a 

detailed schematic of this design. Liquid flow enters the capillary of the 

concentric nebulizer, with high purity helium acting as the sheath gas. The 

aerosol spray then enters a heated chamber equipped with variable temperature 



 

control to affect the desolvation of these particles. The particle

then introduced into the two

gas molecules (i.e. solvent and helium nebulizer gas) and delivers dry analyte 

particles into the glow discharge source. The momentum separator design allows 

for adjustments to be made on the distance of the 1

gaps (d1 and d2). The optimum distance of 

characteristics (e.g., length and aperture diameter) and since these factors were 

not investigated, the value remained fixed at a distance of 2.4 mm. On the other 

Figure 3.1 Diagrammatic representation of the components of the particle beam/glow 

discharge mass spectrometer system.
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hand, the d2 distance was varied over a range of 0.6–2.4 cm. Three transfer lines 

between the momentum separator and the ion volume were constructed, having 

entrance aperture diameters of 1.0, 1.5, and 2.2 mm. 

Glow Discharge Source 

 The GD source has been designed to fit in the original EI/CI source 

volume of the Agilent 5973 MSD. The cathode was machined from an oxygen-

free, hard copper (OFHC) rod into a cylindrical shape with a 45° angle tip at the 

end as depicted in Fig. 3.1.7, 18-20 Other types of metal cathodes have been 

explored and copper cathodes were found to provide the best sensitivity and 

offer fragmentations similar to those of EI sources.20 The cathode assembly is 

fixed to a standard Agilent CI source body by custom tooling. The GD source is 

then mounted in the standard analyzer assembly of the Agilent 5973 MSD. The 

cathode is affixed to the high-vacuum end of a copper feed through (Model 

0020103, Insulator seal, MDC Vacuum Products, Sarasota, FL). The GD source 

is powered through the copper feed through which is welded into the steel plate 

of 6.4 mm diameter, which mounts directly on the MSD manifold. A Bertan 

(Model 205A-05R, Hicksville, NY) power supply operated in constant voltage 

mode provided the discharge power. Argon (ultra high purity) is used as the 

discharge gas. Heating of the GD source volume is the same as with the original 

CI or EI source and is controlled by the MSD software. The MSD chamber 

pressure and Ar pressure into the GD source volume are monitored by a Hewlett 

Packer (Santa Clara, CA) 5945A Gauge Controller, with the gauge mounted of 

the aft end of the instrument. 
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Mass Spectrometer and Data Acquisition 

 A Hewlett Packard 5973 MSD has been modified with the original GC 

interface being replaced with the particle beam LC-MS interface, which mounts 

directly to the MSD chamber. The actual conversion takes 2–4 hours. The MSD 

consists of a quadrupole with a high-energy dynode (HED, −10 kV) placed 

perpendicular to the end of the quadrupole. Directly across from the HED is the 

electron multiplier horn (−2224 V dc) that collects the signal and reports the 

information through the Agilent MSD ChemStation (version G1701DA) used for 

instrument operation and data collection/analysis. Microsoft Excel (Seattle, WA) 

was used to process the data acquired by ChemStation. Reported analyte 

responses (extracted ion mode) are the average of triplicate determinations (i.e. 

injections) at each set of experimental conditions. 

 

RESULTS AND DISCUSSION 

Particle Beam Parameter Optimization 

 Previous work done in this laboratory employed a heated nebulizer tip for 

solution delivery,7, 15, 19, 21-24 but this instrument delivers an aerosol spray based 

solely on pneumatic nebulization. For this type of nebulization, it is key to have 

the correct helium pressure to provide liquid dispersion and an aerosol flow of 

sufficient energy (momentum) to be carried into the momentum separator. 

Responses of the caffeine parent ion peak (M+˙@m/z = 194 Da) over 2.5–5.0 L 

min−1 helium (50–100 psi) at a liquid flow rate of 0.7 mL min−1 revealed a 

maximum analyte response when 3.5 L min−1 (70 psi) of helium were supplied to 
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the nebulizer. Although not studied here, it is thought that as you decrease the 

solvent flow, that less helium would be required to affect efficient nebulization. 

The helium flow is important in supplying momentum for the analyte particles to 

efficiently reach the transfer line regardless of solvent flow rates. On the other 

hand, there is likely a trade-off at higher helium flow rates/pressures as greater 

dispersion and turbulence may occur. In addition, higher flow rates may yield 

smaller droplets that in turn yield small particles that are not effectively 

transported through the system. 

 The momentum separator is responsible for removing solvent and 

nebulizer gas, leaving only dry analyte particles to enter the GD source. The 

most important design parameters of a momentum separator are the distances 

between the skimmer orifices (d1 and d2), their diameters, and the diameter of the 

transport line aperture/orifice. A short distance would permit more solvent to 

enter the 2nd stage skimmer and potentially the GD source, while a long distance 

would remove more solvent but allow for greater analyte particle dispersion to 

take place, lowering efficiency. Distance d2 was adjusted for optimal solvent 

removal and analyte signal based on changes of the liquid flow rate. In addition, 

the size of the transfer line skimmer opening (o1) was varied from 1.0–2.2 mm 

diameter. Solvent removal was studied by monitoring the intensity of m/z = 18 Da 

(water), m/z = 32 Da (methanol), and m/z = 92 Da (background) for these 

experiments. 

 Fig. 3.2a shows that as distance d2 is increased, less solvent (0.5 mL 

min−1) reaches the ion volume, but at distances >1.2 cm the removal of solvent is 



 

not significantly changed. This same study (data not shown) was repeated at a 

flow rate of 0.7 mL min−1

important role in solvent removal, the data although at slightly higher levels, 

revealed the same trends as 0.5 mL min

caffeine (M+˙@m/z = 194) over distances of 0.75

data reveal an optimal response for 

decrease in response with increasing distances, meaning that the analyte is 

being pumped away by the momentum 

source. At distances shorter than 1.00 cm, a substantial drop off in analyte 

response is seen, which is likely due to overloading of the GD source with 

solvent. The optimal 2nd skimmer stage gap distance 

1.15 cm and fixed to this value for the remainder of the studies.
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not significantly changed. This same study (data not shown) was repeated at a 

−1 to see if the amount of solvent loading played an 

rtant role in solvent removal, the data although at slightly higher levels, 

revealed the same trends as 0.5 mL min−1. Fig. 3.2b displays the response of 

= 194) over distances of 0.75–2.25 cm for distance 

data reveal an optimal response for d2 found at 1.00–1.25 cm with a gradual 

decrease in response with increasing distances, meaning that the analyte is 

being pumped away by the momentum separator and not entering the GD 

source. At distances shorter than 1.00 cm, a substantial drop off in analyte 

response is seen, which is likely due to overloading of the GD source with 

skimmer stage gap distance d2 was determined to be 

1.15 cm and fixed to this value for the remainder of the studies. 

not significantly changed. This same study (data not shown) was repeated at a 

to see if the amount of solvent loading played an 

rtant role in solvent removal, the data although at slightly higher levels, 

displays the response of 

2.25 cm for distance d2. The 

1.25 cm with a gradual 

decrease in response with increasing distances, meaning that the analyte is 

separator and not entering the GD 

source. At distances shorter than 1.00 cm, a substantial drop off in analyte 

response is seen, which is likely due to overloading of the GD source with 

was determined to be 

 



 

Figure 3.2 Effect of distance d

m/z = 18, 32, and 92 Da.  b) the

1.5 mm diameter, Solvent = 50:50 water:methanol, HPLC flow rate = 0.5 mL min

helium flow rate = 3.5 L min-1

current = 1.0 mA, argon flow = 4.87 mL min

temperature = 300 °C. 

 

 Effects of liquid flow rate and size of the transfer line skimmer 

aperture/orifice diameter (1.0, 1.5, and 2.2 mm) were evaluated and optimized

Fig. 3.3a reflects the abundance of water (

source for the three skimmer hole sizes over the range of 0.1

1.0, 1.5, and 2.2 mm openings. Up to 0.5 mL min

solvent is seen entering the source with increasing flow rates. But at >0.5 mL 

min−1 more solvent enters into the GD source that can lead to higher 

(b) 

57 

 

Effect of distance d2 on a) solvent loading into the GD source as monitored at 

the response of caffeine (M+· @ m/z = 194).  Transfer line aperture = 

1.5 mm diameter, Solvent = 50:50 water:methanol, HPLC flow rate = 0.5 mL min

1 (70 psi), desolvation chamber temperature = 90 °C, discharge 

= 1.0 mA, argon flow = 4.87 mL min-1 (MS chamber pressure = 8.5 x 10-4 Torr Ar), source 

Effects of liquid flow rate and size of the transfer line skimmer 

aperture/orifice diameter (1.0, 1.5, and 2.2 mm) were evaluated and optimized

reflects the abundance of water (m/z = 18 Da) entering into the GD 

source for the three skimmer hole sizes over the range of 0.1–0.9 mL min

, 1.5, and 2.2 mm openings. Up to 0.5 mL min−1 only a slight increase in 

solvent is seen entering the source with increasing flow rates. But at >0.5 mL 

more solvent enters into the GD source that can lead to higher 

 

solvent loading into the GD source as monitored at 

@ m/z = 194).  Transfer line aperture = 

1.5 mm diameter, Solvent = 50:50 water:methanol, HPLC flow rate = 0.5 mL min-1, nebulizer 

(70 psi), desolvation chamber temperature = 90 °C, discharge 

Torr Ar), source 

Effects of liquid flow rate and size of the transfer line skimmer 

aperture/orifice diameter (1.0, 1.5, and 2.2 mm) were evaluated and optimized. 

= 18 Da) entering into the GD 

0.9 mL min−1 at the 

only a slight increase in 

solvent is seen entering the source with increasing flow rates. But at >0.5 mL 

more solvent enters into the GD source that can lead to higher 



 

backgrounds and less efficient anal

into the source also increases with the larger transfer line orifice diameters. 

Interestingly the amount of solvent entering the GD source decreases at 0.9 mL 

min−1 for the smaller diameters, but an increased a

GD source with the larger diameter hole. At 0.9 mL min

turbulence is causing the decrease in solvent for the 1.0 and 1.5 

3.3b is representative of the increased continuous background (as measured at 

m/z = 92 Da) seen with the increased liquid flow rate for the three aperture sizes. 

As seen with the data in 

rates >0.5 mL min−1 and larger entry holes.
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backgrounds and less efficient analyte ionization. The amount of solvent getting 

into the source also increases with the larger transfer line orifice diameters. 

Interestingly the amount of solvent entering the GD source decreases at 0.9 mL 

for the smaller diameters, but an increased amount of solvent enters the 

GD source with the larger diameter hole. At 0.9 mL min−1 it is believed that 

turbulence is causing the decrease in solvent for the 1.0 and 1.5 mm holes. 

of the increased continuous background (as measured at 

= 92 Da) seen with the increased liquid flow rate for the three aperture sizes. 

in Fig. 3.3b, an increase of background is seen at flow 

and larger entry holes. 

yte ionization. The amount of solvent getting 

into the source also increases with the larger transfer line orifice diameters. 

Interestingly the amount of solvent entering the GD source decreases at 0.9 mL 

mount of solvent enters the 

it is believed that 

mm holes. Fig. 

of the increased continuous background (as measured at 

= 92 Da) seen with the increased liquid flow rate for the three aperture sizes. 

increase of background is seen at flow 

 



 

Figure 3.3   Effect of liquid flow rate and transfer line orifice sizes on 

monitored at m/z = 18 Da (water) and 

100 µL triplicate injections of 250 

(b) 

(c) 
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Effect of liquid flow rate and transfer line orifice sizes on a) solvent loading as 

monitored at m/z = 18 Da (water) and b) m/z = 92 Da (background), and c) analyte response of 

L triplicate injections of 250 µg mL-1 caffeine (M+· @ m/z = 194).  Solvent = 50:50 

 

 

solvent loading as 

analyte response of 

@ m/z = 194).  Solvent = 50:50 
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water:methanol, nebulizer helium flow rate = 3.5 L min-1 (70 psi), desolvation chamber 

temperature = 90 °C, discharge current = 1.0 mA, ar gon flow = 4.87 mL min-1 (MS chamber 

pressure = 8.5 x 10-4 Torr Ar), source temperature = 300 °C. 

 

 In order to determine if the additional solvent entering the GD source 

affects analyte response, caffeine injections for flow rates of 0.2 to 0.9 mL min−1 

for each sizes of the transfer line orifice are seen in Fig. 3.3c. The response 

shows that, for the 1.0 and 1.5 mm openings the optimal signal occurs at 0.7 mL 

min−1. A substantial decrease in response is seen at flow rates of ≥0.8 mL min−1, 

this is due to clogging of the entry holes that was evident with the buildup of 

caffeine at the entry of the transfer line. The largest diameter skimmer hole did 

not have the same rollover of response and there was no clogging, but an 

increase in error for the higher flow rates is most likely the result of caffeine 

sticking to the walls in the transfer line to the GD source. Based on the obtained 

signal-to-background ratio of the parent ion peak and the adjacent spectral 

regions, it was determined that the optimal liquid flow rate is 0.7 mL min−1 and 

the optimal transfer line aperture diameter is 2.2 mm. 

 To ensure that dry particles are entering the GD source, the desolvation 

chamber temperature must be optimized to allow for the proper amount of energy 

to desolvate the analyte particles. The response of caffeine (M+˙@m/z = 194) 

over a temperature range of 50–120 °C for the desol vation chamber revealed a 

maximum response is found when the temperature is 60–80 °C. At temperatures 

≥90 °C, a significant decrease in analyte response is noti ced which is most likely 
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due to higher nebulization efficiency leading to smaller droplets/dry particles 

which are more susceptible to being skimmed away by the momentum 

separator.25 Below 50 °C there is a large variation in responses,  most likely due 

to insufficient solvent removal which affects the ionization of the analyte within 

the glow discharge plasma. Low temperatures will also allow for condensation 

within the chamber and sticking of particles along the walls of the transfer line 

leading into the GD source. For the remainder of the studies 80 °C was used as 

the desolvation chamber temperature. 

 

Glow Discharge Source Parameter Optimization 

 For GD sources, particles have to enter the source volume, and be 

vaporized to put analyte species in the gas phase for excitation/ionization and 

subsequent detection.6, 19, 26 This process can occur by either sputtering off of the 

cathode surface or vaporization from the heated walls of the source volume. With 

previous PB/GDMS work, it was thought that the particles were required to hit the 

cathode,12 and so this source was designed with this in mind. The analyte 

response of caffeine (M+˙@m/z = 194) monitored as GD source temperatures 

were increased from 200–300 °C showed a steady increase o f 2.5x, leveling 

somewhat above 280 °C. The source volume temperature d ependence suggests 

that vaporization of the particles off of the ion volume walls is the operable 

mechanism for getting analyte species into the gas phase. Visual inspection 

indicated that the particles indeed were not hitting the cathode surface. Extension 

of the cathode height to affect this process resulted in unstable plasma operation. 
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In fact the same analyte response was seen with or without the particles hitting 

the cathode. The optimal temperature is found at 300 °C, however, this is the 

preset maximum temperature of the present system, therefore 290 °C was used 

for the remainder of these studies. 

 Optimization of the operating conditions for the GD plasma is important 

when trying to obtain proper mass fragmentation patterns and efficient 

ionization.7 There are two parameters that can be controlled with this GD source; 

the amount of argon gas entering the source (i.e., discharge pressure) and the 

amount of voltage applied to the cathode (affecting the resultant current).4 For 

GD sources, there is an optimal balance of pressure and current parameters.27 

Whether the primary ionization mechanism is Penning ionization (where argon 

metastables are created through electron collisions) or electron ionization, 

increases in discharge current should yield greater numbers of ions. In principle, 

the discharge can be operated at argon flow rates of 3.5–7.0 mL min−1, equating 

to pressures of 6–10 × 10−4 Torr as measured in the mass analyzer chamber, 

though there is instability at both pressure extremes. The response of caffeine 

(M+˙@m/z = 194) was monitored over a current range of 0.5–2.5 mA, and argon 

flow rates of 4.15–6.0 mL min−1. As seen with previous work of Gibeau and 

Marcus, the optimal signals were found at 2.0 mA, with charring of the cathode 

seen at currents above 2.0 mA.7 Although not shown here, there is also an 

increase in variability seen for the higher current responses. These observations 

suggest some amount of pyrolysis at the cathode surface as it heats due to the 

sputtering process. Very importantly, the fragmentation patterns for caffeine test 
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molecule remained constant over all of the currents, implying that the energetics 

of the plasma (i.e., ionization processes) remained constant. Based on these 

results, the optimal current to operate the plasma is 2.0 mA. 

 As described above, the role of discharge pressure on plasma ionization 

processes is more complicated than for current. Pressure (in concert with 

current) also effects the geometric distribution of the plasma within the ion 

volume. In practice, the maximum ion density is located on the negative glow 

side of this interface,28, 29 and so this is where optimum analyte ion sampling 

occurs. While not shown for the sake of brevity, the interplay between pressure 

and current and the analyte signal responses were observed with the present 

system. This same relationship was seen by Krishna and Marcus for a variety of 

cathode material, discharge parameters, and analyte identities.20 Based on these 

results, the plasma conditions remained fixed at a current of 2.0 mA and an Ar 

flow rate of 4.5 mL min−1 for the remainder of the studies. 

 

Analytical characteristics 

 In order to set a preliminary benchmark of the capabilities of this 

instrument, comparisons were carried out first using the original EI source of the 

MSD instrument and the new GD source using the same PB interface. Caffeine 

response functions were determined for both sources. The GD source conditions 

found to be optimal in the previous sections were used. The EI source was 

operated at 70 eV using an established method provided by CSS Analytical to 

ensure that there was no bias. Table 3.1 presents the results from the two 
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sources; with the GD and the EI sources yielding very comparable performance. 

The quantification data were determined by analyzing the response over a range 

of 0.001–150 µg mL−1 of caffeine using the peak areas (background subtracted) 

in the extracted single ion monitoring (SIM) mode for m/z = 194 Da. The 

determined limits of detection (LODs) of 34 and 15 ng mL−1 caffeine for the EI 

and GD sources, respectively, are in good agreement with those previously 

found in this laboratory.7, 20 The obtained LODs equate to single nanogram, 

absolute mass detection for 100 µL injections, which is on par with other LC-

PB/MS results.20 One key aspect of the calibration functions is the very large 

detector background that must be subtracted in the case of the GD source 

(reflected in the negative y-intercept). This background is due to the relatively 

high pressure in the analyzer region of the instrument upon introduction of the 

discharge gas. This problem will be eliminated with the use of either a larger 

turbomolecular pump or a smaller ion exit orifice. The reported variability (%RSD) 

values are cumulative over the entire calibration range, and so it is seen that the 

system is quite stable. Fig. 3.4a and b show the mass spectra of caffeine 

obtained from the EI and GD sources. A noticeable difference is that the EI 

spectrum has more fragmentation than the GD source, which is expected since 

the GD plasma is considered a softer ionization source than EI. Both spectra are 

consistent with the caffeine spectrum published in the National Institute of 

Standards and Technology (NIST) WebBook in terms of the fragment ion species 

and parent mass ion peak.30  

 



 

Table 3.1  Comparison of response functions for the EI and GD source
  100 µL injection loop.  LOD = (3 * 

Response Function
EI y = 2E+06x + 1E+08

GD y = 263284x - 2E+07

(a) 

(b) 
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Comparison of response functions for the EI and GD source
L injection loop.  LOD = (3 * σblank)/m 

Response Function  
Correlation 

(R2) 
LOD 

(ng mL -1) 
Absolute 
Mass (ng)

y = 2E+06x + 1E+08 0.9933 34 3.4 
2E+07 0.9910 15 1.5 

 

Comparison of response functions for the EI and GD sources. 

Absolute 
Mass (ng)  % RSD 

5.4 
8.6 
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Figure 3.4  a) EI mass spectrum of 100 µL injection of 250 µg mL-1 caffeine.  Conditions 

based on CCS Analytical Particle Beam method, nebulizer helium flow rate = 1.5 L min-1 (helium 

tank pressure = 30 psi), liquid flow rate = 0.3 mL min-1, desolvation chamber temperature = 80 °C, 

source temperature = 200 °C.  b) GD mass spectrum of 100 µL injection of 250 µg mL-1 caffeine.  

Solvent = 50:50 water:methanol, nebulizer helium flow rate = 3.5 L min-1 (70 psi), liquid flow rate 

= 0.7 mL min-1, desolvation chamber temperature = 80 °C, source t emperature = 290 °C, 

discharge current = 2.0 mA, argon flow = 4.5 mL min-1 (MS chamber pressure = 8.0 x 10-4 Torr 

Ar). 

 

 The overall goal of this project is to be able to use this instrument with LC 

separations as a detector for comprehensive speciation analysis, i.e. the capacity 

for determining both organic and inorganic species simultaneously. As a single 

example, Fig. 3.5 is a GD spectrum of 1000 µg mL−1 selenium-methyl-

selenocysteine. As can be seen, the spectrum contains information-rich 

fragments, the Se isotope pattern, and a signal for the molecular ion (m/z = 182 

Da). This is consistent across previous PB/GDMS studies from this laboratory, 

where fragmentation patterns very similar to those that would be expected from 

EI sources are obtained.6, 7, 21 The mass spectra for creatinine and a tetrapeptide 

test compounds also showed predictable fragmentation patterns. Additionally, the 

GD mass spectra for metal salts are very simple, containing the isotopic pattern 

for the metal along with the argon discharge gas species, and a small 

contribution from the cathode material (Cu here). Table 3.2 represents the LODs 

for organic and inorganic compounds for this PB/GDMS instrument based on 100 

µL injections over a range of 0.001–250 µg mL−1 for each of the analytes. The 
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LODs for the organic compounds are about an order of magnitude above what 

has been achieved on our laboratory-built instrument; which are typically on the 

sub-nanogram level.15, 21 This may be due to the smaller quadrupoles that come 

equipped in the HP 5973 as well as the high backing pressures as described 

above. As for the elemental species, Cs and Pb, the detection limits are 2.4 and 

250 ng mL−1 respectively. The cesium LOD is comparable with previous results in 

our laboratory,7, 12, 20 but the Pb value is 2 orders of magnitude higher than those 

works where the characteristics for Cs and Pb were very similar. These LODs 

are indeed higher than those of ICP-MS and ESI-MS, but are low enough to 

detect the harmful concentrations of heavy metals that may be present in dietary  

Table 3.2  Response functions for the LC-PB/GDMS.  100 µL injections.   
  LOD = (3 * σblank)/m 

Compound 
Response 
Function 

Correlation 
(R2) 

LOD 
(ng mL -1) 

Absolute 
Mass (ng)  

% 
RSD 

Caffeine y = 263284x - 
2E+07 

0.9910 15 1.5 8.6 

Creatinine y = 8606x - 
706589 

0.9939 170 17 8.5 

Peptide y = 10052x - 
1E+06 

0.9993 310 31 4.7 

Selenium-methyl-
selenocysteine 

y = 19852x - 
4E+06 

0.9985 160 16 7.1 

CsCl y = 659246x - 
974974 

0.9918 2.4 0.24 6.8 

PbNO3 
y = 12745x - 

8E+06 
0.9927 250 25 9.2 

 

supplements, and certainly what is required in profile actives and adulterants in 

those materials. Typically, carrier salts are used in PB/MS to increase the 



 

sensitivity (carrier effect),12, 31

of source performance. Future work with this instrument will investigate the role 

of carriers, usually LC buffer species, for inc

 

 

Figure 3.5  GD mass spectrum of 100 

Solvent = 50:50 water:methanol, nebulizer helium flow rate = 3.5 L min

= 0.7 mL min-1, desolvation chamber 

discharge current = 2.0 mA, argon flow = 4.5 mL min

Ar). 
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12, 31 but they were not used here to get a better picture 

of source performance. Future work with this instrument will investigate the role 

of carriers, usually LC buffer species, for increased sensitivity. 

