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Physicochemical Properties of Sodium Ferric Gluconate
There are concerns that differences in iron release between brand sodium ferric gluconate
(SFG) (Ferrlecit) and generic SFG (generic SFG) intravenous (IV) iron nanoparticle drugs,
which are used to treat chronic kidney disease can be caused by differences in the products’
physicochemical

properties.

However,

a

standardized,

SFG

product

specific,

physicochemical measurement regulatory guidance is not available. Iron core
measurements including optical spectroscopy, ICP-MS, XRPD,

57

Fe Mössbauer

spectroscopy, and XAS, found both products’ cores to be similar ferric-iron-oxide
structures. Measurements focused on the carbohydrate shell including forced acid
degradation, concentration dependent DLS, AUC, and GPC found differences in particle
size, acid stability/iron lability, and molecular weight distribution, that may impact iron
release.

Cadmium Targeting of Tristetraprolin
Zinc finger (ZF) proteins regulate inflammation and are a potential target for cadmium.
Zinc bound double Cys3His domain ZF protein tristetraprolin (TTP) regulates

inflammation by binding to AU-rich cytokine mRNA. Using a TTP peptide (TTP-2D),
Zn2-TTP-2D, cadmium was observed to displace Zn in a concentration dependent manner
by spin-filter/ICP-MS coupled to native ESI-MS. Cadmium was also found to displace
zinc from RNA bound Zn2-TTP-2D complex (Zn2-TTP-2D/RNA) by ESI in a
concentration dependent manner, resulting in Cd1Zn1-TTP-2D/RNA and Cd2-TTP2D/RNA complexes. Using fluorescence anisotropy cadmium displacement of zinc from
Zn2-TTP-2D/RNA complex did not disrupt RNA binding.

E-Cig E-liquid Matrix’s Effect on Metal Aerosolization
Potentially toxic levels of metals, such as chromium, nickel, copper, and lead, have been
reported in e-liquids (liquids composed primarily of a mixture of propylene glycol (PG),
glycerol (G)) and nicotine, and generated aerosols of electronic nicotine delivery systems
(ENDS). However, the variables that affect metal transfer from the e-liquid to the aerosols
are unknown. Using a custom ENDS aerosolization device and aerosolization approach,
following CORESTA 81 guidance, the aerosolization of metal spiked model e-liquids (PG
and G) were measured. Using ICP-MS to measure aerosol metal content to determine the
effect of e-liquid on chromium, nickel, copper, and lead, it was found that all four metals
are more readily aerosolized in PG dominant e-liquids than G dominant e-liquids.
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Chapter 1: Metals in Biology
1.1. Introduction
The majority of our bodies’ metals are contained in proteins containing one or more
metal ion cofactors known as metalloproteins.1 It has been estimated that metalloproteins
make up approximately 40 – 50% of all proteins in the body.1-3 Some metalloproteins,
known as zinc finger (ZF) proteins, play important roles in gene regulation on both
transcriptional and translational levels.4 Separated into thirteen different classes of ZF
protein families (e.g. CCHH, CCCH, and CCHHC type ZF proteins), based on the number
and order of cysteine and histidine residues within each proteins’ ZF zinc binding domain,
ZF proteins make up approximately ~ 3% of all eukaryotic proteomes, and play vital roles
in a variety of biological processes such as inflammation and immunity, tumor suppression,
and neuronal differentiation.4-10 In order for ZF proteins to form active conformational
folds, they must first bind zinc via their ZF zinc binding domains.4, 11, 12 For the most part,
zinc coordination geometry is always close to tetrahedral.4 Additionally, the role of zinc
can play either structural or catalytic roles depending on the specific ZF protein (i.e. zinc’s
structural role in TFIIIA and catalytic role in carbonic anhydrase).13-15
As ZF proteins play key roles in many biological processes, the mis-regulation of
ZF proteins, such as tristetraprolin (TTP) and ZNF24, can lead to many different disease
states including chronic inflammation and cancer.9, 16-18 As zinc binding is crucial to ZF
protein function, mis-metalation, specifically mis-metalation through the native metal
cofactor displacement from ZF proteins, by exogenous metals such as cadmium and lead,
have been commonly proposed as potential mechanisms of metal toxicity.19-21
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The Michel lab has investigated the interactions between metals, including zinc,
cobalt, iron, copper, cadmium, and gold, with zinc finger (ZF) proteins, including TTP,
cleavage and polyadenylation specificity factor 30 (CPSF30), and neural zinc finger factor
1 (NZF-1), in addition to each metal’s protein specific effect on protein function (e.g. DNA
and RNA binding).22-27 Throughout these studies, two major themes have emerged: (1) ZF
proteins are capable of binding metals other than zinc via apo ZF protein metal substitution
(i.e. TTP’s ability to bind iron, copper, cobalt, cadmium, and gold); and (2) ZF protein
native function may be disrupted when bound to metals other than zinc depending on the
metal as well as ZF protein (i.e. copper’s disruption of TTP’s RNA binding ability).22, 23,
26, 27