GD mass spectrum of 100 µL injection of 1000 µg mL-1 methyl-selenocysteine.  

Solvent = 50:50 water:methanol, nebulizer helium flow rate = 3.5 L min-1 (70 psi), liquid flow rate 

, desolvation chamber temperature = 80 °C, source temperature = 290 °C, 

discharge current = 2.0 mA, argon flow = 4.5 mL min-1 (MS chamber pressure = 8.0 x 10

but they were not used here to get a better picture 

of source performance. Future work with this instrument will investigate the role 

 

selenocysteine.  

(70 psi), liquid flow rate 

temperature = 80 °C, source temperature = 290 °C, 

(MS chamber pressure = 8.0 x 10-4 Torr 
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CONCLUSIONS 

 The conversion of an HP 5973 MSD from a GC-MS equipped with an EI 

source to a LC-PB/GDMS has been demonstrated. In doing so, the scope of 

applicability of the instrument is dramatically increased with minimal capital 

investment. Most specifically, this instrument has been assembled for 

applications involving comprehensive speciation analysis. Previous works in this 

laboratory have also demonstrated the utility of LC-PB/GDMS for the profiling of 

active ingredients in botanical extracts. First-level evaluation of the particle beam 

and glow discharge source operation parameters reflect trends that are 

consistent with previous works. One primary difference is the realization that 

particle vaporization from the cell walls is very effective in terms of sample 

volatilization. The primary differences in performance with previous reports 

appear to rest with the transmission capabilities of the modest-sized (19 mm 

diameter) quadrupole rods of the commercial system as well as high background 

signal levels. Improvements in the overall (vacuum) pumping capacity of the 

instrument are needed as well. There is also a need to further optimize the 

design of the discharge cell and cathode geometry. In general, it is believed that 

this approach to converting an existing GC-MS into an LC-MS using a 

commercially available interface offers a wealth of attractive features that can be 

affected in a straightforward fashion opening the field of speciation and LC-MS to 

new users. 
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CHAPTER FOUR 

SIMULTANEOUS MULTIPLE ELEMENT DETECTION BY PARTICLE 

BEAM/HOLLOW CATHODE-OPTICAL EMISSION SPECTROSCOPY AS A 

TOOL FOR METALLOMIC STUDIES: DETERMINATIONS OF METAL BINDING 

WITH APO-TRANSFERRIN 

 

INTRODUCTION 

 The determination of how metals interact with proteins within the human 

body will help to form a better understanding of their roles in drugs (i.e. titanium 

cancer drugs),1 diseases (i.e. iron deficiency anemia),1-4 and essential cellular 

activities.  Human serum transferrin (Tf) is the iron transport protein in serum, 

having a concentration of ~ 35 µM.1  It is responsible for delivering iron to the 

cell, where it is used for oxygen transport, electron transfer, and DNA synthesis.3  

Transferrin consists of approximately 700 amino acids with a molecular weight of 

~ 80 kDa and has two metal-binding lobes (referred to as N- and C-terminal 

lobes), both having similar pockets that bind one Fe3+  each.  Figure 4.1 

represents the binding pocket of apo-transferrin (i.e., the metal free form) which 

coordinates iron in a distorted octahedral geometry and consists of one histidine, 

one aspartic acid, and two tyrosine residues, as well as a synergistic anion 

(usually carbonate) that acts as a bidentate ligand to complete the octahedral 

coordination sphere.5   



 

  

Figure 4.1 Structure of the open and closed metal binding sites found in the 

of transferrin (Tf).   

 

Upon Fe3+ binding, each lobe of the Tf protein undergoes a change from 

an open conformation to a closed conformation (aka the Venus fly trap).

Transferrin receptor proteins on the cell surface only bind the completely closed 

(diferric) form of Tf, where it is taken into the cell by the process of receptor

mediated endocytosis.1, 3  

saturated in serum, meaning that the empty lobes that are available for binding 

may potentially bind other metals.

than Fe3+ to Tf follows a trend similar to the stability constants for hydroxide 

binding to metal ions, meaning that the more acidic the metal, the stronger it 

binds to Tf.1, 7, 8 The size of the metal ion also affects binding to Tf as well.  In 

addition, NMR studies have shown that other metal ions that bind to Tf display 

similar spectral shifts to those corresponding to the open
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of the open and closed metal binding sites found in the N-

binding, each lobe of the Tf protein undergoes a change from 

an open conformation to a closed conformation (aka the Venus fly trap).

Transferrin receptor proteins on the cell surface only bind the completely closed 

(diferric) form of Tf, where it is taken into the cell by the process of receptor

  It has been determined that Tf is only 39% Fe

saturated in serum, meaning that the empty lobes that are available for binding 

other metals.6  The binding strengths of metal ions other 

to Tf follows a trend similar to the stability constants for hydroxide 

binding to metal ions, meaning that the more acidic the metal, the stronger it 

The size of the metal ion also affects binding to Tf as well.  In 

addition, NMR studies have shown that other metal ions that bind to Tf display 

ts to those corresponding to the open-to-closed conformation 

-and C-lobes 

binding, each lobe of the Tf protein undergoes a change from 

an open conformation to a closed conformation (aka the Venus fly trap).1  

Transferrin receptor proteins on the cell surface only bind the completely closed 

(diferric) form of Tf, where it is taken into the cell by the process of receptor-

It has been determined that Tf is only 39% Fe3+-

saturated in serum, meaning that the empty lobes that are available for binding 

metal ions other 

to Tf follows a trend similar to the stability constants for hydroxide 

binding to metal ions, meaning that the more acidic the metal, the stronger it 

The size of the metal ion also affects binding to Tf as well.  In 

addition, NMR studies have shown that other metal ions that bind to Tf display 

closed conformation 
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change that occurs upon Fe3+ binding.9, 10   Because of the selectivity of the Tf 

receptor for only the closed form of Tf, metal ions other than iron may be taken 

up into the cell if they bind in the empty lobes of Tf. 

Tf is known to bind other metals such as Al3+, Ni2+, Cu2+, and Zn2+.1  Of 

these metal ions, nickel forms the weakest Tf complex.  This is counterbalanced 

by the fact that nickel exposure is prevalent (electroplating, alloy production and 

welding)11 and can be considered hazardous.  Research has confirmed that 

nickel interferes with cellular uptake of iron (presumably through binding to Tf) 

and ultimately decreases ferritin production within the cell.11, 12  By the same 

token, zinc-rich diets elevate Zn2+ concentrations in plasma and compete with 

Fe3+ for binding by Tf.13, 14  Copper and zinc ions have been reported to block Tf 

binding to the Tf receptor at the cell surface and thus prevent receptor-mediated 

endocytosis.15  These examples point to the importance of knowing binding 

characteristics of various metals with Tf and how they will compete with Fe3+ 

binding. 

 Detection and quantification of Fe3+ bound to Tf is typically accomplished 

using UV-VIS absorbance by monitoring the change in the molecular band at ca. 

470 nm, which is due to ligand-to-metal charge transfer (LMCT) of tyrosine to 

Fe3+.1  For the binding of other metal ions to Tf, the bands at ~255 and ~295 nm, 

characteristic of metal coordination to the tyrosine groups in the binding pocket of 

Tf, are monitored.4  The concentration of the bound metal is related to the 

measured absorbance, and so is intimately tied to the efficiency of 

chromatographic protein recovery commonly used to purify proteins following the 
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binding experiments.  These changes in absorbance are not metal ion specific in 

the way that atomic (optical) emission spectra are.  In addition, the binding of 

multiple (different) metal ions contributes predominately to the overall strength of 

the bands, with very little spectral specificity.  Thus, it is very difficult to detect 

multiple metal ions bound to Tf using UV-VIS absorbance measurements.  In 

addition, many metal ion-amino acid complexes are spectroscopically inactive, 

and so their binding cannot be detected via absorbance.  Overall, quantification 

of metal ion uptake in Tf is performed based on the respective peak absorbance 

values, which must be differentiated from the general molecular background 

absorbance that is always present.   

In order to obtain unequivocal metal ion identification and quantification, 

atomic spectroscopy methods are required.  Inductively coupled plasma-optical 

emission spectrometry (ICP-OES) and mass spectrometry (ICP-MS) are capable 

of quantifying and identifying specific metal ions bound to proteins such as Tf.16-

18 Using this technique, however, it is not possible to determine if the metal is 

specifically bound to Tf and not just present as free ions in solution.  In principle, 

free and bound metal ions can be separated chromatographically, but this 

measurement only identifies the metals present in specific fractions, not the 

identity of those species.  One common method for determining metal ion 

concentrations is ICP.  However, the basic nature of the ICP source is such that 

all species in solution are broken down to elemental form, as are remnants of 

solvent species and buffer components.  Therefore, there are no means of 

assessing the presence of protein as there is a continuous background of 
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carbon, hydrogen, and other elements in the solvent/buffer system.  Electrospray 

ionization mass spectrometry (ESI-MS) also can be used to provide direct 

information that a metal is associated with a specific protein, but quantification of 

the metal ions is generally poor with this technique.19-21  In order to obtain a 

complete, quantitative picture of the metal-protein interaction, ICP and ESI 

approaches must accompany each other in a complementary fashion.  

 An ideal spectroscopic tool for assessing metal ion binding to proteins 

would provide very high elemental specificity, precise quantification with 

micromolar sensitivities, and some method of confirming the association of the 

metal(s) with the protein.  Other favorable qualities would include the ability to 

work with small sample quantities, perform simultaneous multielement 

determinations, and be readily interfaced with liquid chromatography separations 

employing various solvent systems. In this paper we present the application of 

the particle beam/hollow cathode-optical emission spectroscopy (PB/HC-OES) 

method as a means of performing metal-protein binding studies, specifically the 

metals Fe, Ni, Zn, and Ag with Tf.  This instrument operates using a particle 

beam that interfaces a liquid delivery system (e.g. a liquid chromatography 

pump) to a hollow cathode glow discharge source operating in an inert 

atmosphere.22  This approach effectively delivers dry analyte particles to the 

plasma, where thermal energy induces vaporization and dissociation of proteins 

and plasma excitation permits detection of metals and nonmetal atoms 

simultaneously.  Atomic emission detection provides high specificity and 

sensitivity for metals analysis, while the operation in an inert plasma permits 
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protein determinations based on the constituent nonmetal (e.g., C, H, O, S, N) 

responses.  This latter attribute makes the PB/HC-OES unique and different from 

ICP as association with a protein can be directly deduced.  More specifically, the 

ability to obtain emission response ratios of metal to nonmetals (e.g., M+/C or 

M+/S) allows for direct stoichiometric determinations23 and makes this technique 

protein-concentration independent.  

In this study, the binding of Fe3+, Ni2+, Zn2+ and Ag+ with the iron transport 

protein transferrin (Tf), both individually and competitively are described.  Iron 

binding determinations were comparable to that of the standard UV-VIS 

absorbance method and thus confirmed the ability of the PB/HC-OES to 

determine metal binding within Tf.  The loading of transition metals Ni2+ and Zn2+ 

was performed to assess the technique for metals that are spectroscopically 

difficult to discern by the absorbance method.  Silver was chosen as a surrogate 

for Pt, a common therapeutic metal species that is thought to enter the cell via Tf, 

though bound to the transport protein in a different manner than the other 

transitions metals.  It is believed that the characteristics demonstrated here can 

be used effectively across a broad range of metal-protein interaction studies.  

Chapter 4 was published in Metallomics (C. D. Quarles Jr., J. L. Brumaghim, R. 

K. Marcus, 2010, vol. 2, pp 154-161). 
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EXPERIMENTAL 

Sample Preparation and Introduction 

 High-purity (18.2 MΩ-cm) Barnstead Nanopure (Dubuque, IA) water and 

methanol (EMD Chemicals, Cincinnati, OH) were used as the mobile phase 

solution.  Stock solutions of human apo-transferrin (60 µM, Sigma-Aldrich, St. 

Louis, MO) were prepared in Tris Buffer (20 mM, TEKnova, Hollister, CA) at pH 

7.4 and sodium carbonate (20 mM, Sigma-Aldrich).  Iron solutions were prepared 

by adding iron nitrate (45 µM, Sigma-Aldrich) and nitriloacetic acid (90 µM, 

Sigma-Aldrich) in a 1:2 ratio respectively to hydrochloric acid (0.1 M, J. T. Baker, 

Phillipsburg, NJ) and adjusting the pH to 4.0.2  Nickel solutions were prepared by 

adding nickel nitrate (1000 µM, Sigma-Aldrich) to nanopure water, silver solution 

prepared by adding silver nitrate (1000 µM, Sigma-Aldrich) to nanopure water, 

and zinc solutions were prepared by adding zinc acetate (1000 µM, Sigma-

Aldrich) to nanopure water.2, 4, 24  Addition of 0 – 4 molar equivalents of Fe3+,2 

and 0 – 10 molar equivalents of Ni2+, Zn2+, and Ag+ based on preliminary work 

were added to the apo-transferrin solution, followed by incubation at 37 °C of the 

samples for 24 hrs.  The samples were then desalted using a SephadexTM G-25 

M PD-10 column (GE Healthcare, Buckinghamshire, UK) to remove any unbound 

metal ions from the protein prior to introduction to the PB/HC-OES system or 

analysis by UV-VIS absorbance, ensuring that only the metal ions bound to Tf 

are analyzed.  A Waters (Milford, MA) model 510 high-performance liquid 

chromatography pump with a six-port Rheodyne 7125 (Rohnert Park, CA) 
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injection valve and a Rheodyne 200 µL injection loop was used for sample 

delivery of the protein solutions to the PB interface. 

 

Particle Beam Interface 

 A Thermabeam (Extrel Corporation, Pittsburgh, PA) particle beam (PB) 

interface was used to introduce the sample into the hollow cathode glow 

discharge source.  The interface consists of a thermoconcentric nebulizer, a 

desolvation chamber, and a two-stage momentum separator.  Liquid flow from 

the HPLC enters the nebulizer through a fused-silica capillary (100 µm i.d.) 

positioned inside of a metal tube that has a DC potential (~ 1 V) applied across 

its length.  This potential creates thermal energy (operated at 105 ° C) that, when 

coupled with a coaxial flow of He gas, creates an aerosol spray from the capillary 

tip.  The aerosol spray enters the heated (~ 150 °C) d esolvation chamber to 

further dry the aerosol particles.  The particles are then introduced into a two-

stage momentum separator that removes low mass molecules (solvent and He 

gas) leaving only the dry analyte particles (< 10 µm size) to reach the HC source 

volume. 25, 26   

 

Hollow Cathode Glow Discharge Source 

 The copper hollow cathode (HC) is machined to have a cylindrical inner 

diameter of 3.5 mm and 26.5 mm in length with a particle entry hole of 3.5 mm in 

diameter in the side of the cathode.  The hollow cathode is mounted in the center 

of a “thermoblock” made of stainless steel.  Cartridge heaters (Model SC 2515, 
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Scientific Instruments, Ringoes, NJ) are located at the bottom of the block, 

yielding uniform heating of the HC, which is required to provide sufficient energy 

to vaporize and atomize the sample.  The block temperature (~ 210 °C) is 

monitored with a W-Re thermocouple and the gas pressure monitored with a 

Pirani-type vacuum gauge (VRC Model 912011, Pittsburgh, PA).  Power (1.0 kV) 

is provided to the HC by a Bertan power supply (Model 915-1N, Hicksville, NY) 

that is operated in constant current (60.0 mA) mode.   Helium (ultra high purity) is 

used as the discharge gas (2.0 Torr He).   

 

Optical Emission Spectrometer and Data Acquisition 

 A JY RF-5000 (Jobin-Yvon, Division of Instruments, Edison, NJ) was used 

as the detector for the PB/HC system.  The JY RF-5000 polychromator includes 

a 0.5-m Paschen-Runge polychromator with an ion-etched holographic grating 

with 2400 grooves/mm, with a practical resolution of ~0.01 nm.  Photomultiplier 

tubes for each of the 26 optical channels sample data at a rate of 2 kHz.  The 

optical path is nitrogen-purged to enable optical emission detection across the 

range of 110-620 nm.  Spectrometer control and data acquisition were obtained 

using JY Quantum 2000 version 1.1 software on a Hewlett-Packard Vectra VE 

computer.  Data files were then exported and processed as Microsoft Excel 

(Seattle, WA) files.  Reported analyte responses (peak area) are the average of 

triplicate determinations (i.e. injections) taken using Quantum 2000 software. 
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pH Measurements 

 All solutions were pH measured with a Accumet Research AR 10 pH 

meter (Fisher Scientific) and an Accumet double junction Ag/AgCl pH probe 

(Fisher Scientific).  Adjustments to pH were done with hydrochloric acid (6.0 M, 

Sigma-Aldrich) and sodium hydroxide (2.0 M, Sigma-Aldrich). 

 

UV-VIS Absorbance 

 All absorbance measurements were performed with a Genesys 10-S UV-

VIS spectrometer (Thermo Electron Corporation).  The concentration of Tf was 

determined by measuring the absorbance at 280 nm and using an extinction 

coefficient of 87,200 M-1 cm-1.  Concentration of Fe3+ loaded into the Tf was 

determined by measuring the absorbance at 470 nm and using an extinction 

coefficient of 4,860 M-1 cm-1.2 

 

Optical Emission Analytical Responses 

 Calibration curves were prepared from aqueous standards of 0.1 – 500 

µM Fe3+, Ni2+, Zn2+, and Ag+.  An obvious question exists in whether or not 

response functions for (essentially) free ions are valid for what should be protein-

bound metals.  Studies by Brewer and Marcus in fact showed that the slopes 

(and resultant limits of detection) for functions derived for iron in the form of 

FeCl2, myoglobin, and holotransferrin differed by less than 10%.27  Typical 

response functions (derived from triplicate 200 µL injections at each 

concentration), linearity, and limits of detection for the transition metals and the 
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Tf carbon and sulfur constituents for the present study are presented in Table 

4.1.  In practice, the instrument was calibrated prior to each set of analyses for 

highest accuracy.  The computed detection limits for the metals are “neat”, 

whereas those given for C and S refer to the molar concentration of protein that 

can be determined.  

 

Table 4.1  Typical PB/HC-OES quantification data for metals and non-metals 
in present binding studies. 

Element Response Function Accuracy (R 2) LODs 

Fe (I) y = 0.0016x - 0.0018 0.9912 0.17 µM 
Ni (I) y = 0.0311x - 0.269 0.9789 0.08 µM 
Zn (I) y = 0.0518x - 0.5682 0.9874 0.51 µM 
Ag (I) y = 0.0185x - 0.7485 0.9833 0.03 µM 
C (I) y = 0.0047x - 0.9694 0.9694 0.20 µM 
S (I) y = 0.0006x + 0.0016 0.9858 1.86 µM 

 

 

 

RESULTS AND DISCUSSION 

Method Validation for Iron Loading into Tf 

 A comparison of UV-VIS absorbance and the PB/HC-OES method was 

carried out to demonstrate the ability of the system to detect the level of Fe3+ 

loading of Tf.   As in other works, the percentage loading is based on the 

assumption that two molar equivalents of iron can be added to each one of 

transferrin (i.e., 100% loading would be a 2:1 Fe:Tf molar ratio).  Figure 4.2, 

shows the response curves for iron loaded into Tf determined by the UV-VIS 

absorbance and PB/HC-OES methods.  Given the fact that the data are obtained 
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using totally different methods, the agreement is quite good.  To be clear, the 

UV-VIS data reflects changes in optical density of an optical band, regardless of 

what species contribute to that absorbance.  On the other hand, the Fe (I) optical 

emission response simply reflects the amount of iron that is contained in the 

sample, regardless of its chemical identity.  Neither approach can be said to be 

certain in terms of obtaining the desired information.  Figure 4.2 implies that as 

the amount of Fe3+ increases, so does the amount of iron that is taken up by Tf.   

The UV-VIS data suggests that beyond the addition of 3 molar equivalents the 

loading reaches a maximum, consistent with similar studies.  The PB/HC-OES 

response is more linear with the amount of Fe3+ added.  The Fe loading (4 

equivalents added) was determined to be 67.5 ± 2.5 % by the UV-VIS 

absorbance method and 71.2 ± 4.7 % for the PB/HC-OES method; essentially 

the same value.  This demonstrates that the PB/HC-OES method is capable of 

determining iron loading and provides comparable results to that of UV-VIS.  

Furthermore, the complementary use of UV-VIS with the PB/HC-OES method 

further suggests that iron is incorporated within Tf and not just free in solution. 

  

 



 

Figure 4.2   Comparison of the results found by UV

methods for determining Fe3+ loading in Tf.  UV

change in absorbance at 470 nm.  PB/HC

water:methanol, nebulizer gas flow rate = ~1400 mL min

HPLC flow rate = 1.0 mL min-1, 200 µL injection loop, 

hollow cathode block temperature = 210 °C, discharg e current = 60 mA, disc

Torr He. 

 

 Ultimately, the desired information in metal loading studies is the molar 

stoichiometry reflecting the number of incorporated metal ions per molecule of 

protein.  The data presented in Fig. 

Previous studies in this laboratory have demonstrated the ability to determine 

empirical formulae based on the optical emission intensities of constituent 

elements in amino acids, metallo
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Comparison of the results found by UV-VIS absorbance and PB/HC

loading in Tf.  UV-VIS absorbance of Fe3+ loading monitored by 

change in absorbance at 470 nm.  PB/HC-OES operating parameters: Mobile phase = 50:50 

nol, nebulizer gas flow rate = ~1400 mL min-1 He, nebulizer tip temperature = 105 °C, 

, 200 µL injection loop, desolvation chamber temperature = 150 °C, 

hollow cathode block temperature = 210 °C, discharg e current = 60 mA, discharge pressure = 2 

Ultimately, the desired information in metal loading studies is the molar 

stoichiometry reflecting the number of incorporated metal ions per molecule of 

protein.  The data presented in Fig. 4.2, simply reflects species’ concentrations.  

Previous studies in this laboratory have demonstrated the ability to determine 

empirical formulae based on the optical emission intensities of constituent 

elements in amino acids, metallo-organic compounds, and proteins.

 

VIS absorbance and PB/HC-OES 

loading monitored by 

OES operating parameters: Mobile phase = 50:50 

He, nebulizer tip temperature = 105 °C, 

desolvation chamber temperature = 150 °C, 

harge pressure = 2 

Ultimately, the desired information in metal loading studies is the molar 

stoichiometry reflecting the number of incorporated metal ions per molecule of 

2, simply reflects species’ concentrations.  

Previous studies in this laboratory have demonstrated the ability to determine 

empirical formulae based on the optical emission intensities of constituent 

proteins.23, 28-32  
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Having the ability to detect carbon, sulfur, and iron simultaneously allows for the 

determination of the stoichiometry of the metal-protein complex.  A subtle, yet 

very important, point is the fact that the loading results based on ratios are 

concentration independent; the process recovery can change, but the ratio will 

stay the same).  Figure 4.3 shows the element emission ratios determined for Fe 

(I)/S (I) and Fe (I)/C (I) for each of the equivalent additions of Fe3+ to apo-

transferrin.  As would be anticipated, the ratios increase proportionately with the 

amount of Fe incorporated in the protein.  The fact that the carbon- and sulfur- 

referenced responses track each other implies that either can be used as the 

internal standard to compute the empirical formula.  This concept is illustrated in 

Fig. 4.4, wherein the measured Fe (I)/C (I) and Fe (I)/S (I) ratios are plotted as a 

function of the previously determined percentage of Fe3+ incorporated into Tf 

(Fig. 4.2).  The degree of correlation between the emission ratios and the 

percentage loading is excellent (R2 = 0.9958 and 0.9884).  There is nonlinearity 

seen in the RSD values that result from the error in the sulfur response seen in 

Fig. 4.3, however this is not seen for the carbon response.  Having generated 

these sorts of plots, they can be used in many situations, with the added 

advantage that they are independent of the actual metal/protein concentrations.  

The results of all the binding studies performed here are summarized in Table 

4.2. 

 

 

 



 

 

Figure 4.3   Element emission ratios of Fe (I)/C (I) and Fe (I)/S (I) normalized to show that the 

curve characteristics are the same for both elements.  PB/HC

same as Fig. 4.2 

86 

Element emission ratios of Fe (I)/C (I) and Fe (I)/S (I) normalized to show that the 

curve characteristics are the same for both elements.  PB/HC-OES operating parameters are the 

 

 

Element emission ratios of Fe (I)/C (I) and Fe (I)/S (I) normalized to show that the 

arameters are the 



 

Figure 4.4  Comparison of experimentally obtained a) Fe (I)/C (I) and b) Fe (I)/S (I) emission 

intensity ratios to the actual loading percents of Fe

are the same as Fig. 4.2 

(a) 

(b) 

87 

Comparison of experimentally obtained a) Fe (I)/C (I) and b) Fe (I)/S (I) emission 

intensity ratios to the actual loading percents of Fe3+ into Tf. PB/HC-OES operating p

 

 

Comparison of experimentally obtained a) Fe (I)/C (I) and b) Fe (I)/S (I) emission 

OES operating parameters 
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Nickel Loading 

 Previous work determining binding constants of Ni2+-Tf complexes using 

UV-VIS absorbance determinations reported that only about 1 molar equivalent 

may bind to Tf.4  Ni2+ is a d8 transition metal that often prefers square planar 

geometry In the formation of a Ni2+-Tf complex, Ni2+ would have to adopt a 

distorted octahedral geometry, which would result in a loss of crystal field 

stabilization energy (CFSE) compared to square planar geometry, and therefore 

result in a less favorable interaction than that of the Fe3+-Tf complex.4  Ultimately, 

studies by Harris indicated that less than one equivalent of Ni2+ was incorporated 

per Tf molecule.  Figure 4.5 represents the percentage of Tf loaded with Ni2+, 

reaching a maximum value of ~ 19.5 % loading (based on two potential sites) at 

a 10-fold molar excess of Ni2+.  Harris suggested that a large excess (7×) was 

needed to drive Ni-Tf complex formation,4  but the seeming bi-modal addition 

depicted in Fig. 4.5 was not mentioned in that work.  In fact, a larger excess was 

employed here, and the second increase in uptake is beyond the excess range 

used by Harris.  The shape of this response might suggest the sequential filling 

of the two different sites (N- and C-lobes).  Also shown in Fig. 4.5, the shapes of 

the Ni (I)/C (I) and Ni (I)/S (I) responses mirror those of  the loading curve, 

providing supporting evidence that the addition of Ni2+ to the Tf-containing 

solution does lead to the assumed metal-protein complex, but only to the extent 

that the molar ratio is ~0.4:1 (Ni:Tf). 

 

 



 

Figure 4.5   Percentage of Tf loaded wit

intensity ratios as a function of molar excess addition. PB/HC

same as Fig. 4.2 

 The Zn2+ ion is similar in size to Ni

base (HSAB) properties, suggesting that they would have similar binding abilities 

to Tf.  According to Harris, the binding constant of Zn

of Ni2+, but less than Fe3+.

in Tf,  which appears to reach a plateau equivalent to a loading of ~ 41.0 % at an 

excess of 10 molar equivalents.  On a molar basis, this is equivalent to a ratio of 

~0.8:1 (Zn:Tf). Zn2+ is a d

no change in CFSE, making the Zn
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Percentage of Tf loaded with Ni2+ and relative Ni (I)/C (I) and Ni (I)/S (I) emission 

intensity ratios as a function of molar excess addition. PB/HC-OES operating parameters are the 

 

 

Zinc Loading 

ion is similar in size to Ni2+ and has very similar hard soft acid 

base (HSAB) properties, suggesting that they would have similar binding abilities 

to Tf.  According to Harris, the binding constant of Zn2+ to Tf is greater than that 

.4, 33  Figure 4.6 presents the loading response for Zn

in Tf,  which appears to reach a plateau equivalent to a loading of ~ 41.0 % at an 

excess of 10 molar equivalents.  On a molar basis, this is equivalent to a ratio of 

is a d10 transition metal that upon complexation with Tf has 

no change in CFSE, making the Zn2+-Tf complex more stable than that of Ni

 

and relative Ni (I)/C (I) and Ni (I)/S (I) emission 

arameters are the 

and has very similar hard soft acid 

base (HSAB) properties, suggesting that they would have similar binding abilities 

to Tf is greater than that 

6 presents the loading response for Zn2+ 

in Tf,  which appears to reach a plateau equivalent to a loading of ~ 41.0 % at an 

excess of 10 molar equivalents.  On a molar basis, this is equivalent to a ratio of 

transition metal that upon complexation with Tf has 

Tf complex more stable than that of Ni2+.4  



 

The element emission ratios of Zn (I)/C (I) and

responses as seen with the loading curve.

 

Figure 4.6   Percentage of Tf loaded with Zn

emission intensity ratios as a function of molar excess addition. PB/HC

parameters are the same as Fig. 4

 

 Platinum-based drugs are well known in cancer therapies, and so there is 

question on the possible role that Tf may play in their transport.  Platinum

complexes have been studied by Sadler and co

there are 3 potential metal bin

residues; two of which are on the protein surface and one that is accessible 

within the N-lobe.34  NMR studies ruled out binding in 
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The element emission ratios of Zn (I)/C (I) and Zn (I)/S (I) show the same general 

responses as seen with the loading curve. 

Percentage of Tf loaded with Zn2+ and relative Zn (I)/C (I) and Zn (I)/S (I) 

emission intensity ratios as a function of molar excess addition. PB/HC-OES operating

arameters are the same as Fig. 4.2 

Silver Loading 

based drugs are well known in cancer therapies, and so there is 

question on the possible role that Tf may play in their transport.  Platinum

complexes have been studied by Sadler and co-workers who suggested that 

there are 3 potential metal binding locations on Tf, all involving methionine (Met) 

residues; two of which are on the protein surface and one that is accessible 

NMR studies ruled out binding in N- and C

Zn (I)/S (I) show the same general 

 

and relative Zn (I)/C (I) and Zn (I)/S (I) 

OES operating 

based drugs are well known in cancer therapies, and so there is 

question on the possible role that Tf may play in their transport.  Platinum-Tf 

workers who suggested that 

ding locations on Tf, all involving methionine (Met) 

residues; two of which are on the protein surface and one that is accessible 

C-lobe sites 
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depicted in Fig. 4.1.  Unfortunately, the preset spectrometer configuration does 

not permit Pt (I) emission monitoring, but there is an Ag (I) channel.  The 

interaction of silver and sulfur is a favorable interaction due to soft character of 

both elements (HSAB). To date, there have been no literature reports of Ag+-Tf 

binding and this is the first report to our knowledge.  It was hoped that the 

chemical similarities between Pt2+ and Ag+ would yield loading responses that 

might be relevant.  The loading curve for silver seen in Fig. 4.7 shows some 

interesting characteristics; far different from the other transition metals presented 

previously.  A steady increase in loading is seen up to molar excesses of 10:1 

(Ag:Tf), with a maximum loading value of ~141.2 % based on the two-lobe 

model.  In practice, the data reflects a stoichiometry of ~2.8 Ag:Tf.  This is far 

greater loading than seen for the other metal ions.  The Ag+ data here seems to 

strongly support the Pt2+ work of Sadler,34 implying that there are two easily-

accessible sites, and one of perhaps more hindered access.  This latter 

supposition will be addressed in the discussion of competitive binding. 

 



 

Figure 4.7   Percentage of Tf loaded with Ag

intensity ratios as a function of molar excess addition. PB/HC

same as Fig. 4.2 

Competitive Metal Binding with Tf

 Other than the case of 

ca. 470 nm when complexed with Tf, the responses seen in the 255 and 295 nm 

regions upon metal binding within the Tf lobe structure are completely non

specific.  The uniqueness of the PB/HC

multiple elements can be detected simultaneously.  This allows for competition 

studies to be carried out, with the OES signals being reflective of the amounts of 

incorporated metal ions.  A mixture containing 10 molar equivalent excesses of 

Fe3+, Ni2+, and Zn2+ (each) was added to the apo
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Percentage of Tf loaded with Ag+ and relative Ag (I)/C (I) and Ag (I)/S (I) emission 

sity ratios as a function of molar excess addition. PB/HC-OES operating parameters are the 

 

 

Competitive Metal Binding with Tf 

Other than the case of Fe3+ which produces a somewhat unique response 

ca. 470 nm when complexed with Tf, the responses seen in the 255 and 295 nm 

regions upon metal binding within the Tf lobe structure are completely non

specific.  The uniqueness of the PB/HC-OES method is that the r

multiple elements can be detected simultaneously.  This allows for competition 

studies to be carried out, with the OES signals being reflective of the amounts of 

incorporated metal ions.  A mixture containing 10 molar equivalent excesses of 

(each) was added to the apo-Tf solution and the mixture 

 

and relative Ag (I)/C (I) and Ag (I)/S (I) emission 

arameters are the 

which produces a somewhat unique response 

ca. 470 nm when complexed with Tf, the responses seen in the 255 and 295 nm 

regions upon metal binding within the Tf lobe structure are completely non-

OES method is that the response of 

multiple elements can be detected simultaneously.  This allows for competition 

studies to be carried out, with the OES signals being reflective of the amounts of 

incorporated metal ions.  A mixture containing 10 molar equivalent excesses of 

Tf solution and the mixture 
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allowed to incubate at 37 ºC for 24 hours (pH = 7.4) to ensure an equilibrium 

situation was attained (as was the case in the previous loading experiments).  

Figure 4.8 represents the loading values for each metal ion as well as the total 

loading.  Harris has reported that Ni2+ binding prefers the N lobe of Tf, and that 

Fe3+  and Zn2+  prefer to bind the C lobe.4  As indicated in the figure, the Fe3+ and 

Zn2+ loading values are reduced by ~50% in comparison to those of the single 

metal ion loading studies, suggesting that Fe3+  and Zn2+  are competing over the 

C lobe binding sites available. Ni2+ loading values were only lowered by 4 % in 

the competitive binding case versus the Ni2+-only study, suggesting that there 

may not be any competition with Ni2+ for the N-lobe binding site.  Therefore, the 

general picture taken from this study is the Ni2+ fills the N-lobe, to the exclusion of 

Fe3+ and Zn2+, whose total loading is limited by not having access to that region 

of Tf.   The 50% suppression of Fe3+ binding is consistent to the amounts 

observed previously. 11, 12  The cumulative loading of the transferrin is only ~72% 

(based on two—lobe binding), meaning that the protein loading is still not 

stoichiometric.     
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 Table 4.2  Summary of metal loading of human serum apo-transferrin. 
Metal Loading Percentage 
Fe3+ 71.2 ± 4.7 % 
Ni2+ 19.5 ± 0.4 % 
Zn2+ 41.0 ± 4.4 % 
Ag+ 141.2 ± 4.3 % 

  
1st Competition Study 
Fe3+ 33.4 ± 6.1 % 
Ni2+ 14.0 ± 1.3 % 
Zn2+ 24.9 ± 0.8 % 
Total Mn+ 72.3 ± 6.3% 

  
2nd Competition Study 

Fe3+ 24.2 ± 4.8 % 
Ni2+ 15.3 ± 1.0 % 
Zn2+ 19.6 ± 5.2 % 
Ag+ 101.0 ± 12.3 % 
Total Mn+ 160.1 ± 14.2 % 

 

 

 A second competitive metal loading experiment was performed to provide 

better understanding of the Ag+ binding mechanism to Tf.  In this case, a 10-fold 

excess of Ag+ was added to the mixed transition metal solution prior to incubation 

with apo-Tf as described above.  The relative binding depicted in Fig. 4.8 is quite 

striking.  First, the loading percentages of the transition metals are statistically 

the same as the first study.  Second, the relative loadings of Fe3+, Ni2+, and Zn2+ 

are also not affected by the presence of Ag+.  Finally, the extent of Ag+ 

incorporation is equivalent to 2 atoms per molecule of Tf (100 % based on the 

two-site model), instead of the ~2.8 atoms in the Ag+-only binding study.  These 

data fully support the findings of Sadler as the Ag+ occupies the two surface-Met 

sites, and does not fill the site located within the region of the N-lobe.  This is not 



 

surprising as the closing of the 

makes the third site (which was not completely occupied in the Ag

inaccessible.  Keeping in mind that only closed

passed in to the cell by the Tf receptor, these da

passively with closed-lobe Tf, and does not compete to the exclusion of Fe

entering the cell. 

Figure 4.8    Results of competitive metal binding study of Fe

added to Tf (incubation for 24 hrs. at 37 °C) and r

Fe3+, Ni2+, Zn2+, and Ag+ simultaneously added to Tf (incubation for 24 hrs. at 37 °C). PB/HC

operating parameters are the same as Fig. 4

The PB/HC-OES method has been shown to be a useful tool for 

metallomics studies, specifically metal binding to proteins.  The ability to 
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surprising as the closing of the N-lobe upon filling with the other transition metals 

makes the third site (which was not completely occupied in the Ag

inaccessible.  Keeping in mind that only closed-lobe transferrin is recognized and 

passed in to the cell by the Tf receptor, these data imply that Pt2+ is transported 

lobe Tf, and does not compete to the exclusion of Fe

Results of competitive metal binding study of Fe3+, Ni2+, and Zn2+ simultaneously 

24 hrs. at 37 °C) and r esults of competitive metal binding study of 

simultaneously added to Tf (incubation for 24 hrs. at 37 °C). PB/HC

he same as Fig. 4.2 

 

CONCLUSION 

OES method has been shown to be a useful tool for 

metallomics studies, specifically metal binding to proteins.  The ability to 

upon filling with the other transition metals 

makes the third site (which was not completely occupied in the Ag-only case) 

lobe transferrin is recognized and 

is transported 

lobe Tf, and does not compete to the exclusion of Fe3+ 

 

simultaneously 

esults of competitive metal binding study of 

simultaneously added to Tf (incubation for 24 hrs. at 37 °C). PB/HC -OES 

OES method has been shown to be a useful tool for 

metallomics studies, specifically metal binding to proteins.  The ability to 
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unambiguously determine the identity and concentration of incorporated metals 

(including as mixed metal systems) provides far greater information than can be 

obtained via UV-VIS absorbance spectrophotometry.  The basic method was 

validated by comparing the PB/HC-OES results with those of UV-VIS 

experiments, with the two methods yielding values of 71.2 and 67.5 %, 

respectively.  The ability to monitor the optical emission of protein constituent 

elements (C and S here) provides a means better assuring that the metals are 

indeed bound to the protein, as well as provide direct stoichiometric evidence of 

incorporation.  Ultimately, the ratio method makes the empirical formulae 

determinations independent of the actual protein concentrations. Detection limits 

in the low µM to nM range allow for detection of small sample quantities and the 

evaluation of metals that may have small binding constants with Tf. Ni2+, Zn2+, 

and Ag+ were loaded individually into Tf and determined to bind at 19.5 ± 0.4 %, 

41.0 ± 4.4 %, and 141.2 ± 4.3 % relative to a two-site Tf model, respectively.  Ag+ 

loading suggest that another mode of binding is taking place, presumably 

reflective of the three Met associations seen in the past for Pt2+ binding. 

Competitive metal binding studies with Tf have shown that Ni2+ inhibits the 

binding of Fe3+ and Zn2+ by ~50%, reflecting its occupancy of the N-lobe to 

exclude the access of the others.  Near saturation of the two primary binding 

lobes has little effect on the Ag+ binding to surface Met groups, but hinders 

addition to the buried Met group.  It is believed that the PB/HC-OES method 

provides a level of specificity and sensitivity not available in more typical 

methods, on a relatively simple instrumental platform. 
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CHAPTER FIVE 

INSTRUMENTAL COMPARISON OF THE DETERMINATION OF Cr3+ UPTAKE 

BY HUMAN TRANSFERRIN 

 

INTRODUCTION 

  Metallomics is the field of research that involves understanding how metal 

species interact and function within biological systems.1  Metal containing 

proteins, known as metalloproteins, make up approximately one-third of all 

known proteins and the understanding of how these metals are trafficked in the 

body is the ultimate goal.2-4 The transport proteins albumin and transferrin are 

found in human serum and are responsible for much of the metal trafficking and 

uptake of essential metals required by the body.  Transferrin (Tf), an iron 

transport protein, is found at a concentration of ~ 35 µM in human serum.5  

Transferrin consists of two almost identical lobes known as the N- and C-terminal 

lobes that can each bind a single Fe3+ ion.  Upon iron binding to apo-transferrin 

(the metal free form), the metal coordinates in a distorted octahedral geometry 

bound to four amino acids (histidine, aspartic acid, and two tyrosines) and a 

synergistic anion, most commonly carbonate, acting as a bidentate ligand.6, 7  It 

has been found that iron only binds to approximately 30% of the transferrin 

circulating in the serum of the human body.  As such, the ~ 70% of the remaining 

transferrin (i.e., apo- or mono- forms) is available to potentially bind other metal 

ions found in human serum.8  These metals may be introduced into the body by 
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diet, supplementation, implants, or contaminants from the environment.  Al3+, 

Cr3+, Cu2+, Ga3+, Ni2+, Ti4+, and Zn2+ are all known to bind to transferrin, with the 

stability constants for these metal-protein complexes generally following the 

same trend as the stability constants for metal-hydroxide binding.5, 9, 10 

 Understanding the role of Cr3+ on human health has been a topic of much 

debate over recent years.11-17  Chromium(III) is considered an essential nutrient 

for carbohydrate metabolism and is thought to enhance insulin binding and 

activity.11  Transferrin is believed to be the major transporter for delivering Cr3+ 

from serum to the cell.17  It has been determined that Cr3+ binds to apo-

transferrin with binding constants of K1 = 1.42 x 1010 M-1 and K2 = 2.06 x 105 M-

1.18  It has been proposed that chromium-loaded transferrin will bind to the 

transferrin receptors on the cell membrane and through receptor mediated 

endocytosis the metal ion will be released into the cell, where it is believed that 

chromodulin sequesters the Cr3+ ion.12  Reports have shown that increases in 

serum insulin result in an increased amount of transferrin receptor on the cell 

surface, which could lead to excess uptake of transferrin-bound metal ions.17  

Vincent posed the question as to whether increased loading of transferrin with 

iron prevents adequate chromium binding and transfer by transferrin, resulting in 

insulin resistance and diabetes.17  Along those same lines, it has been proposed 

that excessive amounts of Cr3+ ions in the body from corrosion of metal 

prosthetic implants may impede the necessary iron binding and/or uptake for cell 

survival.19 
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 In order to study the effects of Cr3+ binding to transferrin under various 

conditions, proper chemical instrumentation is required.  Most transferrin studies 

involving a single-metal utilize UV-VIS absorbance techniques to determine 

protein concentration and the ligand-to-metal charge transfer (LMCT) bands 

(tyrosine to metal) to characterize the complex.5, 10, 20, 21  Although a very simple 

and useful technique, UV-VIS does not provide species-specific (ion-complex) 

signatures, therefore it must be coupled with some form of atomic spectroscopy 

in order to distinguish between multiple metal ions that may be bound.  

Inductively coupled plasma-optical emission spectroscopy or mass spectrometry 

(ICP-OES or -MS) can provide the ability to detect the multiple metals bound to 

transferrin with very good precision and sensitivity.  The primary drawback is that 

most ICP sources are operated at atmospheric pressure and are unable to detect 

H, C, N, or O responses which reflect the composition and concentration of 

proteins.  The stoichiometry of metal to protein composition is what ultimately is 

needed to determine loading percentages for metal loaded protein studies.  The 

Sanz-Medel group recently reported the interactions of cisplatin with serum 

proteins using S responses (reflective of protein concentration) via ICP-MS to 

identify protein-metal complexes.22  Sulfur and phosphorous signals are widely 

interfered with by polyatomic ions and not sensitive due to high ionization 

potentials, making their determinations difficult with conventional ICP-MS 

instrumentation.23  Thus in order to determine protein concentrations and loading 

abilities in most studies, both ICP and UV-VIS are used jointly.   
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 As an alternative, electrospray ionization-mass spectrometry/mass 

spectrometry (ESI-MS/MS) can be used as a qualitative method to determine 

whether or not metal is bound within the protein, but ESI-MS offers poor 

quantification capabilities.24  Recently ESI-MS was used to determine reactivity 

and selectivity of anticancer metallodrugs with transferrin, allowing for the 

determination of the specific site to which the metallodrug binds.25  Analyzing 

metal-protein complexes in physiological conditions requires the sample to be in 

a buffered solution.  Buffer solutions are typically high in salt content and 

suppress ionization of the desired product,26 so to analyze the sample it must be 

in an ESI-compatible solution, such as acetonitrile.  This will change the pH and 

ionic strength of the sample media, both of which may cause the metals to be 

released from complexes.  Ideally, a technique that allows analysis of the metal-

protein complexes without changing the sample media and allows for detection of 

non-metals and metals simultaneously would provide a more comprehensive 

technique for determining metal-protein interactions. 

 The particle beam/hollow cathode-optical emission spectrometer (PB/HC-

OES), operates at inert atmosphere, utilizing glow discharge phenomena which 

allows detection of metals (i.e. Fe, Cr, Ni, or Ag) and non-metals (i.e. H, C, N, S, 

and O) simultaneously.7  The use of the particle beam allows for metal-protein 

complexes to be introduced from the original sample media by removing all 

solvent vapors and leaving only the dry analyte particle of interest to enter the 

hollow cathode source.  Once particles enter the heated hollow cathode source 

(consisting of the glow discharge plasma) they are vaporized, atomized, and 
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excited.  The excited analyte atoms emit photons that are detected using a high 

resolution, vacuum polychromator, allowing for the determination of non-metal 

and metal species’ emission responses simultaneously.  Recently, this laboratory 

has demonstrated the use of this instrument for determinations of loading 

percentages of Fe3+, Ni2+, Zn2+, and Ag+ bound to transferrin individually and as a 

competition study using Mn+ (I)/C (I) ratios to determine empirical formulas that 

represent the loading percentages of each metal bound to transferrin.7  In 

addition, detection limits are in the low nM to µM range which allows for the 

analysis of metals that may have weak binding constants to transferrin with good 

precision and accuracy.  Presented in this study is a comparison of UV-VIS 

absorbance, ICP-OES, and PB/HC-OES methods for investigating the 

interactions of Cr3+ with human transferrin to determine loading characteristics.  

Evaluation of the aforementioned methods will be conducted by studying 

chromium upload at equilibrium conditions, kinetic aspects, varying companion 

anions, and under competition with iron for upload into apo- and holo-transferrin.  

Chapter 5 was published in Metallomics (C. D. Quarles Jr., J. L. Brumaghim, R. 

K. Marcus, 2010, vol. 2, pp. 792-799). 

 

 

EXPERIMENTAL 

Sample Preparation 

 High-purity (18.2 MΩ-cm) Barnstead Nanopure (Dubuque, IA) water and 

methanol (EMD Chemicals, Cincinnati, OH) were used as the primary solvents.  
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Samples were prepared in 15 mL centrifuge tubes that had been washed with 1M 

HCl, thoroughly rinsed, and dried to remove residual metals.  Stock solutions of 

human holo- and apo-transferrin (50 µM, Sigma-Aldrich, St. Louis, MO) were 

prepared separately in Tris buffer (20 mM, TEKnova, Hollister, CA) at pH 7.4.  