ZF proteins are likely bound to zinc under native conditions, the Michel lab has
begun to apply analytical techniques including native electrospray ionization mass
spectrometry (native ESI-MS) and inductively coupled plasma mass spectrometry (ICPMS), to determine whether exogenous metals displace zinc bound to ZF proteins (i.e.
gold’s displacement of zinc from zinc bound TTP), and understand the effects on function
(i.e. gold’s effect on zinc bound TTP RNA complex).26, 28 For example, on studies with
exogenous zinc, it was found that gold displaces zinc from Zn-TTP, but when Zn-TTP is
bound to RNA, no gold exchange is observed, suggesting a protective effect of RNA .26
Whether other metals exchange with zinc in TTP, and the role of RNA binding in this
exchange is not known, Part of my thesis work focused on understanding the exchange of
cadmium with zinc. Our laboratory had previously reported that cadmium can directly bind
to TTP, and retain RNA binding function, but no studies on metal exchange had been
performed. These studies are described in detail in Chapter 2. Exogenous metals,
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including cadmium, lead, chromium, copper, iron, and nickel, which in excess, have the
potential to disrupt metal homeostasis in the body and lead to diseases ranging from
hemochromatosis and anemias to neurodegenerative disorders.23, 29
In this introductory chapter, the literature focusing on the bioanalytical and
spectroscopic techniques used to measure cadmium displacement of ZF protein bound zinc
complexes are described after which the overall theme of my dissertation is outlined. These
subsequent chapters describe my doctoral dissertation work with toxic metals through four
separate studies: (1) the determination of the interaction between cadmium and zinc bound
TTP and zinc bound TTP-RNA complexes via ICP-MS, native ESI-MS, and fluorescence
anisotropy (FA); (2) the comparative study of brand sodium ferric gluconate (Ferrlecit) and
generic sodium ferric gluconate (generic sodium ferric gluconate) intravenous iron
nanoparticle drugs to elucidate physicochemical property differences that could result in
differences in iron release and contribute to iron overload toxicity via a suite of analytical
techniques; (3) the comparative study assessing the quantitative capabilities of both ICPMS and ferrozine assay to measure total iron content in sodium ferric gluconate spiked
human plasma samples; (4) the determination of the effect of propylene glycol and glycerol
e-liquids on chromium, nickel, copper, and lead aerosolization in electronic nicotine
delivery systems, also known as electronic cigarettes via custom electronic nicotine
delivery system aerosolization device and ICP-MS. Together, these studies provide a
collection of bioanalytical and spectroscopic techniques used to identify, characterize, and
quantitate heavy metal protein interactions, iron nanoparticle physicochemical properties,
and metal aerosol exposure levels. As such, these works may contribute to the identification
of different sources of exogenous and potentially toxic heavy metals, contribute to the
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development of future regulatory intravenous iron nanoparticle drug guidance, and the
future discovery of potential mechanisms of cadmium toxicity.