Sodium carbonate (20 mM, Sigma-Aldrich) was added to all Tf solutions unless 

otherwise noted.  Iron solutions were prepared by adding iron nitrate (45 µM, 

Sigma-Aldrich) and nitriloacetic acid (NTA, 90 µM, Sigma-Aldrich) in a 1:2 ratio 

respectively to hydrochloric acid (0.1 M, J. T. Baker, Phillipsburg, NJ) and 

adjusting the pH to 4.0.27  Sodium citrate (1000 µM, Sigma-Aldrich) solutions 

were prepared in nanopure water.  Chromium solutions were prepared by adding 

chromium nitrate or chromium chloride (1000 µM, Sigma-Aldrich) to nanopure 

water.  Transferrin was loaded with chromium by adding 0 – 10 molar equivalents 

of Cr(NO3)3 to the apo-transferrin solution, followed by incubation of the samples 

at 37 °C for 24 h. 7  Following the incubation period the unbound metal was 

separated from the metal-loaded transferrin using a desalting SephadexTM G-25 

M PD-10 column (GE Healthcare, Buckinghamshire, UK).7  Since the chromium 

bound transferrin is colorless the desalting separation was done in a methodical 

way and repeated for all samples to ensure that all unbound chromium was 

separated prior to analysis.  The procedure previously employed for the loading 

of the iron in transferrin,7 was shown to be quite robust and was incorporated 

here.  In that method, the sample (2 mL of Mn+-Tf) was added to the desalting 

column, followed by 1 mL of tris buffer, and then an additional 2 mL of tris buffer 

was added and the 2 mL fraction was collected.  After obtaining the sample 
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fraction, re-equilibration of the column was done with 3 mL of tris buffer prior to 

the next usage.   

 

pH Measurements 

 All solutions were pH measured with an Accumet Research AR 10 pH 

meter (Fisher Scientific, Pittsburgh, PA) with an Accumet double junction 

Ag/AgCl pH probe (Fisher Scientific).  Adjustments to pH were made with 

hydrochloric acid (6.0 M, Sigma-Aldrich) and sodium hydroxide (2.0 M, Sigma-

Aldrich).  

 

Kinetic study 

 10 molar equivalents of  Cr(NO3)3 were added to a stock solution of apo-

transferrin, followed by incubation at 37 °C, 2 mL a liquots were removed at 1, 3, 

7, and 10 d (desalting took place immediately following incubation period prior to 

analysis). 

 

Anion and Ligand Study 

 10 molar equivalents of Cr(NO3)3 and CrCl3 with and without excess 

sodium carbonate (excess = 20 mM) and sodium citrate (1 mM) were added to 

the apo-transferrin solution, followed by incubation at 37 °C of the samples for 24 

h (desalting took place immediately following incubation period prior to analysis).   
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Fe3+ vs. Cr3+ Apo-transferrin Competition Study 

 0 – 10 molar equivalent ratios of Fe(NTA)2 to Cr(NO3)3 were added to the 

apo-transferrin solution, followed by incubation at 37 °C of the samples for 24 h 

(desalting took place immediately following incubation period prior to analysis).   

 

Displacement Study 

 0 – 10 molar equivalents of Cr(NO3)3 were added to the holo-transferrin 

solution, followed by incubation at 37 °C of the sampl es for 24 h (desalting took 

place immediately following incubation period prior to analysis). 

All of the samples from each study above were then analyzed by ICP-OES, 

PB/HC-OES, and UV-VIS absorbance.  All samples were kept in buffered 

solutions (pH 7.4) throughout the experiment so that no species-interconversion 

should have occurred during the metal loading process.7   

 

UV-VIS Absorbance 

 All absorbance measurements were performed with a Genesys 10-S UV-

VIS spectrometer (Thermo Electron Corporation, Waltham, MA).  The 

concentration of Tf was determined by measuring the absorbance at 280 nm and 

using an extinction coefficient of 87,200 M-1 cm-1.27  The concentration of Fe3+ 

loaded into the Tf was determined by measuring the absorbance at 470 nm and 

using an extinction coefficient of 4,860 M-1 cm-1.27  Metal-protein spectra were 

measured using an apo-transferrin solution (no loaded metal ion) as the blank. 
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ICP-OES 

 A Jobin-Yvon Ultima 2 (JY Horiba, Longjumeau, France) was used to 

determine metal concentrations for each Tf solution and the loading percentage 

values were calculated using the Tf concentration determined by UV-VIS 

absorbance.  All sample solutions were delivered from the AS-500 auto-sampler 

and introduced into the cyclonic spray chamber by way of a Meinhard concentric 

glass nebulizer.  The Ultima 2 optical emission spectrometer consists of a 1.0 m 

Czerny-Turner monochromator equipped with a holographic grating (2400 

grooves mm-1) and a single photomultiplier tube as the detector.  Data acquisition 

and instrument control were obtained by the JY Analyst v5.2 software.  Operating 

parameters: power = 1000 W, Ar gas flow rate = 12.0 L min-1, nebulizer = 0.02 L 

min-1 at 1.0 bar, sheath gas flow rate = 0.20 L min-1, peristaltic pump speed = 

20.0 rpm, Fe (I) 259.94 nm, Cr (I) 283.56 nm. 

 

PB/HC-OES 

 A particle beam/hollow cathode-optical emission spectrometer was used 

to determine metal and non-metal concentrations of the metal-loaded Tf solutions 

simultaneously as previously described.7  The PB/HC-OES instrument is a home-

built system that has been through 15 years of improvements and optimization.7, 

28-43  The particle beam consists of a thermoconcentric nebulizer, desolvation 

chamber, and a two stage momentum separator.  The nebulizer creates a 

aerosol spray that enters the desolvation chamber where the particles are further 

desolvated before passing through a two stage momentum separator that 
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removes all low mass particles (e.g. solvent and nebulizer gas).  After passing 

through the momentum separator, dry analyte particles enter into the copper 

hollow cathode glow discharge source where the particles are vaporized, 

atomized, and excited.  A 0.5-m Paschen-Runge polychromator (JY RF-5000) 

consists of an ion-etched holographic grating (2400 grooves mm-1) with a 

practical resolution of ~0.01 mm utilizing 26 photomultiplier tubes to detect the 

emission signals.  The optical path was nitrogen-purged to allow for detection 

across the spectral range of 110-620 nm.  The operating parameters: mobile 

phase = 50:50 water:methanol, nebulizer gas flow rate = ~1400 mL min-1 He, 

nebulizer tip temperature = 105 °C, HPLC flow rate = 1.0 mL min-1, 200 µL 

injection loop, desolvation chamber temperature = 150 °C, hollow cathode block 

temperature = 210 °C, discharge current = 60 mA, dischar ge pressure = 2 Torr 

He, C (I) 156.14 nm, Cr (I) 425.43 nm, Fe (I) 371.99 nm. 

 

Analytical Responses 

 ICP-OES calibration curves of 0.1 – 100 µM were prepared from stock 

standard solutions of Fe3+ and Cr3+ (High Purity Standards, Charleston, SC).  

PB/HC-OES calibration curves were prepared from aqueous standards of 0.1 – 

500 µM Fe3+ and Cr3+, it has been previously determined that responses for 

metal ions are the same regardless of the sample matrix, allowing for quantitative 

analysis of the metal in both organic and inorganic forms.7, 30    Typical response 

functions (derived from triplicate measurements from continuous sample 

introduction) for the ICP-OES system and response functions (derived from 
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triplicate 200 µL injections at each concentration) for the PB/HC-OES system are 

presented in Table 5.1.  Calibration prior to each set of analyses was performed 

to provide the highest accuracy for the sample results.   

 

Loading Percentages 

 All loading percentages are calculated based on the assumption that 2 

molar equivalents of metal ions can be loaded into transferrin, meaning a 2 Fe:1 

Tf molar ratio would equate to 100% loading.  

 

Table 5.1  Typical elemental quantification data for PB/HC-OES and ICP-OES 
methods. 

Element Response Function Accuracy (R 2) LODs (µM)  
PB/HC-OES Fe (I) y = 0.0016x - 0.0018 0.9912 0.17 

Cr (I) y = 0.0397x - 0.1470 0.9899 0.07 
C (I) y = 0.0047x - 0.0082 0.9694 0.2 

ICP-OES Fe (I) y = 7819.7x + 1421.9 0.9997 0.05 
Cr (I) y = 0.0397x - 0.1470 0.9999 0.003 

 

 

RESULTS AND DISCUSSION 

Concentration Effects on Chromium Loading 

 Previous work determining Cr3+-Tf complexes using UV-VIS absorbance 

reported spectral bands at 293, 440, and 615 nm.44  Figure 5.1a displays the 

spectral response of increased amounts of chromium loaded into apo-transferrin 

over a range of 225 – 650 nm.  The spectra show spectral bands at 254, 298, 

428 nm that correspond to LMCT of tyrosine to the metal ion (chromium in this 
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case), each showing increased absorbance values with increasing Cr3+ 

exposure.  The weak band at 428 nm is specific to the chromium ion, while the 

two bands at 254 and 298 nm are the strongest, but are non-specific and 

represent the LMCT of any bound metal ion.  For iron, spectral bands are found 

at 254, 298, and 470 nm that represent iron being loaded into the binding lobes 

of transferrin.21  These bands all show an increase that is proportional to the 

increasing amount of chromium available to bind to apo-transferrin.  Figure 5.1b 

represents the corresponding loading percentages of Cr3+ bound to apo-

transferrin determined by both the ICP-OES and PB/HC-OES methods.  The 

loading percentages in Table 5.2, found by both methods are in good agreement 

and are not significantly different at any value based on p values (< 0.05).  The 

loading percentages for the ICP method were determined with the use of the UV-

VIS spectrophotometer (i.e. Cr concentration via ICP and Tf concentration via 

UV-VIS).  The loading percentages for the PB/HC-OES method are reflective of 

the directly-measured ratio of Cr (I)/C (I).7  The maximum loading at a 10 molar 

equivalent excess was determined to be 26.8 ± 3.5 % and 25.3 ± 2.2 % for the 

ICP-OES and PB/HC-OES methods, respectively.  This loading percentage was 

below expectations and should be much higher based on the stability constants 

of Cr3+ (K1 = 17, estimated) and Fe3+ (K1 = 21, measured).10  Previously, Fe3+ 

was found to load into transferrin at 71.2 ± 4.7% using this same method.7  

Based on the aforementioned iron loading percentage and stability constant, it 

was expected that chromium would load into approximately 50% of the available 

apo-transferrin.  A reasonable explanation to the lower than expected loading 



 

values is the fact that Cr3+

incubation times (than the 24 hours used here) may be needed to fully load Cr

into transferrin. 

 

(a) 

(b) 
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3+ is an inert metal ion while Fe3+ is labile, so longer 

incubation times (than the 24 hours used here) may be needed to fully load Cr

labile, so longer 

incubation times (than the 24 hours used here) may be needed to fully load Cr3+ 
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Figure 5.1   Additions of 0 -10 molar equivalents of Cr3+ loaded into apo-transferrin.  a) UV-

VIS spectrum and b) loading percentages determined by PB/HC-OES method from Cr3+/C ratios 

and ICP-OES method with UV-VIS absorbance jointly to determine metal and protein 

concentrations for loading percentages. 

 

 

Table 5.2 Cr3+ Loading into apo-Tf, incubated @ 37 °C for 24 h. 

 
ICP-OES PB/HC-OES  

Molar Equivalent 
Additions of Cr 3+ 

% Tf Loaded 
with Cr 3+ Cr3+/C Ratio % Tf Loaded 

with Cr 3+ 
0 0 0 0 
2 12.6 ± 1.8 0.220 12.7 ± 0.5 
4 18.0 ± 2.1 0.242 18.4 ± 0.7 
6 20.5 ± 2.8 0.248 20.0 ± 0.2 
8 21.9 ± 2.4 0.253 21.2 ± 0.8 

10 26.8 ± 3.5 0.268 25.3 ± 2.2 
 

 

Kinetic Aspects of Chromium Loading 

 In order to determine if kinetics are limiting the exchange of Cr3+ from the 

solution environment to transferrin, excess sodium carbonate and a 10 molar 

equivalent excess of Cr3+ was added to a stock solution of apo-transferrin and 

allowed to incubate for 10 days.  Figure 5.2 represents the UV-VIS spectra 

ranging from 225 – 650 nm for aliquots removed from the stock solution ranging 

from day 1 to day 10.  As can be seen from the spectra, the absorbance bands 

observed at 254 and 298 nm increase as the sample undergoes longer 

incubation times.  The background increases with each sample over the range of 

300-650 nm, making it impossible to quantify the amount of Cr3+ loaded into apo-

transferrin using the 428 nm spectral band. Analysis of these chromium-



 

transferrin complexes by the atomic spectroscopy methods confirms that 

changes in the absorbance spectra at 428 nm do not coincide with the actual 

amount of Cr3+ loaded into apo

instruments were in good agreement for all but the day 1 sample (p value < 

0.05).  Table 5.3 shows after 10 days of incubation the loading percentages 

increased to 49.7 ±  4.5 % and 55.7 

determined by the ICP-OES and PB/HC

value of ~ 55 % transferrin loaded with Cr

the estimated stability constant for a Cr

it is necessary for Cr3+ to be in the presence of transferrin for an extended period 

of time (up to 10 days) to get maximum loading.  

Figure 5.2   Cr3+ loading study over a 10 day period
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transferrin complexes by the atomic spectroscopy methods confirms that 

changes in the absorbance spectra at 428 nm do not coincide with the actual 

loaded into apo-transferrin.  The data obtained from both 

instruments were in good agreement for all but the day 1 sample (p value < 

0.05).  Table 5.3 shows after 10 days of incubation the loading percentages 

4.5 % and 55.7 ± 3.2 % transferrin loaded with Cr

OES and PB/HC-OES methods, respectively.  A loading 

value of ~ 55 % transferrin loaded with Cr3+ is closer to expectations based on 

the estimated stability constant for a Cr3+-Tf complex.10  Based on these results, 

to be in the presence of transferrin for an extended period 

of time (up to 10 days) to get maximum loading.   

loading study over a 10 day period examined by UV-VIS absorbance.

transferrin complexes by the atomic spectroscopy methods confirms that 

changes in the absorbance spectra at 428 nm do not coincide with the actual 

rin.  The data obtained from both 

instruments were in good agreement for all but the day 1 sample (p value < 

0.05).  Table 5.3 shows after 10 days of incubation the loading percentages 

3.2 % transferrin loaded with Cr3+ as 

OES methods, respectively.  A loading 

is closer to expectations based on 

Based on these results, 

to be in the presence of transferrin for an extended period 

 

VIS absorbance. 
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Table 5.3  Kinetic study of Cr3+ loading into apo-Tf. 

 
ICP-OES PB/HC-OES  

10 Molar Equivalent s 
of Cr 3+ Incubated for 

% Tf Loaded 
with Cr 3+ Cr3+/C Ratio % Tf Loaded 

with Cr 3+ 
1 Day 35.5 ± 3.5 0.280 28.5 ± 2.9 
3 Days 37.7 ± 3.9 0.308 35.9 ± 2.4 
7 Days 47.8 ± 3.3 0.345 45.6 ± 3.4 

10 Days 49.7 ± 4.5 0.383 55.7 ± 3.2 
 

 

Anion Ligand Effects on Chromium Loading 

 Carbonate is a synergistic anion that is important for the binding of metal 

ions into the N- and C-terminus lobes of transferrin; without carbonate, metal-

transferrin binding is weak.5  Citrate is a chelating agent that is commonly used to 

load Cr3+ (i.e. chromium-citrate) into apo-transferrin in vitro, with pKa (2.9, 4.3, 

and 5.6) all well below the physiological pH 7.4.45  The presence of citrate and 

carbonate in solution with Cr3+ plays a role in the loading of chromium into apo-

transferrin.  Table 5.4 represents the loading percentages of transferrin bound 

with Cr3+ under various loading conditions with and without excess citrate and 

carbonate.  The UV-VIS spectra (not presented here) of chromium nitrate and 

chromium chloride do not reflect the actual amount of Cr3+ that has been loaded 

into apo-transferrin.  As presented above, the higher amounts of Cr3+ loaded into 

apo-transferrin result in an increased background that interferes with the 428 nm 

band so the study was monitored using the ICP-OES and PB/HC-OES methods. 
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Table 5.4  Anion and ligand effects on Cr3+ loading into apo-Tf, incubated @ 
37 °C for 24 h. 

 
ICP-OES PB/HC-OES  

10 Molar Equivalent 
Additions 

% Tf Loaded 
with Cr 3+ Cr3+/C Ratio % Tf Loaded 

with Cr 3+ 
Cr(NO3)3 71.0 ± 3.1 0.437 69.1 ± 1.7 
Cr(NO3)3 + citrate 57.2 ± 2.5 0.391 57.7 ± 0.8 
Cr(NO3)3 + citrate + CO3

- 31.0 ± 3.7 0.293 32.0 ± 0.2 
Cr(NO3)3 + CO3

- 28.8 ± 4.1 0.275 27.1 ± 1.3 
CrCl3 60.7 ± 2.1 0.411 63.0 ± 0.7 
CrCl3 + citrate 52.6 ± 3.3 0.373 53.2 ± 1.9 
CrCl3 + citrate + CO3

- 35.5 ± 2.1 0.315 37.8 ± 1.7 
CrCl3 + CO3

- 34.7 ± 3.9 0.304 34.8 ± 1.4 
  

  

 As demonstrated by the data presented in Table 5.4, the addition of 

anions limits the uptake of Cr3+ into transferrin as a larger amount of chromium 

was loaded into apo-transferrin when there was no citrate present.  The loading 

percentages suggest that citrate is competing with transferrin for Cr3+ binding 

during the 24 hour incubation time.  When comparing the nitrate versus chloride 

Cr3+ species, it would seem that the larger loading percentages observed for 

nitrate are due to it acting as a better synergistic anion than chloride when there 

is no excess carbonate present.  Another possibility is the fact that chloride plays 

an important part in the release of iron from transferrin,46 so the excess chloride 

may promote some loss of Cr3+ from the transferrin binding pocket.  Once 

carbonate is introduced into the loading environment, the loading percentages 

are cut almost in half as a competition between carbonate and transferrin for 

chromium may be occurring in solution.  Under these experimental conditions, 

the inertness of Cr3+ combined with the presence of carbonate results in lower 
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binding percentages of Cr3+ into apo-transferrin (i.e., with preference to 

carbonate).  Bertini and co-workers studied the effects of chloride and carbonate 

on copper-transferrin complexes, presenting results showing that increased 

amounts of chloride will cause copper to be released from transferrin and that 

increased amounts of carbonate could cause the reloading of copper into 

transferrin.47   

 The results of the above experiments show that chromium binds into apo-

transferrin more efficiently when citrate and carbonate are not present in excess.  

Under physiological conditions carbonate will always be present at 20 mM, thus 

this concentration of carbonate was used for the remainder of the studies.  It was 

also revealed that it takes > 24 hours to get maximum loading amounts of Cr3+ 

into apo-transferrin.  The kidneys remove most substances in approximately 24 

hours, however the half life for chromium varies from 4 to 35 hours.48   Therefore, 

the remainder of the studies presented here were kept at 24 hours to allow for 

closer approximations to equilibrium conditions and comparisons to other loading 

experiments.  It was also deemed unnecessary to use citrate for the loading 

procedure, since there was suppression in loading observed with citrate.  

Additionally, serum concentrations of citrate would be 10x lower in vivo (~ 100 

µM).49 

 

Competitive Binding of Cr3+ and Fe3+ into Apo-Transferrin 

 To understand the effects of Cr3+ and Fe3+ binding into apo-transferrin 

under both low metal and excess metal conditions, various iron to chromium 
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ratios were introduced into the test media.  Figure 5.3 represents the UV-VIS 

absorbance spectra of the competition between iron and chromium loading into 

apo-transferrin.  Bands at 254 and 298 nm, which are non-specific to the identity 

of the metal loaded into transferrin, increase representing increased total metal 

ions bound to the tyrosine residues in the binding lobes.  More importantly for 

these studies, there is an overlap of the bands at 428 and 470 nm for Cr3+ and 

Fe3+, respectively, that makes determining the amount of each individual metal 

very difficult.  Figures 5.4a and 5.4b graphically display the results of the 

competitive binding experiments for the two metal ions (Fe3+ and Cr3+, 

respectively) as determined by ICP-OES (in conjunction with UV-VIS 

absorbance), PB/HC-OES, and UV-VIS absorbance.  Fig. 5.4a displays the 

amount of Fe3+ loaded into apo-transferrin determined by all three methods.  A 

noticeable difference in the amount of Fe3+ bound to transferrin can be seen for 

the situations where excess metal was used for the loading study.  These 

discrepancies are most likely attributed to the spectral interferences and overlap 

of the two absorption bands for iron and chromium.  Therefore, UV-VIS cannot 

be used by itself for determining the amount of iron bound when multiple metals 

are available for loading into apo-transferrin.   

Figure 5.4b represents the amount of Cr3+ that was loaded into apo-

transferrin under the competitive conditions.  Note first that UV-VIS in and of itself 

is not applicable for Cr3+ loading determinations.  Looking at the loading trends 

from the ICP-OES and PB/HC-OES methods, displayed Figs. 5.4a and 5.4b, 

there is no competition between Cr3+ and Fe3+ when added at a 2:2 molar 



 

equivalent ratio (compared to the values of each metal ion separately).  However, 

when the molar equivalent ratio

iron loading is 5.75 times that of chromium.  In order to get equal amounts of 

Fe3+ to Cr3+ loaded into apo

required.  When both metals are introduced

(10:10 ratio), iron loads into apo

chromium.  There are many reports suggesting that the presence of iron reduces 

the amount of chromium loading into transferrin and report a 

ratio,44, 50-53 but these reports lack quantitative data to support this.  

 

Figure 5.3   UV-VIS absorbance spectrum

caused by molar equivalent ratios of Fe
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equivalent ratio (compared to the values of each metal ion separately).  However, 

when the molar equivalent ratio of iron is 5 x that of chromium (10:2 ratio), the 

iron loading is 5.75 times that of chromium.  In order to get equal amounts of 

loaded into apo-transferrin, 5 times the amount of chromium to iron is 

required.  When both metals are introduced to the apo-transferrin at excess 

(10:10 ratio), iron loads into apo-transferrin at a ratio 2.58 times greater than 

chromium.  There are many reports suggesting that the presence of iron reduces 

the amount of chromium loading into transferrin and report a 1 Fe:1 Cr loading 

but these reports lack quantitative data to support this.   

VIS absorbance spectrum displaying the visual changes in LMCT bands 

caused by molar equivalent ratios of Fe3+ and Cr3+ competitions for loading into apo

equivalent ratio (compared to the values of each metal ion separately).  However, 

of iron is 5 x that of chromium (10:2 ratio), the 

iron loading is 5.75 times that of chromium.  In order to get equal amounts of 

times the amount of chromium to iron is 

transferrin at excess 

transferrin at a ratio 2.58 times greater than 

chromium.  There are many reports suggesting that the presence of iron reduces 

1 Fe:1 Cr loading 

 

displaying the visual changes in LMCT bands 

competitions for loading into apo-transferrin. 



 

Figure 5.4    a) Displays a comparison of the Fe

and PB/HC-OES methods. * denotes a significant difference between the ICP

and the UV-VIS absorbance percentage determined by p value < 0.05.

of the Cr3+ loading percentages b

difference from the first data points (0 Fe: 2 Cr) determined by p value < 0.05.

(a) 

(b) 
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Displays a comparison of the Fe3+ loading percentages by UV-VIS, ICP

OES methods. * denotes a significant difference between the ICP-OES percentage 

VIS absorbance percentage determined by p value < 0.05.  b) Displays a comparison 

loading percentages by ICP-OES and PB/HC-OES methods. * denotes a significant 

difference from the first data points (0 Fe: 2 Cr) determined by p value < 0.05. 

 

VIS, ICP-OES, 

OES percentage 

Displays a comparison 

OES methods. * denotes a significant 
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 In summary the data suggests that in the case of excess Cr3+ (as might 

occur in cases of chromium toxicity), apo-transferrin binds up to 30% iron 

meaning that cells should still uptake close to the normal amount of iron.5  

According to Vincent, there may be a direct link between diabetes and 

hemachromatosis.17  The data presented here reveals that chromium loading 

decreases under excess iron conditions (hemochromatosis patients), suggesting 

that hemochromatosis leads to lower chromium levels in the body.  It is clear 

from the data that regardless of the amount of Cr exposure (up to 10X 

stoichiometry), the iron loading percentages always remain at or above the 

physiological values found in the body.   

 

Competition of Cr3+ with Bound Iron in Holo-Transferrin 

 To further understand how Cr3+ affects Fe3+ loading into transferrin, molar 

equivalent additions of Cr3+ were added to holo-transferrin (~90% iron loaded, 

1.8 Fe:1 Tf). The pH was monitored and maintained at 7.4 throughout the studies 

to assure that a change to more acidic conditions was not the cause of iron 

release.  Although not shown here, the UV-VIS spectrum for molar additions of 

Cr3+ added to holo-transferrin reveals a decrease in Fe3+ loading due to the 

decrease in absorbance seen at 470 nm.  As seen for the previous data, it is 

impossible to determine whether or not Cr3+ was loaded into the transferrin 

binding pockets after the iron was displaced using the UV-VIS absorbance 

spectrum alone. In order to determine the loading percentages for both metal 

ions, ICP-OES and PB/HC-OES methods were used.  The data presented in 



 

Figure 5.5 reflect a scena

into the now empty binding pocket of transferrin.  This is consistent with reports 

in the literature of decreased iron loading due to Cr

environment.44, 50-53   

Figure 5.5 Displays the loading percentages of Fe

OES, and PB/HC-OES methods for 0 

 

The data acquired from the PB/HC

obtained from the ICP

spectrophotometer.   This further supports the use of the PB/HC

a potential metallomics tool for studying metal binding proteins.  The uniqueness 
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Figure 5.5 reflect a scenario wherein Cr3+ displaces the iron and is then loaded 

into the now empty binding pocket of transferrin.  This is consistent with reports 

creased iron loading due to Cr3+ presence in the loading 

 

Displays the loading percentages of Fe3+ and Cr3+ as monitored by UV

OES methods for 0 – 10 molar equivalent additions of Cr3+ to holo

 

CONCLUSION 

red from the PB/HC-OES method matches the data 

ICP-OES method in combination with the UV

This further supports the use of the PB/HC-OES method as 

a potential metallomics tool for studying metal binding proteins.  The uniqueness 

displaces the iron and is then loaded 

into the now empty binding pocket of transferrin.  This is consistent with reports 

presence in the loading 

 

as monitored by UV-VIS, ICP-

to holo-transferrin.   

ches the data 

OES method in combination with the UV-VIS 

OES method as 

a potential metallomics tool for studying metal binding proteins.  The uniqueness 
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of this method allows acquisition of metal/protein ratios that are not affected by 

recovery losses and are a direct representation of the metal-protein complex.  

Spectral interference issues and overlapping LMCT absorbance bands with the 

UV-VIS spectra have been displayed for scenarios involving Cr3+-transferrin 

complexes and multiple metals loaded into apo-transferrin.  It must be made 

clear that UV-VIS absorbance is still a very useful technique and must be used 

jointly with the ICP-OES method.  It has also been demonstrated that the PB/HC-

OES method provides information that is normally collected from multiple 

instruments on a single platform.   

Results of these studies provide new insight into Cr3+/Fe3+-transferrin 

chemistry.  Due to the inert nature, loading of Cr3+ into apo-transferrin is much 

slower than for Fe3+ and requires up to 10 days to achieve 50 % loading.   In 

order to get loading values similar to that of Fe3+ (~ 72% Fe loading reported 

previously with this same PB/HC-OES method7) non-physiological conditions 

were required.  Although the presence of Cr3+ caused some inhibition of the 

ability for Fe3+ to be loaded into transferrin, 5 times the amount of chromium to 

iron was required to get an equal loading scenario (30% Fe: 30% Cr).  This 

potentially means that even at ratios of 1 Fe: 0.8 Cr as might be seen with 

chromium toxicity, iron is still delivered into the cell.  For the case where iron is in 

excess of up to 5 times that of Cr3+ there is a slight inhibition in the ability for Cr3+ 

to be loaded into apo-transferrin.  In addition, holo-transferrin was observed to 

release Fe3+ in the presence of increasing amounts of Cr3+.   
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CHAPTER SIX 
 

COMPETITIVE BINDING OF Fe3+, Cr3+, AND Ni2+ TO TRANSFERRIN 

 

INTRODUCTION 

 Iron is essential for cellular survival and is necessary in proteins for 

oxygen transport and electron transfer processes.1  Human serum transferrin (Tf) 

is the iron transport protein responsible for delivering iron and a variety of other 

metals to cells.2  It is an approximately 80 kDa protein consisting of two almost 

identical lobes, referred to as the C- and N-lobes, that can bind one metal ion 

each.3  The binding pockets of Tf (Fig. 6.1) consist of aspartic acid, histidine, and 

two tyrosine residues, along with a carbonate ion that acts as a bidentate 

synergistic ion to complete the Fe3+ octahedral binding geometry.  The binding 

constants for Fe3+ loading in transferrin in vitro are KC-lobe = 4.7 × 1020 M-1 and KN-

lobe = 2.4 × 1019 M-1 for the C- lobe and N-lobe, respectively, indicating that Fe3+ 

binding to the C-lobe is approximately 20 times stronger than binding to the  N-

lobe.4  Unsurprisingly, Fe3+ typically binds to the C-lobe first, followed by loading 

in the N-lobe.3  Upon metal coordination to either binding pocket, the occupied 

lobe undergoes a conformational change from an open to a closed 

conformation.5  Tf with both lobes in the closed conformation has the highest 

affinity for binding to the transferrin receptor protein (TfR) on cell surfaces.  After 

receptor binding, the Tf-iron complex is taken into the cell by receptor mediated 

endocytosis.6, 7  Normal iron saturation of Tf is typically around 30 %, but can 

vary among individuals.  In serum it has been found that Tf is typically 27 % 



 

diferric, 23 % monoferric 

transferrin.8, 9  In vitro, Fe

somewhat different pH values

 

Figure 6.1       Representation of the transferrin protein (adapt

1AOV).10  Arrows show the potential competition between Fe

binding.  The lower structure is a representation of the metal binding pocket consisting of 

histidine, aspartic acid, two tyrosines, and carbonate with sequence assignment for the 

terminal lobe (N-terminal lobe assignments in parentheses).

 

 
 To regulate cellular iron uptake, transferrin receptor protein production 

decreases as Fe3+ levels within the cell increase; conversely, low cellular Fe

levels result in increased transferrin receptor protein production
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diferric, 23 % monoferric N-lobe, 11 % monoferric C-lobe, and 40 % apo

, Fe3+ release from the C-lobe and N-lobes 

somewhat different pH values.7 

 

Representation of the transferrin protein (adapted from RCSB Protein Data Bank, 

Arrows show the potential competition between Fe3+ and Cr3+ or Fe3+ and Ni

binding.  The lower structure is a representation of the metal binding pocket consisting of 

histidine, aspartic acid, two tyrosines, and carbonate with sequence assignment for the 

terminal lobe assignments in parentheses). 

regulate cellular iron uptake, transferrin receptor protein production 

levels within the cell increase; conversely, low cellular Fe

levels result in increased transferrin receptor protein production.2  

lobe, and 40 % apo-
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concentrations in human serum are approximately 18 µM, whereas Tf 

concentrations range from 25 – 50 µM.3, 11  Iron deficiency can arise from an iron 

deficient diet, chronic disease, or inflammation.12-14  Iron deficiency resulting from 

the aforementioned causes refers to conditions where Fe3+ is in the 4.0 – 9.0 µM 

range, and these low iron levels are  usually associated with less than 

approximately 18 % of iron-loaded Tf.12-14   In contrast, iron overload (greater 

than 36 µM Fe3+) is defined as an iron saturation of Tf that exceeds 

approximately 45 %.12  The most common cause of iron overload is 

hemochromatosis, a hereditary disease that causes increased iron absorption 

and eventually can cause organ damage, type 1 diabetes, cardiomyopathy, and 

arthritis.12, 15   

 As previously mentioned, under normal conditions only approximately 30 

% of the potential Fe3+ binding sites in Tf are occupied, leaving unoccupied 

binding sites either in the C-lobe, N-lobe, or both, to potentially bind other metal 

ions.7  Al3+ , Cr3+ , Cu2+, Ga3+, Ni2+, Ti4+, and Zn2+ are known to bind to Tf,7, 16  and 

these metal ions could either compete with Fe3+ for Tf coordination or bind to the 

unoccupied lobes of Tf.  Soft metal ions such as Pt2+ and Ag+ may also bind to 

sulfur-containing Met residues on the surface of Tf and be potentially carried into 

the cell during endocytosis.17, 18  Other serum proteins, such as human serum 

albumin are also known to bind and transport metal ions,19 so metal ion binding 

and transport in the blood is potentially a complex competition between available 

metal ions and proteins.20 
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 Sadler, et al. reported that Cr3+ preferentially binds to the C-lobe of Tf,3 

suggesting that it has potential to compete with Fe3+ for that binding pocket.  

Experimental binding constants for Cr3+ are KC-lobe = 1.41 × 1010 M-1 and KN-lobe = 

2.04 × 105 M-1, suggesting that there would be limited or no competition with Fe3+ 

for Tf binding.3, 7, 21  Sun, et al. reported an overall effective binding constant of 

2.92 × 1015 M-2 for Cr3+ binding to apo-Tf, a value weaker than that for Fe3+, but 

suggesting that competition between Cr3+ and Fe3+ for Tf binding may occur at 

physiological pH.  In contrast to Fe3+, Cr3+ is a kinetically inert metal ion that 

requires up to 5 – 10 days to achieve maximum loading into apo-Tf,22 likely 

leading to the discrepancies between the estimated and experimentally 

determined binding constants.  Alternatively, Ni2+ is known to preferentially bind 

to the N-lobe of Tf.3  The binding constants for Ni2+ are KC-lobe = 1.70 × 103 M-1 

and KN-lobe = 1.26 × 104 M-1, much lower than for Fe3+, suggesting that nickel may 

bind only to empty lobes instead of competing for Tf binding with Fe3+.23 

 Cr3+ is a required metal ion proposed to play an important part in glucose 

metabolism.24, 25  The recommended dietary intake for chromium is 50 – 200 µg 

per day, although only about 0.5 – 2.0 % of chromium is absorbed.21, 26  Typical 

human serum Cr3+ concentrations are in the range of 6.0 nM to 0.5 µM, with toxic 

levels reported to be as low as 0.9 µM and as high as 19.0 µM.27-29  Transferrin 

has been identified as a likely transporter of serum Cr3+, suggesting that Tf-

mediated Cr3+ uptake may be a prominent mechanism for chromium delivery into 

the cell.  Once Cr3+ enters the cell, it binds to the chromium-binding peptide 

chromodulin, which in turn, activates insulin receptor kinase to lower insulin 
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concentration in the blood.21, 25, 30  Vincent and co-workers have proposed that 

iron overload (hemochromatosis) may prevent chromium uptake by Tf, thus 

leading to insulin resistance and diabetes.25  It is also possible that, under excess 

serum chromium conditions, Cr3+ binding to Tf interferes with normal iron uptake, 

thus affecting iron metabolism.24 

 Little is understood about the effects of nickel deficiency in humans, but 

nickel deficiency in rats can cause retarded growth, skeletal malformations, 

anemia, and glucose metabolism disorders.26, 31  Additionally, nickel deficiency 

interferes with iron uptake from rat intestines, disrupting iron metabolism.31  

Typical serum Ni2+ concentrations are in the range of 4 nM to 0.8 µM, with toxic 

levels reported as low as 4.8 µM and as high as 10.3 µM.28, 31-35  Insoluble nickel 

compounds exposed to cells gain entry via phagocytosis and are considered 

carcinogenic.36, 37  Soluble nickel compounds are considered less carcinogenic, 

but can still disturb metal homeostasis within the cell.38  Soluble Ni2+ ions enter 

cells by binding to Tf or competing with Mg2+ and/or Ca2+ transport via ion-

channels.26, 36    The literature available on Ni-Tf complexation is very sparse23, 39 

and, to our knowledge, competitive binding of nickel and iron to Tf has not been 

investigated.   

 The ability to detect simultaneous binding of multiple metals in transferrin 

is a difficult task.  Semi-quantitative measurements can be made using UV-VIS 

absorbance spectroscopy, but the overlap of LMCT bands of multiple Tf-bound 

metal ions makes this difficult.22  Atomic spectroscopy (e.g. inductively coupled 

plasma-optical emission spectroscopy) offers the best method for obtaining 
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multiple metal determinations for quantitative analysis.  The major drawback for 

this method is the inability to detect the metal and protein concentrations 

simultaneously; an additional method is required to determine protein 

concentration.  Both the Tf and metal concentrations are needed to determine 

the percentages of metal loading into Tf and thus ICP-OES and UV-VIS 

absorbance must be undertaken in parallel.  The problem with this method is that 

two separate instruments must be used, requiring two different types of sample 

preparation and increasing the chances for measurement error.  This problem of 

simultaneously measuring metal ions and protein can be overcome using the 

particle beam/hollow cathode-optical emission spectroscopy (PB/HC-OES) 

method.  The PB/HC-OES plasma source operates under inert atmosphere 

conditions and allows simultaneous detection of metals and non-metals (by 

measuring, in this case, Fe (I), Ni (I), Cr (I), and C (I) emission signals).18, 22, 40-42  

Tf loading percentages are then calculated based on the emission ratio of metal 

to carbon, as the carbon emission intensity is reflective of the Tf concentration.  

This PB/HC-OES method compared favorably to  UV-VIS absorbance and ICP-

OES methods for determination of Fe3+ and Cr3+ loading into Tf.18, 22 

 In this work, the loading percentages for metal ions into human transferrin 

were monitored under a variety of physiologically relevant iron conditions (iron 

deficiency, chronic disease, inflammation, normal, and iron overload), providing 

insight as to how Cr3+ and Ni2+ Tf loading and perhaps transport are affected by 

iron deficient and excess scenarios.  Additionally, kinetic studies of loading for 

Fe3+, Cr3+, and Ni2+ into Tf were performed to evaluate whether these metal ions 
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(at normal or excess amounts) change the uptake of iron under normal serum 

iron concentrations.  Up to this point, instrumentation has been limited in the 

ability to investigate multiple metals for binding to Tf simultaneously.  The method 

used here allows analysis of multiple metal ions in simultaneous competition for 

Tf binding, providing metal loading percentages for a variety of metal ions into Tf.  

Chapter 6 has been submitted to the Journal of Biological Inorganic Chemistry. 

 

MATERIALS AND METHODS 

Sample Preparation 

 All samples were prepared in 15 or 50 mL centrifuge tubes that were 

rinsed with 1M HCl prior to sample preparation to ensure that any contaminants 

(residual metals) were removed.  High-purity (18.2 MΩ-cm) Barnstead Nanopure 

(Dubuque, IA) water was used to prepare solutions.  Stock solutions of human 

apo-transferrin (50 µM, Sigma-Aldrich, St. Louis, MO) were prepared in Tris 

buffer (20 mM, TEKnova, Hollister, CA) at pH 7.4.  Apo-Tf solutions contained no 

iron as measured by UV-VIS absorbance and PB/HC-OES methods.  Sodium 

carbonate (20 mM, Sigma-Aldrich) was added to the transferrin stock solutions to 

maintain physiologically relevant conditions.  Iron solutions were prepared by 

adding iron nitrate (45 µM, Sigma-Aldrich) and nitriloacetic acid (NTA, 90 µM, 

Sigma-Aldrich) in a 1:2 ratio, respectively, to hydrochloric acid (0.1 M, J. T. 

Baker, Phillipsburg, NJ) and adjusting the pH to 4.0.43  Addition of Fe(NTA)2 

allows for selective loading of Fe3+ into the C-lobe of Tf.4, 44  Chromium solutions 

were prepared by adding Cr(NO3)3·9H2O (1000 µM, Sigma-Aldrich) to nanopure 

water.  Nickel solutions were prepared by adding Ni(NO3)2·6H2O (1000 µM, 
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Sigma-Aldrich) to nanopure water.  Transferrin was loaded by adding the 

appropriate Cr3+, Fe3+, or Ni2+ concentrations (molar equivalents) to the apo-

transferrin, followed by incubation at 37 °C for up to 24 h.18  After the desired 

incubation time, the unbound metal ions, excess sodium carbonate, and excess 

NTA were separated from the metal-loaded transferrin using a desalting column 

(SephadexTM G-25 M PD-10 column, GE Healthcare, Buckinghamshire, UK).18  

The sample (2 mL of Mn+-Tf, 50 µM) was added to the desalting column, and 

after initial 2 mL of Tf solution had completely entered the stationary phase an 

addition of 1 mL of Tris buffer was added to the column.  After this 1 mL of buffer 

had completely moved into the column an additional 2 mL of Tris buffer was 

added to move the 2 mL fraction containing the Mn+-Tf complex out of the column 

for collection.18  Control experiments were performed using a 2 mL Tris buffer 

solution containing iron, chromium, or nickel (500 µM) without addition of Tf.  

Using the same separation procedure, less than 3.5 µM of iron, chromium, or 

nickel was present in the fraction where the Tf complex would elute.  Since this 

value for free metal ion concentration is less than the error reported in the 

loading percentages throughout these studies, unbound metal ions do not affect 

reported loading percentages.    All solutions were measured for pH with an 

Accumet Research AR 10 pH meter (Fisher Scientific, Pittsburgh, PA) with an 

Accumet double junction Ag/AgCl pH probe (Fisher Scientific).  Adjustments to 

pH were made with hydrochloric acid (6.0 M, Sigma-Aldrich) and sodium 

hydroxide (2.0 M, Sigma-Aldrich) to ensure all solutions for metal loading into 

transferrin were at pH 7.4. 
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Instrumentation 

 A particle beam/hollow cathode-optical emission spectrometer (PB/HC-

OES) was used to analyze the metal-loaded transferrin samples.18, 22, 41, 42, 45-50  

Instrument parameters and method validation for Tf loading have been previously 

described.18  Transferrin samples (200 µL) were injected into a liquid flow via a 

high performance liquid chromatography pump (1.0 mL min-1) and introduced into 

a particle beam interface that consisted of a thermoconcentric nebulizer (creating 

an aerosol spray), desolvation chamber (desolvating particles), and a two-stage 

momentum separator (removing the solvent and nebulizer gases) leaving dry 

analyte particles to enter the HC glow discharge source.  Once particles enter the 

source they are atomized, vaporized, and excited for subsequent photon 

detection using a 0.5-m Paschen-Runge polychromator (JY RF-5000) equipped 

with 26 photomultiplier tubes.  This method allows the detection of both non-

metals (C (I) 156.14 nm) and metals (Fe (I) 371.99 nm, Cr (I) 425.43 nm, and Ni 

(I) 341.47 nm) simultaneously.  The Fe, Cr, and Ni emission responses for the 

metal-loaded transferrin complexes reflect how much metal is bound to Tf, and 

the carbon emission response (20 mM Tris buffer was used as the blank and was 

subtracted from total carbon emission response) is reflective of the Tf 

concentration.  The percentage of carbonate bound to Tf in these loading studies 

is very small compared to the total carbon content of Tf (metal-bound carbonate 

contributes to 0.03 – 0.06 % of the carbon response and is therefore negligible).  

The metal and carbon emission responses yield an emission ratio that allows a 

loading percentage to be calculated that is independent of absolute 
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concentration.18, 22   Reported loading percentages are the averages of triplicate 

determinations of separately prepared samples with calculated standard 

deviations. 

 

RESULTS AND DISCUSSION 

Studies Under Equilibrium Conditions 

 Transferrin is known as the iron transport protein, but empty lobes permit 

other metal ions to bind Tf.  Cr3+ and Ni2+ transport by Tf has been suggested as 

a factor in the toxicity of these metal ions, since Tf binding may lead to increased 

cellular uptake.7, 25  Therefore, the main goal of this study is to determine how 

Cr3+ and Ni2+ at normal and toxic levels affect iron loading into Tf under 

physiologically relevant conditions.  Tf loading percentages are determined by 

the ratio of metal ion emission signal to carbon emission signal (reflects Tf 

concentration) for each sample as discussed in the experimental section.18, 22  

 Iron and Tf concentrations can vary depending on the individual.2, 8, 9, 11  

Table 6.1 lists the average measured amounts of Fe3+ and Tf found in the 

literature for serum under normal, iron deficient, chronic disease, inflammatory 

response, and iron overload conditions.3, 7, 13-15  For conditions involving iron 

overload or iron deficiency, variations in the average amounts of Tf have been 

found compared to normal iron conditions.  The molar ratio of Fe3+/Tf was 

determined from the values in Table 6.1 to find the benchmark ratios for Fe-Tf 

loading used for comparison in this study.  To provide a uniform baseline for 

these experiments, Tf concentrations were held constant (50 µM Tf in 20 mM Tris 
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buffer, 20 mM carbonate, and pH 7.4) to obtain the greatest signal to noise, and 

the Fe-Tf loading ratios were varied to mimic iron deficient and iron overload 

conditions.  Theoretical loading values are based on loading of 2 metal ions to 1 

Tf, meaning that a 2:1 ratio would equal 100% Tf loading.   

 

Table 6.1 Reported iron and transferrin concentrations under different 
physiological conditions.   

Fe3+ (µM) Tf  (µM)  Ratio Fe 3+/Tf 
Fe Loaded 

(Theoretical)  
Normal3,11 18.0 35.0 0.510 25.5 % 
Chronic Disease12-14 9.0 25.0 0.360 18.0 % 
Inflammation12-14 6.0 34.0 0.176 8.8 % 
Iron Deficient12-14 4.0 46.0 .0869 4.0 % 
Iron Overload12, 14 36.0 25.0 1.44 72.0 % 

 
 
 
 
Table 6.2 Reported concentrations of chromium and nickel in serum. 

 
Tf (µM)  Cr3+ (µM) Ni2+ (µM) Cr Loaded  

(Theoretical)  
Ni Loaded  

(Theoretical)  
Normal26 Cr3+  50.0 0.5 --- 0.5 % --- 
Elevated28 Cr3+  50.0 15.0 --- 15.0 % --- 
Normal26 Ni2+  50.0 --- 0.8 --- 0.8 % 
Elevated28, 51 Ni2+  50.0 --- 10.3 --- 10.3 % 

  

  Table 6.2 lists the normal and elevated concentrations of chromium and 

nickel  used for the metal binding studies.26, 28, 51  The limits of quantification for 

chromium (0.3 µM) and nickel (0.8 µM) using the PB/HC-OES method18, 22 

dictated that the normal concentrations used were on the higher end of the 

normal ranges.  Unless otherwise stated, iron and chromium or nickel was added 

to apo-transferrin (50 µM in Tris buffer at pH 7.4 with 20 mM carbonate) 

simultaneously to allow for competition of the metal ions for Tf binding.    
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Samples were then incubated for 24 hours at 37 °C, de salted to remove any 

unbound metal and other ions, and then analyzed by the PB/HC-OES method to 

determine metal ion:Tf ratios that were used to calculate loading percentages. 

    

Table 6.3 Measured loading of iron and chromium into transferrin under 
simulated physiological conditions.  Values are averages of sample 
measurements performed in triplicate with calculated standard deviations. 

Fe (I)/C (I)   
Emission 

Ratio  
% Fe 

Loaded  

Cr (I)/C (I) 
Emission 

Ratio  
% Cr 

Loaded  

Normal (25.5 µM Fe3+, 
0.51 Fe:Tf) 0.0114 23.5 ± 2.0 --- --- 

       + 0.5 µM Cr3+ 0.0127 26.7 ± 1.1 0.00218 0.2 ± 1.3 

       + 15.0 µM Cr3+ 0.0120 24.9 ± 2.6 0.291 11.8 ± 2.0 

Chronic Disease (18.0 
µM Fe3+, 0.36 Fe:Tf) 0.00906 17.6 ± 2.5 --- --- 

       + 0.5 µM Cr3+ 0.00968 19.2 ± 2.2 0.00277 0.2 ± 1.6 

       + 15.0 µM Cr3+ 0.00907 17.7 ± 3.1 0.331 13.4 ± 1.3 

Inflammation (9.0 µM 
Fe3+, 0.18 Fe:Tf) 0.00542 8.6 ± 1.2 --- --- 

       + 0.5 µM Cr3+ 0.00577 9.4 ± 0.9 0.0290 1.6 ± 0.8 

       + 15.0 µM Cr3+ 0.00618 10.4 ± 1.9 0.331 13.4 ± 2.1 

Iron Deficient (4.5 µM 
Fe3+, 0.09 Fe:Tf) 0.00384 4.6 ± 1.9 --- --- 

       + 0.5 µM Cr3+ 0.00397 4.9 ± 1.4 0.0323 1.7 ± 1.2 

       + 15.0 µM Cr3+ 0.00379 4.5 ± 2.3 0.355 14.4 ± 1.7 

Iron Overload (72.0 µM 
Fe3+, 1.44 Fe:Tf) 0.0300 69.9 ± 3.5 --- --- 

       + 0.5 µM Cr3+ 0.0298 69.5 ± 2.1 0 0 

       + 15.0 µM Cr3+ 0.0272 63.1 ± 2.9 0.134 5.5 ± 1.5 
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 The data presented in Tables 6.3 and 6.4 were obtained at a 24 h 

equilibrium state and indicate that under normal iron conditions (25.5 µM Fe3+, 

0.51 Fe:Tf), 23.5 ± 2.0 % of Tf was loaded with Fe3+.  As the ratio of Fe:Tf is 

decreased from the normal ratio, the percentages of Tf loaded with Fe also 

decrease.  For chronic disease (18.0 µM Fe3+, 0.36 Fe:Tf), inflammation (9.0 µM 

Fe3+, 0.18 Fe:Tf), and iron deficient (4.5 µM Fe3+, 0.09 Fe:Tf) simulated serum 

conditions, the percentage of Tf loaded with Fe3+ was found to be 17.6 ± 2.5 %, 

8.6 ± 1.2 %, and 4.6 ± 1.9 % respectively.  Under iron overload conditions (72.0 

µM Fe3+, 1.44 Fe:Tf), the amount of Tf loaded with iron was 69.9 ± 3.5 %.  

 Table 6.3 lists the iron and chromium loading observed at different iron 

and chromium concentrations.  Under normal Cr3+ concentrations (0.5 µM, 0.01 

Cr:Tf), the loading of Cr3+ into Tf is very low, but the data in Table 6.3 indicate 

that the average loading percentages of Cr3+ under inflammation and iron-

deficient conditions are roughly 8 times greater than Cr3+ loaded under normal 

and chronic disease states.  With elevated Cr3+ concentrations (15.0 µM, 0.30 

Cr:Tf) typically found to be toxic, Cr3+ binding to Tf shows statistically the same 

loading values for the normal, iron deficient, chronic disease, and inflammation 

simulated conditions.  In contrast, at iron overload concentrations, the chromium 

loading is half of what was found under normal iron conditions.  Also, the iron 

loading percentage has decreased by approximately 6 % in the presence of 

elevated Cr3+, suggesting Cr3+ competes with Fe3+ for Tf binding.  Since it is 

known that the C-lobe of Tf is preferentially loaded using Fe(NTA)2 as the iron 

source,4, 44 and Cr3+ also preferentially loads into the C-lobe,3 competition 
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between iron and chromium when C-lobe binding is at maximum capacity (more 

metal ions available than C-lobe sites) is likely.    

 
 
Table 6.4  Measured loading of iron and nickel into transferrin under simulated 
physiological conditions.  Values are averages of sample measurements 
performed in triplicate with calculated standard deviations. 

Fe (I)/C (I) 
Emission 

Ratio 
% Fe 

Loaded 

 

Ni (I)/C (I) 
Emission 

Ratio 
% Ni 

Loaded 

Normal (25.5 µM Fe3+, 
0.51 Fe:Tf) 23.5 ± 2.0 --- --- 

       + 0.8 µM Ni2+ 0.0261 23.9 ± 1.1 0.0124 0.5 ± 0.5 

       + 10.3 µM Ni2+ 0.0238 21.1 ± 2.0 0.0407 10.0 ± 2.3 

Chronic Disease (18.0 
µM Fe3+, 0.36 Fe:Tf) 17.6 ± 2.5 --- --- 

       + 0.8 µM Ni2+ 0.0205 16.9 ± 2.8 0.0178 2.3 ± 1.7 

       + 10.3 µM Ni2+ 0.0202 16.5 ± 3.0 0.0376 8.9 ± 2.2 

Inflammation (9.0 µM 
Fe3+, 0.18 Fe:Tf) 8.6 ± 1.2 --- --- 

       + 0.8 µM Ni2+ 0.0155 10.5 ± 1.6 0.0133 0.8 ± 0.5 

       + 10.3 µM Ni2+ 0.0153 10.3 ± 1.1 0.0284 5.8 ± 1.6 

Iron Deficient (4.5 µM 
Fe3+, 0.09 Fe:Tf) 4.6 ± 1.9 --- --- 

       + 0.8 µM Ni2+ 0.0117 5.7 ± 0.9 0.0119 0.3 ± 0.1 

       + 10.3 µM Ni2+ 0.00795 4.0 ± 1.4 0.0248 4.6 ± 1.4 

Iron Overload (72.0 µM 
Fe3+, 1.44 Fe:Tf) 69.9 ± 3.5 --- --- 

       + 0.8 µM Ni2+ 0.0586 70.0 ± 3.6 0.0154 1.5 ± 0.7 

       + 10.3 µM Ni2+ 0.0568 62.7 ± 1.6 0.0408 10.0 ± 2.5 
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 Table 6.4 reports the measured iron and nickel Tf loading values under 

the different iron conditions.  As observed for the chromium experiments, normal 

nickel concentrations (0.8 µM, 0.016 Ni:Tf) give very low loading values that are 

statistically indistinguishable from zero.  At toxic nickel concentration (10.3 µM, 

0.21 Ni:Tf), Ni2+ loading of Tf shows a trend that follows that of iron loading.  As 

iron-Tf loading decreases, nickel-Tf loading also decreases, so that at iron 

deficiency and inflammation concentrations, nickel loading is roughly half of what 

was found at normal iron concentrations.  As the iron loading increases, the 

nickel loading increases as well.  Fe(NTA)2 binding to the C-lobe of Tf causes a 

conformational change that closes this lobe,7 and this conformational change 

may act as a trigger to help close the binding pocket of the N-lobe where Ni2+ is 

loosely bound (i.e., there is a synergistic effect).  This idea is supported by the 

fact that Ni2+ preferentially binds the N-lobe of Tf, but with a much lower binding 

constant compared to Fe3+.23  Recent work by Groessl and co-workers reports 

increased binding of metallodrugs (cisplatin and Ru2+ complexes) to the empty 

binding pockets of Tf as the amount of iron-bound Tf increased.52  Interestingly, 

iron loading into Tf under iron overload conditions (enough Fe3+ to fill the C-lobe 

and result in Fe3+ loading of the N-lobe) was reduced by high nickel 

concentrations.  Since nickel binding occurs first in the N-lobe,23 high 

concentrations of Ni2+ may inhibit iron from binding in the N-lobe, causing a slight 

decrease in Tf iron loading.   

 In summary, excess nickel and chromium only affect the iron loading in Tf 

under iron overload conditions.  Chromium loading is lower when there is an 
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excess of Fe3+ available to load into Tf.  In contrast, nickel loading is lower when 

iron levels are low, suggesting the need to have the C-lobe closed (i.e., bound 

with iron) to bind nickel efficiently in the N-lobe.   

Kinetic Studies of Metal Binding 

 Transferrin in serum has a half life of approximately 1.35 h 53, whereas the 

half life of Tf-bound iron in serum is 50 min 2.  Therefore, understanding the 

loading of iron and chromium (or nickel) into apo-Tf as a function of incubation 

time may be useful to complete the picture of how metals compete with iron for 

binding to Tf.  In the following studies, apo-Tf solutions with additions of iron and 

chromium (or nickel) ions were incubated, and samples were removed at time 

intervals up to 24 h before desalting for analysis by the PB/HC-OES method.  

Figure 6.2 displays the determined Fe3+ loading into Tf for iron alone (25.5 µM 

Fe3+), iron and nickel (25.5 µM Fe3+ + 0.8 µM Ni2+), and iron and chromium (25.5 

µM Fe3+ + 0.5 µM Cr3+) as a function of incubation time (Tables 6.5, 6.6, and 6.8).  

A small amount of Fe3+ loading into apo-Tf is instantaneous upon addition of 

Fe(NTA)2,
43 verified by the orange color change upon adding Fe3+ to the Tf 

solution.  For iron only conditions, the data show an increase in iron loading 

starting at 8.23 ± 0.25 % at 1 h and ending at 24.17 ± 0.91 % after 24 h (p = 

0.0006). 

 



 

Figure 6.2 Comparison of iron loading percentages over a 24 

alone is compared with iron loading in the presence of  normal Cr

asterisks denote p values < 0.05 in comparison to the Fe

standard deviations of triplicate measurements. 

 

 

Table 6.5 Effect of incubation time on iron loading into transferrin under 
“normal iron” concentration conditions (0.51 Fe:Tf). Values are averages of 
sample measurements performed in triplicate with calculated standard 
deviations. 

Incubation Time (h)  Fe (I)/C (I)

1 

2 

3 

4 

8 

12 

18.5 

24 
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Comparison of iron loading percentages over a 24 h time period.  Iron loading 

alone is compared with iron loading in the presence of  normal Cr3+ and Ni2+ concentrations; 

values < 0.05 in comparison to the Fe3+ only Tf loading. Error bars represent 

standard deviations of triplicate measurements.  

Effect of incubation time on iron loading into transferrin under 
“normal iron” concentration conditions (0.51 Fe:Tf). Values are averages of 

ents performed in triplicate with calculated standard 

Fe (I)/C (I) Emission Ratio  % Fe Loaded

0.00986 8.2 ± 0.3

0.00975 8.2 ± 0.9

0.0175 9.8 ± 3.0

0.0207 10.4 ± 0.3

0.0289 12.0 ± 0.3

0.0376 13.8 ± 0.4

0.0509 16.4 ± 1.2

0.0896 24.2 ± 0.9

 

h time period.  Iron loading 

concentrations; 

only Tf loading. Error bars represent 

Effect of incubation time on iron loading into transferrin under 
“normal iron” concentration conditions (0.51 Fe:Tf). Values are averages of 

ents performed in triplicate with calculated standard 

% Fe Loaded  

8.2 ± 0.3 

8.2 ± 0.9 

9.8 ± 3.0 

10.4 ± 0.3 

12.0 ± 0.3 

0.4 

16.4 ± 1.2 

24.2 ± 0.9 
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Table 6.6 Role of incubation time on iron and chromium (0.5 µM, 0.01 Cr:Tf) 
loading into apo-transferrin under “normal iron” concentration conditions (0.51 
Fe:Tf). Values are averages of sample measurements performed in triplicate with 
calculated standard deviations. 

Incubation 
Time (h)  

Fe (I)/C (I) 
Emission 

Ratio  % Fe Loaded  

Cr (I)/C (I) 
Emission 

Ratio  
% Cr 

Loaded  

1 0.00939 9.0 ± 1.0 0.0124 0.3 ± 1.0 

2 0.0132 13.4 ± 2.5 0.0137 0.3 ± 0.8 

4 0.0180 19.4 ± 1.3 0.0180 0.4 ± 1.5 

6 0.0179 19.3 ± 0.8 0.0178 0.4 ± 1.0 

9 0.0199 21.8 ± 1.5 0.0179 0.4 ± 1.1 

23 0.0225 24.4 ± 2.1 0.0482 1.1 ± 2.3 

26 0.0215 24.8 ± 2.1 0.0482 1.1 ± 1.1 

 

 

Table 6.7 Role of incubation time on iron and elevated chromium (15.0 µM, 
0.30 Cr:Tf) loading into apo-transferrin under “normal iron” concentration 
conditions (0.51 Fe:Tf). Values are averages of sample measurements 
performed in triplicate with calculated standard deviations. 

Incubation 
Time (h)  

Fe (I)/C (I) 
Emission 

Ratio  % Fe Loaded  

Cr (I)/C (I) 
Emission 

Ratio  % Cr Loaded  

1 0.0914 8.2 ± 0.5 0.667 1.9 ± 0.4 

2 0.106 10.3 ± 1.1 0.670 2.0 ± 0.3 

3 0.135 14.4 ± 0.5 0.632 1.1 ± 1.6 

4 0.146 15.9 ± 0.6 0.715 3.0 ± 1.2 

8 0.191 22.3 ± 2.3 0.884 7.0 ± 2.2 

12 0.190 22.2 ± 3.6 1.00 9.8 ± 1.6 

18.5 0.195 22.9 ± 1.0 1.01 10.2 ± 2.9 

24 0.208 24.7 ± 1.6 1.21 12.6 ± 1.6 
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Table 6.8 Role of incubation time on iron and nickel loading (0.8 µM, 0.016 
Ni:Tf) into apo-transferrin under “normal iron” concentration conditions (0.51 
Fe:Tf). Values are averages of sample measurements performed in triplicate with 
calculated standard deviations. 

Incubation 
Time (h)  

Fe (I)/C (I) 
Emission 

Ratio  % Fe Loaded  

Ni (I)/C (I) 
Emission 

Ratio  % Ni Loaded  

2 0.00431 6.3 ± 1.3 ND ND 

4 0.00817 12.0 ± 1.0 0.0291 0.2 ± 0.5 

8 0.00854 12.5 ± 1.5 0.0435 0.5 ± 0.7 

12 0.00971 14.2 ± 1.9 0.0643 0.8 ± 0.8 

18 0.0114 16.7 ± 2.5 0.0717 1.0 ± 0.8 

24 0.0162 23.7 ± 1.9 0.0728 1.0 ± 0.6 

 

 

Table 6.9 Role of incubation time on iron and elevated nickel (10.3 µM, 0.21 
Ni:Tf) loading into apo-transferrin under “normal iron” concentration conditions 
(0.51 Fe:Tf). Values are averages of sample measurements performed in 
triplicate with calculated standard deviations. 

Incubation 
Time (h) 

Fe (I)/C (I) 
Emission 

Ratio  % Fe Loaded  

Ni (I)/C (I) 
Emission 

Ratio  % Ni Loaded  

1 0.00515 6.3 ± 0.3 ND ND 

2 0.0159 10.0 ± 0.5 ND ND 

3 0.0216 11.9 ± 1.1 0.0505 2.7 ± 0.5 

4 0.0257 13.4 ± 1.2 0.0668 5.0 ± 0.8 

8 0.0272 13.9 ± 1.8 0.0813 7.1 ± 1.5 

12 0.0358 16.8 ± 4.2 0.0910 8.4 ± 2.2 

18.5 0.0361 16.9 ± 1.6 0.0991 9.6 ± 0.4 

24 0.0532 22.8 ± 5.9 0.114 11.7 ± 2.0 
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 The effect of the addition of 0.5 µM Cr3+ (0.01 Cr:Tf) on iron uptake by Tf 

is presented in Fig. 6.2.  Cr3+ is kinetically very inert compared to Fe3+, and 

maximal loading of Cr3+ into Tf may take up to 5 -10 days;22 however, the short 

half-life of Tf in the serum would not allow full Cr3+ binding under physiological 

conditions.  In the presence of Cr3+ and Fe3+, Fe3+ binding to Tf increases in 

comparison to the addition of Fe3+ alone.  Figure 6.3 displays the determined 

Fe3+ loading into Tf for iron alone (25.5 µM Fe3+), iron and nickel (25.5 µM Fe3+ + 

10.3 µM Ni2+), and iron and chromium (25.5 µM Fe3+ + 15.0 µM Cr3+) as a 

function of incubation time (Tables 6.5, 6.6, and 6.8).  The data in Fig. 6.3 

indicate that the presence of excess Cr3+ (15.0 µM, 0.30 Cr:Tf) increases Fe3+  

binding to Tf when compared to Fe3+ alone and slightly more than Fe3+ plus 0.5 

µM Cr3+ (0.01 Cr:Tf).  Under these loading conditions, the concentrations of Fe3+ 

and Cr3+ are less than the concentration required to potentially fill 50 % of the 

binding sites in Tf.  Therefore, it is likely that the C-lobe of Tf is the only lobe 

being filled based, on the larger formation constants of Fe3+ and Cr3+ for C-lobe 

binding.  If competition were occurring between Cr3+ (15.0 µM, 0.30 Cr:Tf) and 

Fe3+ (0.51 Fe:Tf) for Tf loading, a decrease in the uptake of Fe3+ into Tf would be 

observed.  Comparison of the loading percentages for iron into apo-Tf with Fe3+ 

alone (24.2 %, Fig. 6.3) and Fe3+ + Cr3+ (24.7 %, Fig. 6.3) reveals no change in 

Fe3+-Tf binding percentage.   

 In contrast, the amount of Cr3+ loaded into apo-Tf (under high Cr3+ 

conditions) in the presence of normal Fe3+ concentrations increases from 1.9 ± 

0.4 % at 1 h to 12.6 ± 1.6 % after 24 h (Fig. 6.4).  In comparison, 0.5 µM Cr3+ 



 

(0.01 Cr:Tf) addition resulted in a 1.1 ± 1.1 % loading value after 24 h, whereas 

15.0 µM Cr3+ (0.30 Cr:Tf, 30 times the normal Cr

loading value to 12.6 ± 1.6

loaded into apo-Tf under normal Cr

 As discussed previously, nickel binds more tightly to the 

therefore should have little effect on Fe

iron loaded.  Figure 6.2 shows the loading percentages of 0.51 Fe:Tf (normal) 

and 0.016 Ni:Tf (0.8 µM Ni

the loading percentage of iron (23.7 %) is very similar to Tf loading with iron 

 

 

Figure 6.3 Comparison of iron

alone is compared with iron loading in the presence of  toxic Cr

asterisks denote p values < 0.05 in comparison to the Fe

standard deviations of triplicate measurements.
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(0.01 Cr:Tf) addition resulted in a 1.1 ± 1.1 % loading value after 24 h, whereas 

(0.30 Cr:Tf, 30 times the normal Cr3+ concentration) increased the 

loading value to 12.6 ± 1.6 %, approximately 12 times the amount o

Tf under normal Cr3+ concentrations (Fig. 6.4).  

As discussed previously, nickel binds more tightly to the N-lobe of Tf and 

should have little effect on Fe3+ uptake into Tf when it is less than 50 % 

shows the loading percentages of 0.51 Fe:Tf (normal) 

and 0.016 Ni:Tf (0.8 µM Ni2+, normal) over 24 h.  At normal Ni2+ concentrations, 

the loading percentage of iron (23.7 %) is very similar to Tf loading with iron 

 

Comparison of iron loading percentages over a 24 h time period.  Iron loading 

alone is compared with iron loading in the presence of  toxic Cr3+ and Ni2+ concentrations; 

values < 0.05 in comparison to the Fe3+ only Tf loading. Error bars represent 

d deviations of triplicate measurements. 

(0.01 Cr:Tf) addition resulted in a 1.1 ± 1.1 % loading value after 24 h, whereas 

concentration) increased the 

%, approximately 12 times the amount of Cr3+ being 

lobe of Tf and 

uptake into Tf when it is less than 50 % 

shows the loading percentages of 0.51 Fe:Tf (normal) 

concentrations, 

the loading percentage of iron (23.7 %) is very similar to Tf loading with iron  

loading percentages over a 24 h time period.  Iron loading 

concentrations; 

only Tf loading. Error bars represent 



 

alone (24.2 %, Fig. 6.2).  At toxic nickel concentrations (10.3 µM, 0.21 Ni:Tf), the 

iron loading is similar (22.8 

increases in comparison to the iron loa

(Fig. 6.3).    

 Overall, Fe3+ uptake into Tf is slower when Ni

is present, and significant Ni

6.4; Tables 6.6-6.9).  The formation 

Tf in the C-lobe and N-lobe, respectively, and as a result it is possible that Fe

binding to one lobe of Tf results in a conformational change that helps to close 

the binding pocket where Ni

 

 

Figure 6.4 Comparison of Cr

concentrations over 24 h.  Loading of chromium and nickel at toxic concentrations is compared 

with the loading of Cr3+ and Ni

comparison to the normal Cr3+ or Ni

triplicate measurements. 
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2).  At toxic nickel concentrations (10.3 µM, 0.21 Ni:Tf), the 

iron loading is similar (22.8 %), but the iron loading after the first 4 h significantly

ncreases in comparison to the iron loading found at normal Ni2+ concentrations 

uptake into Tf is slower when Ni2+ is present than when Cr

significant Ni2+ loading did not occur until the 4 h time point (Fig. 

The formation constants for Fe3+ and Ni2+ favor binding to 

lobe, respectively, and as a result it is possible that Fe

binding to one lobe of Tf results in a conformational change that helps to close 

the binding pocket where Ni2+ may be loosely bound.  

 

Comparison of Cr3+ and Ni2+ loading percentages in the presence of normal iron 

concentrations over 24 h.  Loading of chromium and nickel at toxic concentrations is compared 

and Ni2+ normal concentrations; asterisks denote p values < 0.05 in 

or Ni2+ loading results. Error bars represent standard deviations of 

2).  At toxic nickel concentrations (10.3 µM, 0.21 Ni:Tf), the 

%), but the iron loading after the first 4 h significantly 

concentrations 

is present than when Cr3+ 

loading did not occur until the 4 h time point (Fig. 

favor binding to 

lobe, respectively, and as a result it is possible that Fe3+ 

binding to one lobe of Tf results in a conformational change that helps to close 

loading percentages in the presence of normal iron 

concentrations over 24 h.  Loading of chromium and nickel at toxic concentrations is compared 

values < 0.05 in 

loading results. Error bars represent standard deviations of 
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 The data in Figs. 6.2 and 6.3 indicate that the presence of Cr3+ and Ni2+ 

ions does not change the overall percentage of Fe3+ loaded into Tf after 24 h.  

The initial rate for Fe3+ loading alone was found to be 0.8 ± 0.2 µM-1 h-1; this iron-

Tf loading rate increases by approximately 3-fold in the presence of high 

chromium or nickel concentrations (2.7 ± 0.4 µM-1 h-1 (p = 0.002) and 2.3 ± 0.4 

µM-1 h-1 (p = 0.003), respectively.  Accurate initial rates for Cr3+ or Ni2+ loading 

could not be determined due to the low percentage loading for these metal ions.  

Although the initial iron uptake rate differs depending on the presence of metal 

ions in addition to iron, the overall metal loading percentages in all three cases 

are essentially the same after 24 h.  These studies represent the first kinetic 

measurements of multiple metal ions binding simultaneously to Tf.  

 The final study to determine how these metal ions affect Tf loading was 

conducted by first loading Tf with 50 % Fe3+ so that, in theory, the C-lobe of Tf 

would be completely filled and the N-lobe would be vacant.4, 44  The C-lobe of Tf 

is preferentially loaded using Fe(NTA)2 as the iron source;4, 44 therefore, enough 

iron was introduced to result in a 50 % Fe3+ loaded Tf complex in the C-lobe.  

After removal of unbound iron from the Fe3+-Tf solution, Cr3+ (15.0 µM, 0.30 

Cr:Tf) and/or Ni2+ (10.3 µM, 0.21 Ni:Tf) solutions were added to the pre-iron-

loaded Tf samples and incubated for 24 h before removal of unbound metal ions. 

   Table 6.5 displays the loading results for additions of chromium and nickel 

to a 50 % pre-iron loaded Tf complex.  Addition of Cr3+ (15.0 µM, 0.30 Cr:Tf) has 

a negative effect on Fe3+ loading, since approximately 13 % of Tf bound with Fe3+ 

was lost.  In addition to the loss of iron, 7.6 ± 1.3 % of Tf was bound with Cr3+, 
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suggesting that displacement of iron from the Tf binding pocket occurs under 

excess chromium conditions and that Cr3+ may be binding to the C-lobe of Tf.  

Addition of Ni2+ (10.3 µM, 0.21 Ni:Tf) did not displace iron from Tf.  In addition, it 

was also observed that 10.7 ± 1.5 % of Tf was loaded with Ni2+ under these 

conditions with no appreciable change in Fe3+ loading.  This result suggests that 

Ni2+ may bind to the N-lobe and that there may be no direct competition with iron 

loading.  When both Cr3+ (15.0 µM, 0.30 Cr:Tf) and Ni2+ (10.3 µM, 0.21 Ni:Tf) are 

introduced simultaneously to compete with the pre-loaded Fe3+-Tf, displacement 

of Fe3+ from Tf is consistent with that from the Cr3+-only samples (34.4 ± 1.3 % 

and 37.4 ± 4.2 %, respectively).  The amount of Cr3+ and Ni2+ loaded into the pre-

loaded Fe3+-Tf, both simultaneously (6.9 ± 2.3 % Cr3+ and 9.3 ± 3.2 % Ni2+) and 

separately (7.6 ± 1.3% Cr3+ and 10.7 ± 1.5 % Ni2+), are statistically 

indistinguishable. Therefore, it is likely that Cr3+ competes for binding of the C-

lobe with Fe3+, whereas it is likely that Ni2+ is loaded only into the N-lobe and 

does not compete with Fe3+ binding in the C-lobe. Taken together, this work 

suggests that Tf maintains approximately 30 % Fe3+ loaded Tf even in the 

presence of other metal ions.  The ability to directly measure metal ion 

competition for Tf binding using the novel PB-HC/OES method provides insight 

into how potentially toxic metals may be transported in the blood and how the 

presence of these metal ions affect normal iron uptake by Tf.   
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Table 6.10 Effects of high Cr3+ (15.0 µM, 0.30 Cr:Tf) and Ni2+ (10.3 µM, 0.21 
Ni:Tf) concentrations on 50 % iron-loaded transferrin; p values obtained in 
comparison to 50.8 ± 1.9 % Tf bound with Fe3+. Error bars represent standard 
deviations of triplicate measurements. 

Transferrin % Fe Loaded (p value)  
% Cr 

Loaded 
% Ni 

Loaded 

50 % Iron Loaded 50.8 ± 1.9 --- --- 

      + 15.0 µM Cr3+ 37.4 ± 4.2 (0.015) 7.6 ± 1.3 --- 

      + 10.3 µM Ni2+ 48.1 ± 2.4 (0.208) --- 10.7 ± 1.5 

      + 15.0 µM Cr3+ + 10.3 µM Ni2+ 34.4 ± 1.3 (< 0.001) 6.9 ± 2.3 9.3 ± 3.2 

 
 

 

CONCLUSIONS 

 The use of the PB/HC-OES method allows monitoring of the direct 

competition of metal ions binding to Tf to be analyzed simultaneously, giving a 

comprehensive understanding of how each metal ion is interacting with Tf.  Fe3+ 

loading to transferrin was not affected by introduction of other metal ions (i.e., 

Cr3+ and Ni2+) at normal or excess (toxic) concentrations.  Transferrin binding of 

Cr3+ is affected only when the amount of Fe3+ is in extreme excess (greater than 

50 % Fe3+ loaded), as in the case with iron-overload serum conditions.  For Ni2+, 

Tf binding is only affected when iron concentrations are extremely low.  In fact, 

Ni2+ loading into Tf increases when Fe3+ is bound in Tf, an effect that has not 

been previously noted.  Addition of a competing metal ion (chromium or nickel) 

increases initial loading of Fe3+ into Tf; however, the same overall iron loading 

percentages (24.2 %, 24.7 %, and 22.8 %) are achieved after 24 h.  When 

predicting binding behavior of metal ions with Tf, both binding affinity and lability 
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need to be considered.  This method has provided insight into how metal ions 

compete with Fe3+ for Tf binding and suggests that the preferential lobe loading 

of the metal ion in Tf may be a critical factor in determining metal competition for 

Tf binding.  
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CHAPTER SEVEN 

SUMMARY 

 

 The research presented here displays the utility of the particle beam glow 

discharge source for both optical emission spectroscopy and mass spectrometry 

to analyze a wide range of samples obtaining both elemental and molecular 

species information simultaneously.  The use of the PB/HC-OES has been 

demonstrated as a valuable tool for monitoring the competitive metal loading 

characteristics of Tf.  Chapter 1 introduced the need for new instrumentation for 

the area of Metallomics based research and introduced glow discharge as a 

viable source for obtaining elemental and molecular species information 

simultaneously.  Accordingly, the glow discharge kinetic processes, basic 

geometries, and operational modes are described in detail.  Chapter 1 also 

describes the basis for the introduction of a liquid flow into a glow discharge 

source using the particle beam technology.   

 Chapter 2 provided a detailed evaluation of the operational parameters 

that were used for the PB/HC source once it was mounted onto the front of the 

existing JY RF-5000 polychromator.  The instrument parameters determined in 

this study were used as the basis for the remainder of the work involving the 

PB/HC-OES system.  Additionally, a mixture of metals (Ag, Ni, and Pb) was 

analyzed by the PB/HC-OES system to determine analytical responses.  This 

chapter shows the potential of the PB/HC-OES system to determine interelement 
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and matrix effects and the ability to simultaneously monitor element emission 

responses for protein determinations.   

 Chapter 3 presented the conversion of a commercially available HP5973 

GC-MS to a LC-PB/GDMS utilizing the Genesis II PB interface made available 

from CSS Analytical Inc.   The conversion of an existing GC-MS into a LC-

PB/GDMS allowed generation of molecular and elemental information 

simultaneously, within a single LC separation.  The optimum sample introduction 

and glow discharge operating conditions were determined using caffeine as a 

test solution.  These parameters were used to obtain the analytical responses for 

a variety of organic and inorganic samples using the LC-PB/GDMS system.  This 

chapter outlined the conversion, operation, and potential use of this instrument 

as a tool for comprehensive speciation analysis. 

 Chapter 4 demonstrated how the PB/HC-OES system can be used in 

metallomics-based research.  Validation of the method was performed by 

monitoring the loading of Fe3+ into apo-Tf by both the PB/HC-OES and UV-VIS 

absorbance methods (from the literature) and the agreement of both methods 

were found to be in good correlation, 71.2 ± 4.7 % and 67.5 ± 2.5 % respectively.  

In addition to Fe3+ loading into apo-Tf, Ni2+ and Zn2+ were loaded into apo-Tf and 

monitored using the PB/HC-OES method.  Interestingly, Ag+ was found to bind to 

the surface of Tf, it is believed to bind to Tf in a similar fashion to Pt2+, binding to 

the surface methionines.    

 Chapter 5 provided further validation of the PB/HC-OES method for 

monitoring Cr3+ loading into apo-Tf.  Comparison of the loading percentages 
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obtained by the PB/HC-OES method to an ICP-OES/UV-VIS absorbance method 

showed good agreement in determining the amount of Cr3+ loaded into apo-Tf.  It 

was determined that the loading of Cr3+ into apo-Tf, which is inert compared to 

Fe3+, takes 5 – 10 days to reach maximum values.  This chapter also presented 

some of the pitfalls to using UV-VIS absorbance for monitoring metal ions other 

than Fe3+ or in competition with Fe3+.  It was shown that an atomic spectroscopy 

method (ICP-OES or PB/HC-OES) was necessary to evaluate the competitive 

binding of Cr3+ and Fe3+ for apo-Tf because the signal obtained is specific to the 

identity of the metal ions present and not relying solely on the change in LMCT 

bands that are not metal ion specific. 

 Chapter 6 examined the competitive binding of Fe3+, Cr3+, and Ni2+ into 

transferrin under various physiological iron to transferrin concentration ratios 

using the PB/HC-OES method.  This was the first known study to involve the 

direct investigation of competitive metal binding to transferrin under varying 

physiologically relevant iron concentrations.  This chapter demonstrated the 

influence of low to high physiological iron concentrations on the Cr3+ and Ni2+ 

binding to Tf.  It was determined that Cr3+ competes with Fe3+ for binding of Tf 

only when Cr3+ concentrations were elevated.  Ni2+ was found to load into Tf best 

when Fe3+ was already bound in Tf. 

 The ability to monitor multiple elements simultaneously has opened the 

door for many potential applications.  It would be desired to continue the current 

work, investigating the influence of other metal ions (i.e. Ti4+, Mn2+/3+, or Zn2+) on 

Fe3+ loading into Tf under physiologically relevant concentrations.  Future work in 
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this laboratory should utilize the PB/HC-OES system to investigate other metal 

binding proteins (i.e. human serum albumin or metallothionein).   These proteins 

are known to be metal ion transporters that potentially can compete with Tf for 

the binding of metal ions.  It would be of great importance to monitor these 

proteins for the binding of essential and toxic metal ions, which would provide an 

understanding of how these proteins maintain the metal homeostasis within the 

body.  These types of metal binding studies will not be possible until proper 

chromatography methods are developed that will keep the proteins in their native 

state and not disrupt the metal ion complex within each protein.  Initial studies 

(appendix A) suggest that ion exchange chromatography conditions may be the 

least disruptive to the metal-Tf complex.  With the right type of chromatography in 

place it would be possible to move towards more complex matrices such as 

using simulated blood conditions for the metal-loading studies.  The 

aforementioned studies have provided a reliable method to monitor competitive 

metal-binding studies that were not possible with a single instrument platform. 
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APPENDIX A 

CONSEQUENCES OF SOLVENT COMPOSITION USED FOR ANALYTICAL 

SAMPLE PREPARATION METHODS ON THE METAL RETENTION IN HUMAN 

TRANSFERRIN 

 

INTRODUCTION 

 Metalloproteins make up approximately one-third of all known proteins1 

and are extensively studied to understand their roles in biological systems.  

Transferrin (Tf), human serum albumin (HSA), and metallothionein are metal 

binding transport proteins essential for trafficking metal ions in humans.  Metal 

ions other than normal amounts of Fe3+ that are transported into cells by Tf can 

be potentially harmful, leading to diseases from long term exposure, or potentially 

interfere with normal dietary iron uptake.  The most common approaches for 

determining metal content in metalloproteins involves some type of 

chromatography method coupled to an atomic or molecular species analyzer.2  

Many types of chromatographic separations (i.e., reversed-phase, ion exchange, 

and electrophoresis) involve solvents or conditions that can potentially alter a 

protein’s native state, thereby changing its stability and metal-binding capabilities 

and potentially damaging the metal-protein complex.  It is vital to keep the 

protein-metal complex intact and in its native state to fully understand its binding 

capabilities and role in biological systems.  In addition, the solvent requirements 

for sample introduction in inductively coupled plasma-mass spectrometry or –

optical emission spectroscopy (ICP-MS or –OES) as well as electrospray 
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ionization-mass spectrometry (ESI-MS) detection methods can disrupt the 

physiological conditions of the Tf complex potentially resulting in denaturing or 

loss of metal ion(s).  In order to evaluate the metal-protein complex in its native 

state, careful consideration of solvent identity, pH, and salt content should be 

considered prior to analysis.  

 Reversed-phase chromatography conditions commonly involve use of 

organic solvents and ion pairing agents, both capable of denaturing or disturbing 

the integrity of the protein-metal complex.  To keep biological samples in their 

proper physiological state, separations such as size exclusion chromatography 

can be used because this involves buffered solutions which are typically non-

denaturing, but these separation methods are of limited utility when proteins are 

of similar molecular weight (e.g. Tf = ~ 80 kDa and HSA = ~ 66.5 kDa).  Ion 

exchange chromatography is also an effective non-denaturing separation 

technique, but the large changes in ionic strength (0 – 1 M) required for elution 

can potentially have a negative effect on metal binding in metalloproteins (e.g. 

metal binding strengths or protein conformation).  Gel 

chromatography/electrophoresis is typically used to determine structural aspects 

of a protein using either native gels or adding denaturants (e.g.  guanidine HCl or 

urea), but there is always the risk of denaturing the protein using either 

technique.3-5  The addition of guanidinium to a protein will disrupt ionic 

interactions and cleave disulfide bonds that hold the protein in its native state, 

whereas addition of urea affects the hydrophobicity of the protein complex in 

solution.  In general, a better understanding of how the breadth of sample 
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manipulations effect metal-retention in proteins will help in the development of 

combined chromatography-spectroscopic methods to evaluate metal-binding 

proteins.   

 To demonstrate the potential effects of sample manipulation, 

transferrin will be used as the example metal-binding protein.  Transferrin has a 

high binding constant for Fe3+ (K = 4.7 × 1020 M-1 and 2.4 × 1019 M-1) and does 

not consist of a metal co-factor (e.g. hemoglobin, where iron is part of the 

structure) making it a good test protein for investigating metal retention.6  

Transferrin is the iron transport protein, responsible for delivery of Fe3+ to the 

cells, found at concentrations of ~ 35 µM in serum.6  Transferrin contains two 

almost-identical lobes, referred to as the N- and C-lobes, each capable of binding 

one Fe3+ ion.  Upon Fe3+ binding, a distorted octahedral geometry is achieved 

with four amino acids (aspartic acid, histidine, and two tyrosines) and a bidentate 

ligand (most commonly carbonate) acting as a synergistic anion (Fig. 1).6  Iron 

binding causes a change in lobe conformation from an open to a closed state.6  

Both lobes must be in the closed conformation for optimal Tf binding to the Tf 

receptor protein on cell surfaces.7  In humans, only 30 % of transferrin is in the 

holo- form (both lobes bound with Fe3+) with the remaining 70 % in either the 

apo- or mono-Tf forms circulating throughout the body.8  Therefore, other metal 

ions that are introduced into the body can potentially bind to empty Tf binding 

sites.6  Metal-binding has been extensively studied since beyond normal dietary 

uptake, these metal ions can be introduced into the body in various ways 

including ingestion of dietary supplements (e.g. Cr3+, Mn2+, Cu2+, and Zn2+),9-13 



 

pharmaceuticals (e.g. Zn2

containing implants (e.g. Co

Figure A.1  Representation of the binding pocket in Tf.
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VIS absorbance spectroscopy.  Using a simple UV
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(guanidinium) and hydrophobicity (urea) were monitored by UV

to determine the amount of Fe

dichroism (CD) spectroscopy was also used to monitor changes in optical activity 

at ~ 240 nm; reduction in signals in this region corresponds to the cleavage of 
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2+, Pt2+, and Ru3+),14-16 or the decomposition of metal

containing implants (e.g. Co3+, Cr3+, Mn2+, Ni2+, and Ti4+).17, 18   

Representation of the binding pocket in Tf. 

Presented here is an investigation of the effects of sample manipulation 

and solvent conditions on Fe3+ retention percentages in Tf as monitored by UV

VIS absorbance spectroscopy.  Using a simple UV-VIS absorbance method 

allows for monitoring of Fe3+ retention in Tf under various sample preparation 

conditions.  The amount of Tf denaturing due to changes in ionic strength 

(guanidinium) and hydrophobicity (urea) were monitored by UV-VIS absorbance 

to determine the amount of Fe3+ retained in the Tf binding pocket.  Circular 

dichroism (CD) spectroscopy was also used to monitor changes in optical activity 

0 nm; reduction in signals in this region corresponds to the cleavage of 

or the decomposition of metal-

 

Presented here is an investigation of the effects of sample manipulation 

retention percentages in Tf as monitored by UV-

VIS absorbance method 

retention in Tf under various sample preparation 

ionic strength 

VIS absorbance 

retained in the Tf binding pocket.  Circular 

dichroism (CD) spectroscopy was also used to monitor changes in optical activity 

0 nm; reduction in signals in this region corresponds to the cleavage of 
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disulfide bonds that hold Tf in its native, folded state.19  Using both spectroscopic 

techniques will provide a better understanding of the relationship between 

denaturing of the Tf complex and the retention of Fe3+ in the binding site.  This 

study demonstrates how solvent composition affects metal-binding proteins and 

gives insight into the precautions that must be taken with metalloproteins to 

ensure that metal ions are not lost during chromatographic separations.  

Appendix A will be submitted for publication in Metallomics. 

 

EXPERIMENTAL 

Solvent Composition and Sample Preparation 

 High-purity water (18.2 MΩ-cm, Barnstead Nanopure, Dubuque, IA), 

methanol (EMD Chemicals, Cincinnati, OH), acetonitrile (EMD Chemicals, 

Cincinnati, OH), and Tris buffer (20 mM, TEKnova, Hollister, CA), were used as 

solvents.  Trifluoroacetic acid (TFA, Sigma-Aldrich, Milwaukee, WI, USA) was 

added to simulate the addition of an ion paring agent that may be used during 

reversed-phase separations. Guanidinium (Sigma Aldrich, St. Louis, MO) and 

urea (Sigma Aldrich) were added to the Tf solutions to change the ionic 

interactions and hydrophobicity of Tf.  Samples were prepared in 15 mL 

centrifuge tubes that had been washed with 1M HCl, thoroughly rinsed, and dried 

to remove residual metals.  Stock solutions of human holo- and apo-transferrin 

(50 µM, Sigma-Aldrich) with sodium carbonate (20 mM, Sigma-Aldrich) were 

prepared separately in water, methanol, acetonitrile, and 20 mM Tris buffer.   

 



 168 

pH Measurements 

 The pH values of the Tf solutions were measured with an Accumet 

Research (Fisher Scientific, Pittsburgh, PA) AR 10 pH meter with an Accumet 

(Fisher Scientific) double junction Ag/AgCl pH probe.  Adjustments to pH were 

made by addition of hydrochloric acid (6.0 M, Sigma-Aldrich) or sodium 

hydroxide (2.0 M, Sigma-Aldrich).  

 

UV-VIS Absorbance Spectroscopy 

 All absorbance measurements were performed with a Genesys 10-S UV-

VIS spectrometer (Thermo Electron Corporation, Waltham, MA).  The 

concentration of Tf was determined by measuring the absorbance at 280 nm, 

using an extinction coefficient of 87,200 M-1 cm-1.20  The concentration of Fe3+ 

loaded into Tf was determined by measuring the absorbance at 470 nm, using an 

extinction coefficient of 4,860 M-1 cm-1 (determined in 20 mM Tris buffer).20  This 

same extinction coefficient was used under all solvent conditions, since solvents 

other than buffers may cause release of the Fe3+ from Tf which would give 

inaccurate extinction coefficients.  Fe3+-Tf absorbance spectra were background-

corrected using an apo-transferrin solution (no loaded metal ion) as the blank.  

The changes in solvent were negligible for the absorbance spectra representing 

metal retention, thus apo-Tf in Tris buffer was used as the blank solvent for all 

samples.  All loading percentages were calculated based on the assumption that 

2 molar equivalents of metal ions can be loaded into transferrin, meaning a 2 

Fe:1 Tf molar ratio equates to 100% loading.  
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Circular Dichroism Spectroscopy 

 All optical activity measurements were performed with a J-810-150S 

spectropolarimeter (Jasco, Easton, MD).  A cuvette with a 1 cm path length, 

which holds 2 mL of sample, was used for the Fe3+-Tf measurements.  Samples 

were background-corrected using the solvent as the blank.  All optical 

measurements are the average of 5 scans. 

 

RESULTS AND DISCUSSION 

 Typically, chemical analysis requires that the sample be in a particular 

solvent that is adequate for the type of separation/detection instrumentation 

being employed.  To study metal-binding in metalloproteins, it is vital to keep the 

metal-protein complex intact and in its native physiological confirmation.  

Changing solution conditions may cause the metal to be released or displaced by 

other ions.  Subsequent sections of this work will focus on the effects of various 

solvent (acetonitrile, methanol, water, urea, guanidine, TFA) and pH (2 – 12) 

conditions on Fe3+ retention in Tf.   

 

Reversed-Phase Conditions 

 Reversed-Phased (RP) chromatography is often used to separate 

proteins and is typically performed using predominately organic solvents (e.g. 

methanol or acetonitrile) and water as the mobile phases for the separation.  

Figure 2 represents the UV-VIS absorbance spectra of 50 µM holo-Tf (initially 

100% Fe3+ loaded Tf, 20 mM sodium carbonate) that were prepared in 20 mM 
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Tris buffer, deionized-water (DI-H2O), acetonitrile, methanol, and 0.1 % 

trifluoroacetic acid (TFA), typical of solvents used in RP chromatography.  Holo-

Tf is not soluble in methanol or acetonitrile (ACN) at pH 7.4, so 50:50 mixtures 

were made with water, this is also a common mixture at which protein are eluted 

off the column in many RP chromatographic conditions.21  Absorbance spectra 

were recorded immediately after sample preparation (t=0, Fig. 2).  The 

absorbance band at 470 nm is indicative of a ligand-to-metal charge transfer 

(LMCT) for Fe3+ bound in Tf.  No change was observed in the percentage of Fe3+ 

retained in Tf after 1 h (data not shown).  As can be seen in Fig. 2, the solvents 

that use the ion pairing agent TFA show no LMCT absorbance band at 470 nm, 

indicating that Fe3+ has been released from Tf and suggesting that the protein 

has been denatured.  The LMCT band at ~ 305 nm is the result of non-specific 

metal-binding to the Tf pocket, and can represent the binding of any metal ion, so 

no quantitative data was obtained from this region to ensure that only Fe3+ bound 

to Tf is being quantified.  Table 1 presents the determined loading percentages 

for each of the solvent conditions tested.  Holo-Tf in Tris buffer is used as the 

control for these experiments, having an iron-loading percentage of 96 ± 1 %.  

For acetonitrile, water, and methanol the loading percentages ranged from 64 to 

77 % Fe3+ retained in Tf.  As seen in Fig. 2, all solvents with TFA added (pH = 

1.8) resulted in complete loss of Fe3+.  To determine if iron loss was a result of 

TFA addition or simply the lower pH, two methanol:water solutions (50:50) 

containing 0.1 % TFA were adjusted to pH 7.4 and pH 1.8, respectively.  The 

data in Table 1 indicating that it is indeed the pH of the solution and not the ion 



 

pairing agent that causes iron loss, although the introduction of TFA at pH 7.

methanol/water did decrease the percentage of iron retained by ~ 9 % as 

compared to methanol/water sample without TFA (77 %).  

holo-Tf in aqueous/organic (methanol or acetonitrile) or pure DI

physiological pH conditions 

from the Tf binding pocket.  Griebenow and Klibanov have shown that pure 

organic solvents showed less denaturing of secondary structures of proteins as 

compared to aqueous-organic mixtures at acidic pH (

Table 1, at physiological pH (7.4), the methanol:water mixture causes the least 

amount of iron release from holo

Fe3+ lost), with the water:acetonitrile

 

Figure A.2  UV-VIS absorbance spectrum displaying the changes in LMCT bands at 470 nm due 

to the affect of solvent on Fe3+ retention in holo
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pairing agent that causes iron loss, although the introduction of TFA at pH 7.

methanol/water did decrease the percentage of iron retained by ~ 9 % as 

compared to methanol/water sample without TFA (77 %).  Sample preparation of 

Tf in aqueous/organic (methanol or acetonitrile) or pure DI

physiological pH conditions (7.4) resulted in a release of 20 – 30 % of the Fe

from the Tf binding pocket.  Griebenow and Klibanov have shown that pure 

organic solvents showed less denaturing of secondary structures of proteins as 

organic mixtures at acidic pH (1.9).22  As indicated in 

Table 1, at physiological pH (7.4), the methanol:water mixture causes the least 

iron release from holo-Tf   (23 % Fe3+ lost), followed by water (29

with the water:acetonitrile mixture causing the most iron release (36 % 

VIS absorbance spectrum displaying the changes in LMCT bands at 470 nm due 

retention in holo-Tf. 

pairing agent that causes iron loss, although the introduction of TFA at pH 7.4 in 

methanol/water did decrease the percentage of iron retained by ~ 9 % as 

Sample preparation of 

Tf in aqueous/organic (methanol or acetonitrile) or pure DI-H2O at 

30 % of the Fe3+ 

from the Tf binding pocket.  Griebenow and Klibanov have shown that pure 

organic solvents showed less denaturing of secondary structures of proteins as 

As indicated in 

Table 1, at physiological pH (7.4), the methanol:water mixture causes the least 

lost), followed by water (29 % 

mixture causing the most iron release (36 %  

 

VIS absorbance spectrum displaying the changes in LMCT bands at 470 nm due 
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Table A.1  Effect of solvent composition on Fe3+ retention in Tf (% Fe3+ 
retained in Tf is a result of triplicate absorbance measurements with calculated 
standard deviations) 

Solvent pH  % Fe3+ Retained 

Tris Buffer 7.4 96 ± 1 

Water 7.4 71 ± 2 

Water + 0.1 % TFA 1.8 0 

Acetonitrile:Water 7.4 64 ± 2 

Acetonitrile:Water + 0.1 % TFA 1.8 0 

Methanol + 0.1 % TFA 1.8 0 

Methanol:Water 7.4 77 ± 2 

Methanol:Water + 0.1 % TFA 1.8 0 

Methanol:Water + 0.1 % TFA 7.4 67 ± 1 

 

Fe3+ lost).  Therefore it has been demonstrated that RP conditions involving 

organic solvents and/or DI-H2O are destructive to metal retention and should not 

be considered an option for the analysis of metal-binding proteins when metal 

identity or quantification is the primary interest. 

 After Tf is transported into the cell via endocytosis, the pH is lowered 

from 7.4 to ~ 5.5 in the endosome, causing Fe3+ to be released from Tf.6  In vitro, 

iron release differs for the C- (pH = 4.8) and N-lobes (pH = 5.7) of Tf.23, 24  The 

iron release from the two lobes was achieved in those studies in the presence of 

EDTA to accelerate iron removal. Figure 3a is a plot of the iron loading 

percentages for holo-Tf in 20 mM Tris buffer over a pH range of 2.0 – 12.0, in the 

absence of a chelating ligand to help remove iron from Tf, as the goal in this 

study is to determine iron loss due to solely pH changes.  The results show that 

at pH 2.0 and 12.0, Fe3+ is completely released from Tf due to the extreme pH of 



 

Figure A.3  Affect of pH on Fe

UV-VIS absorbance measurements 

 
 
 
the solution.  Under pH conditions that range from 5.5 to 9.0 at least 85 % of Fe

is retained in Tf.  At pH 4.0, 34 % of Fe

unexpected as most if not all Fe

due to the lack of a chelating ligand in solution that would help remove loosely 

bound iron from Tf.  Figure 3b presents the UV

a 

b 
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Affect of pH on Fe3+ retention within holo-Tf a) Loading percentages determined by 

VIS absorbance measurements b) UV-VIS absorbance spectrum. 

the solution.  Under pH conditions that range from 5.5 to 9.0 at least 85 % of Fe

is retained in Tf.  At pH 4.0, 34 % of Fe3+ remains loaded into Tf, this is was 

unexpected as most if not all Fe3+ should have be released, and is most likely 

due to the lack of a chelating ligand in solution that would help remove loosely 

Tf.  Figure 3b presents the UV-VIS spectra of holo-Tf for pH 2.0, 

 

 

Loading percentages determined by 

the solution.  Under pH conditions that range from 5.5 to 9.0 at least 85 % of Fe3+ 

remains loaded into Tf, this is was 

should have be released, and is most likely 

due to the lack of a chelating ligand in solution that would help remove loosely 

Tf for pH 2.0, 
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7.8, 9.0, and 12.0.  For pH 2.0 and 12.0 it is clear there is no Fe3+ binding to Tf 

due to the absence of the LMCT absorbance at 470 nm.  Interestingly, there is a 

large peak at ~ 305 nm for pH 12.0 that is most likely due to deprotonation of the 

two tyrosine (pKa ~ 10.0) residues in the binding pockets causes a distinct 

change in absorbance. 

 

Role of Ionic Strength 

  Size exclusion should be the most effective chromatographic process 

for retention of Fe3+ in the binding pocket of Tf, since the eluting solvent is 

typically a buffered solution (i.e. Tris buffer) and does not require changes to the 

solution environment (i.e. solvent or salt content).  The only drawback with this 

type of chromatography is that it is based on size, such that when analytes of 

similar size are in the same solution complete resolution of analytes is not always 

feasible.  So another approach to physiological-condition chromatography 

involves ion exchange chromatography (IEC), however the high salt content 

required for this separation method may change the metal loading in 

metalloproteins.  Hamilton and co-workers have reported that changes to the 

concentration of salts interacting with holo-Tf can affect the iron loading, by 

disrupting the metal-binding capabilities of the protein complex.5  Table 2 

displays the percentages of Fe3+ retained in holo-Tf under various IEC conditions 

at constant pH, 7.4.  Addition of increasing concentrations of NaCl to Tris buffer, 

typical conditions for IEC, had minimal effects on Fe3+ retention in holo-Tf.  

Addition of NH4
+ as the cation caused more Fe3+ to be released as compared to 
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Na+ and K+.  Richardson and Baker reported that the presence of ammonium 

caused a decrease in iron uptake into Tf.25  While the uptake of iron is not being 

studied here it is reasonable to assume that ammonium may be displacing some 

Fe3+ from the binding pocket.  The most drastic release of Fe3+ under IEC 

conditions was seen when CH3COO- was the anion.  Non-synergistic anions can 

affect the thermodynamic stability of the Fe3+-Tf complex, while synergistic 

anions can interfere with carbonate for metal binding, thereby disrupting the Fe3+ 

loading.6  The results in Table 2 indicate that IEC conditions are significantly less 

destructive to the Fe3+-Tf binding compared to typical RP conditions seen in 

Table 1.  Although, small losses of Fe3+ from Tf was observed under typical IEC 

conditions, it is minimal and this method may be the best option for physiological-

condition chromatographic separations involving metal-binding proteins.   

 
 
Table 2.   Effect of Ion exchange conditions on Fe3+ retention in holo-Tf, pH 7.4 

Holo-Tf in Tris Buffer  % Fe3+ Retained  

Control (Tris buffer only) 94 ± 1 

+ 0.1 M NaCl 92.4 ± 0.7 

+ 0.25 M NaCl 91.3 ± 0.9 

+ 0.5 M NaCl 92 ± 1 

+ 1.0 M NaCl 91.6 ± 0.6 

+ 1.0 M KCl 90.2 ± 0.8 

+ 1.0 M NH4Cl 87.9 ± 0.5 

+ 1.0 M NaOOCCH3 85.3 ± 0.4 

+ 1.0 M Na2SO4 91.6 ± 0.9 

+ 1.0 M Na2HPO4 92 ± 1 

 



 

 The addition of salts typical for IEC conditions had minimal effect on 

iron retention.  Compounds such as guanidinium have a greater effect 

ionic nature of proteins; therefore the addition of guanidinium

the native state of Tf.  The addition of guanidinium will cleave the disulfide bonds 

that hold protein structures in their native folded state.

UV-VIS spectra of holo-Tf with increasing concentrations of guanidinium at 

physiological pH 7.4.  Addition of gu

(disulfide bonds) of holo-Tf that hold the protein in its native folded state, thus 

resulting in a diminished LMCT band at 470 nm corresponding to iron release as 

the guanidinium concentration is increased.  Additio

cause complete iron loss from Tf, almost instantaneously.  Figure 5 is the 

measured iron retention over time as a result of guanidinium addition, it can be 

seen that the initial (1 min) addition of 1

Figure A.4  UV-VIS absorbance spectrum showing the affect of 0 

50 µM holo-Tf. 
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The addition of salts typical for IEC conditions had minimal effect on 

iron retention.  Compounds such as guanidinium have a greater effect 

ionic nature of proteins; therefore the addition of guanidinium was used to disrupt 

the native state of Tf.  The addition of guanidinium will cleave the disulfide bonds 

that hold protein structures in their native folded state.26  Figure 4 presents the

Tf with increasing concentrations of guanidinium at 

physiological pH 7.4.  Addition of guanidinium changes the ionic interactions 

Tf that hold the protein in its native folded state, thus 

resulting in a diminished LMCT band at 470 nm corresponding to iron release as 

the guanidinium concentration is increased.  Additions of ≥ 6 M guanidinium 

cause complete iron loss from Tf, almost instantaneously.  Figure 5 is the 

measured iron retention over time as a result of guanidinium addition, it can be 

seen that the initial (1 min) addition of 1- 5 M guanidinium did not cause 

VIS absorbance spectrum showing the affect of 0 – 10 M guanidine additions on 

The addition of salts typical for IEC conditions had minimal effect on 

iron retention.  Compounds such as guanidinium have a greater effect on the 

was used to disrupt 

the native state of Tf.  The addition of guanidinium will cleave the disulfide bonds 

Figure 4 presents the 

Tf with increasing concentrations of guanidinium at 

anidinium changes the ionic interactions 

Tf that hold the protein in its native folded state, thus 

resulting in a diminished LMCT band at 470 nm corresponding to iron release as 

 6 M guanidinium 

cause complete iron loss from Tf, almost instantaneously.  Figure 5 is the 

measured iron retention over time as a result of guanidinium addition, it can be 

5 M guanidinium did not cause  

 

10 M guanidine additions on 



 

 

complete loss of Fe3+ 

interactions are time sensitive and continue to cause Fe

Addition of 1 M guanidinium caused no change in Fe

very similar to results observed after addition of 1 M salts (92 

Table 2).  However, increasing the guanidinium concentration (

larger decreases of Fe3+ retention.  The addition of 3 M guanidinium to holo

resulted in 60 % retention (t=0) of the Fe

was retained in Tf.  For 4 and 5 M guanidinium additions, it took 12 h and 30 min, 

respectively for complete loss of Fe

guanidinium, which causes the cleavage of disulfide bonds that hold Tf in its 

native conformation to break, has a direct effect on Fe

 

Figure A.5     Percentage of Fe3+
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 from the Tf complex. However, changes in ionic 

interactions are time sensitive and continue to cause Fe3+ release from Tf.  

Addition of 1 M guanidinium caused no change in Fe3+ loading (86 %) after 48 h, 

very similar to results observed after addition of 1 M salts (92 – 85 % retained; 

Table 2).  However, increasing the guanidinium concentration (≥ 2 M) result

retention.  The addition of 3 M guanidinium to holo

resulted in 60 % retention (t=0) of the Fe3+, but after 48 h only 9 % of the Fe

was retained in Tf.  For 4 and 5 M guanidinium additions, it took 12 h and 30 min, 

ctively for complete loss of Fe3+ from the Tf binding pocket.  The addition of 

guanidinium, which causes the cleavage of disulfide bonds that hold Tf in its 

native conformation to break, has a direct effect on Fe3+ retention in holo

3+ retained in holo-Tf after addition of 0 – 6 M Guanidine over 48 h.
 

from the Tf complex. However, changes in ionic 

release from Tf.  

loading (86 %) after 48 h, 

85 % retained; 

 2 M) resulted in 

retention.  The addition of 3 M guanidinium to holo-Tf 

, but after 48 h only 9 % of the Fe3+ 

was retained in Tf.  For 4 and 5 M guanidinium additions, it took 12 h and 30 min, 

The addition of 

guanidinium, which causes the cleavage of disulfide bonds that hold Tf in its 

retention in holo-Tf.   

 

6 M Guanidine over 48 h. 
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Gel Chromatography/Electrophoresis 

 Urea (6 M) gels (with EDTA) have been used for ~ 30 years to 

distinguish iron loading in the N- or C-lobe of Tf.3, 5  The urea gels (6 M) work by 

denaturing Tf at different rates, corresponding to the apo-, mono-, and holo- 

forms.5  Figure 6 presents the UV-VIS absorbance spectra of holo-Tf under 

increasing concentrations of urea.  Addition of urea changes the hydrophobic 

interactions of the Tf complex resulting in a decrease in the band at 470 nm, 

corresponding to a decrease in Fe3+ Tf binding.  Additions of urea decrease the 

loading percentages of Fe3+ bound in Tf from ~ 91 % (holo-Tf, no urea) to ~ 50 % 

(holo-Tf and 14 M urea).  Addition of 6 M urea caused a ~ 21 % decrease in Fe3+ 

retained from the holo-Tf complex from its original loading of 91% Fe3+ loaded Tf.  

Table 3 presents the influence of urea on the loading percentages of Fe3+ in Tf 

with respect to time.  As can be seen, there is statistically no change in the 

loading percentage of Fe3+ in Tf at t = 0 or 3 h time period.   

 Changing the ionic interactions and hydrophobicity has differing effects 

on holo-Tf.  The addition of guanidinium causes a more dramatic release of Fe3+ 

from Tf at similar concentrations compared to urea.  The release of Fe3+ to 

changing the ionic interactions of Tf is not an instantaneous process, as evident 

in the retention data provided in Fig. 5.  On the other hand, changing the 

hydrophobicity of the Tf complex has an immediate effect, since no further loss of 

Fe3+ from the Tf complex occurs over time (Table 3).  These results imply that 

any chromatographic method that changes either the ionic strength or 



 

hydrophobicity of Tf will affect

Tf resulting from gel chromatography/electrophoresis conditions (6 M urea 

 

Figure A.6  UV-VIS absorbance spectrum showing the affect of 0 

µM holo-Tf. 

 
 
 
  
Table A.3  Urea denaturation and metal loss

Urea (M) % Fe3+ Retained at t = 0

0 91 

2 80 

4 78.8 ± 0.9

6 69.1 ± 0.5

8 65

10 57 
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hydrophobicity of Tf will affect the observed iron loading.  The metal retention in 

Tf resulting from gel chromatography/electrophoresis conditions (6 M urea 

VIS absorbance spectrum showing the affect of 0 – 14 M urea additions on 50 

denaturation and metal loss 

Retained at t = 0  % Fe3+ Retained at t = 3 h

91 ± 1 91 ± 1 

80 ± 2 79 ± 3 

78.8 ± 0.9 77 ± 1 

69.1 ± 0.5 70 ± 1 

65 ± 2 64.9 ± 0.7 

57 ± 2 57 ± 1 

the observed iron loading.  The metal retention in 

Tf resulting from gel chromatography/electrophoresis conditions (6 M urea  

 

14 M urea additions on 50 

Retained at t = 3 h  
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~ 69 %) is comparable to that of RP chromatographic conditions (50:50 

methanol:water ~ 77 %), while both chromatographic conditions were found to 

have lower iron retention in Tf than typical IEC conditions (1 M NaCl ~ 92 %).  It 

must be made clear that by no means are we suggesting that these 

chromatographic methods should not be used, but instead want to draw attention 

to potential problems that result in inaccurate data reporting of metal-binding 

percentages. 

 

Relationship Between Metal Retention and Tf Denaturation 

 During any type of chromatographic separation the protein is always 

susceptible to being denatured on column.  It is important to understand the 

relationship between metal retention and Tf denaturation.  Circular Dichroism 

(CD) spectroscopy was used to measure the amount of denaturing that occurs 

from additions of urea or guanidinium to the holo-Tf complex.  The CD spectral 

region at ~ 240 nm corresponds to optical activity associated with the dihedral 

angle of the disulfide bonds in Tf.19  Changes in optical activity at ~ 240 nm 

correspond to cleavage of the disulfide bonds in the protein, which result in Tf 

denaturation.  Figure 7 depicts the CD spectra of apo-Tf, holo-Tf, holo-Tf + 6 M 

urea, and holo-Tf + 6 M guanidinium measured within 2 minutes of preparation.  

Only the 6 M guanidinium immediately cleaves the disulfide bonds in Tf, with only 

a slight change in optical activity seen for addition of 6 M urea to holo-Tf.  The 

spectra reveal that apo-Tf and holo-Tf have the same optical activity, indicating 

that changes in lobal confirmation have no influence on optical activity in this 



 

region of the spectra.  Only the addition of guanidinium caused incre

denaturation to Tf over time and all other samples (apo

of urea to holo-Tf) showed no further denaturation after initial sample 

preparation.  Figure 8 presents the CD spectra of holo

concentrations of guanidinium (t = 0).  Increasing concentrations of guanidinium 

increase the denaturing of Tf.  Although not shown here, addition of urea 

(increasing concentrations) to holo

activity, suggesting that urea addition does no

This suggests that any denaturing of Tf from urea is occurring to the surface of 

the protein and not the disulfide bonds holding Tf in its folded native state.

Figure A.7  CD spectra displaying the change in optical 

bonds.  Apo-Tf and holo-Tf are used as the control.
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region of the spectra.  Only the addition of guanidinium caused incre

denaturation to Tf over time and all other samples (apo-Tf, holo-Tf, and addition 

Tf) showed no further denaturation after initial sample 

presents the CD spectra of holo-Tf with increasing 

dinium (t = 0).  Increasing concentrations of guanidinium 

increase the denaturing of Tf.  Although not shown here, addition of urea 

(increasing concentrations) to holo-Tf shows minimal to no change in optical 

activity, suggesting that urea addition does not cause disulfide bond cleavage.  

This suggests that any denaturing of Tf from urea is occurring to the surface of 

the protein and not the disulfide bonds holding Tf in its folded native state.

CD spectra displaying the change in optical activity due to breakage of disulfide 

Tf are used as the control. 

region of the spectra.  Only the addition of guanidinium caused increased 

Tf, and addition 

Tf) showed no further denaturation after initial sample 

Tf with increasing 

dinium (t = 0).  Increasing concentrations of guanidinium 

increase the denaturing of Tf.  Although not shown here, addition of urea 

Tf shows minimal to no change in optical 

t cause disulfide bond cleavage.  

This suggests that any denaturing of Tf from urea is occurring to the surface of 

the protein and not the disulfide bonds holding Tf in its folded native state. 

 

activity due to breakage of disulfide 



 

 

Figure A.8  CD spectra displaying the change in optical activity due to additions of 0 

guanidine.  Apo-Tf and holo-Tf are used as the control.

 
 
 Figure 9 depicts the percentages of Fe

amounts of Tf denatured as a function of guanidinium added (t = 0).  The 

changes in the percentage of iron lost and the amount of S

occurring to Tf parallel each other, suggesting 

between the unfolding of Tf and the loss of Fe

from Tf and the percentage of Tf that was denatured due to 4 M guanidinium as a 

function of time (data not shown here) shows a direct correlatio

unfolding of Tf and the loss of Fe

the ionic interactions by addition of guanidinium denatures the Tf complex and is 

the likely cause for the drastic difference seen in loading percentages of Fe

182 

CD spectra displaying the change in optical activity due to additions of 0 

Tf are used as the control. 

depicts the percentages of Fe3+ lost from Tf along with the 

amounts of Tf denatured as a function of guanidinium added (t = 0).  The 

changes in the percentage of iron lost and the amount of S-S bond cleavage 

occurring to Tf parallel each other, suggesting there is a distinct relationship 

between the unfolding of Tf and the loss of Fe3+.  The percentage of Fe

from Tf and the percentage of Tf that was denatured due to 4 M guanidinium as a 

function of time (data not shown here) shows a direct correlation between the 

unfolding of Tf and the loss of Fe3+ from Tf.  These studies show that changing 

the ionic interactions by addition of guanidinium denatures the Tf complex and is 

the likely cause for the drastic difference seen in loading percentages of Fe

 

CD spectra displaying the change in optical activity due to additions of 0 – 6 M 

lost from Tf along with the 

amounts of Tf denatured as a function of guanidinium added (t = 0).  The 

S bond cleavage 

there is a distinct relationship 

.  The percentage of Fe3+ lost 

from Tf and the percentage of Tf that was denatured due to 4 M guanidinium as a 

n between the 

from Tf.  These studies show that changing 

the ionic interactions by addition of guanidinium denatures the Tf complex and is 

the likely cause for the drastic difference seen in loading percentages of Fe3+ in 



 

Tf due to guanidinium.  On the other hand, the non

causes only a partial unloading of Fe

 

Figure A.9 Percentage of iron lost and denaturation due to 1 

µM holo-Tf. 

 

 The aforementioned studies have demonstrated that changing polarity, 

pH, ionic strength, and the ionic and hydrophobic nature of the protein have a 

direct effect on metal retention in Tf.  These results should be very similar for 

other metal-binding transp

co-factor (e.g. hemoglobin) will be more stable under these types of conditions.  

These results are the first to explore the potential pitfalls that may arise in sample 

preparation for analytical mea

involving Tf.  
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Tf due to guanidinium.  On the other hand, the non-denaturing effect of urea 

causes only a partial unloading of Fe3+ from Tf. 

Percentage of iron lost and denaturation due to 1 – 6 M additions of guanidine to 50 

The aforementioned studies have demonstrated that changing polarity, 

pH, ionic strength, and the ionic and hydrophobic nature of the protein have a 

direct effect on metal retention in Tf.  These results should be very similar for 

binding transport proteins, while metalloproteins that contain a metal 

factor (e.g. hemoglobin) will be more stable under these types of conditions.  

These results are the first to explore the potential pitfalls that may arise in sample 

preparation for analytical measurements to determine metal-binding percentages 

denaturing effect of urea 

 

6 M additions of guanidine to 50 

The aforementioned studies have demonstrated that changing polarity, 

pH, ionic strength, and the ionic and hydrophobic nature of the protein have a 

direct effect on metal retention in Tf.  These results should be very similar for 

ort proteins, while metalloproteins that contain a metal 

factor (e.g. hemoglobin) will be more stable under these types of conditions.  

These results are the first to explore the potential pitfalls that may arise in sample 

binding percentages 
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CONCLUSION 

   The sample manipulation should be considered carefully when 

analyzing metal binding proteins such as Tf.  Disturbing the physiological 

environment of Tf disrupts the metal binding abilities and ultimately changes the 

metal loading properties.  If metal binding studies are to be performed on Tf (or 

any metal binding protein) the solvent system needs to be non-denaturing and 

the pH needs to be kept at the optimal physiological range.  Organic and 

aqueous solutions at pH 7.4 are not completely detrimental to the Tf-iron binding, 

but they do not provide ideal environments for keeping Fe3+ retained in Tf.  Salts 

that are typically used in IEC conditions had the most promise in keeping the 

metal-binding pocket of Tf intact.  Furthermore, changes in ionic interactions from 

guanidinium additions are far more destructive to Tf resulting in denaturing and 

loss of Fe3+ binding pocket as compared to that of the hydrophobic changes that 

result from urea additions.  Changing the hydrophobic interactions of Tf, results 

in partial Fe3+ loss and little to no denaturation occurring.  Further investigation 

needs to be undertaken to understand how metal binding proteins are affected by 

the stationary phase during chromatographic separations.  When introducing 

metal binding proteins into an ICP-MS or ESI-MS, extreme caution should be 

taken in order to keep the metal binding complex in its native state.  These 

results have brought awareness to potential problems that can arise in sample 

preparation of metal-binding proteins that may lead to inaccurate data reporting. 
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