1.2. Cadmium Interactions with Zinc Finger Proteins:
Classified as a carcinogen, with a biological half-life of ~20 years, cadmium has
been reported to target major organs such as the kidney, liver, lungs, and pancreas.30-33
Sources of cadmium exposure include cigarette smoke, car exhaust, and industrial
production waste.31, 34, 35 Among other things, excess cadmium exposure has been reported
to have proinflammatory effects, affect cell proliferation, differentiation, and apoptosis,
and has been associated with the development of prostate, kidney, liver, and hematopoietic
system and stomach cancers.20, 31, 36, 37 Although classified as a carcinogen, the precise
mechanisms of cadmium toxicity still remain largely unknown.23, 36 However, due to the
similar chemical characteristics between d10 transition metals cadmium (II) and zinc (II),
such as their predisposition to tetrahedral coordination geometry, and classification as
intermediate acids, ZF protein targeting by cadmium has been widely hypothesized as a
potential mechanism of cadmium toxicity (Figure 1.1).19, 21, 23
To date, a number of different ZF proteins such as TFIIIA, and TTP, have been
reported to bind cadmium.23, 38 However, the extent of cadmium’s effect on ZF protein
function differ between specific ZF proteins.39, 40 Interestingly, while there have been a
number of studies where apo-ZF proteins have been substituted with cadmium to determine
cadmium’s effect on protein function, comparatively, there have been few studies directly
measuring the displacement of ZF protein bound zinc by cadmium. 23, 39-41 Under normal
cellular conditions, ZF proteins are present in there zinc bound forms; while under zinc
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deficient conditions, ZFs may be present in the apo form.28 As such, studies of cadmium
binding to apo-ZFs provide insight into the thermodynamics of cadmium binding as well
as offer information about structure and function of Cd-ZFs; however, they may not
accurately mimic that interactions of cadmium with ZF proteins under normal physiology.
As such, competitive studies, in which cadmium exchange with zinc bound ZF proteins
may provide a better mimic of the biological interactions of cadmium with ZFs.28
Competition studies of cadmium with Zn-ZFs is technically challenging because the d10
electron count of zinc (II) and cadmium (II) limits the types of spectroscopy available.
Nonetheless, there are scattered reports that focus on the exchange of cadmium with zinc
in ZF proteins and herein with describe these studies with a focus on the technique utilized.
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Figure 1.1. A schematic of a theoretical zinc binding event in which zinc ions bind a double ZF domain apoZF protein resulting in a conformational structural fold change (a). Additional schematics of theoretical
cadmium ion displacement of zinc from Zn2-ZF protein (b) and Zn2-ZF protein-DNA/RNA complex in
which cadmium displacement of zinc may or may not disrupt DNA/RNA binding (c).
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1.3. Bioanalytical and Spectroscopic Techniques to Measure Cadmium
Displacement of ZF bound zinc:
There have been multiple studies that have studied zinc displacement by cadmium
in different zinc finger proteins including TFIIIA, Sp1, TFIIH, Fpg, and TTP (Table 1.1).38,
42-44

(Brandis et al., 2020 unpublished) The techniques used to determine zinc displacement

by cadmium, as well as determine the effect of cadmium on zinc bound ZF proteinDNA/RNA complexes vary from study to study (Table 1.1). Techniques such as NMR,
Autoradiography, AAS, ICP-MS, UV-Vis, and native ESI-MS are able to determine zinc
displacement by cadmium from zinc bound ZF proteins.

38, 42-44

(Brandis et al., 2020

unpublished) However, not all of these techniques, such as ICP-MS and AAS are able to
determine if observable metal displacement from zinc bound ZF protein-DNA/RNA
complexes results in the disruption of ZF protein DNA or RNA binding ability. Inversely,
techniques such as EMSA and FA are useful tools in determining if cadmium disrupts zinc
bound ZF protein-DNA/RNA complexes’ DNA or RNA binding.38 (Brandis et al., 2020
unpublished) More specifically, in cases in which DNA/RNA binding is observed to be
disrupted, by either EMSA or FA, without further experimentation, it cannot be determined
if DNA/RNA binding disruption is due to cadmium displacement of zinc or adventitious
binding. Additionally, in cases where no DNA/RNA binding disruption is observed, it
cannot be determined if DNA/RNA protects ZF protein bound zinc from exchange with
cadmium or if cadmium is displacing zinc and reforming a cadmium bound ZF proteinDNA/RNA complex. (Brandis et al., 2020 unpublished) Few techniques can directly
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determine both cadmium’s effect on zinc bound ZF-proteins and zinc bound ZF proteinDNA/RNA complexes. However, native ESI-MS has the ability to measure zinc
displacement by other metals, determine metal bound ZF protein species (e.g. Zn1Cd1-ZF
protein), and differentiate between DNA/RNA bound ZF protein complexes and nonDNA/RNA bound ZF proteins.26, 45 However, validation via ICP-MS, EMSA, and FA etc.,
is always suggestable. While there are many different techniques can be used to determine
cadmium’s effect on zinc bound ZF protein and zinc bound ZF protein-DNA/RNA
complexes, the majority of these techniques require additional experimentation in order to
confirm each experiment’s findings. As such, herein the uses and applications of ICP-MS,
native ESI-MS, NMR, UV-Vis, EMSA, and FA, to study cadmium interactions with zinc
bound ZF-protein complexes are discussed in correlation to their accompanying studies
(Table 1.2).
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Table 1.1. A list of ZF proteins for which zinc displacement by cadmium has been measured in either
unbound or DNA/RNA bound zinc bound ZF complexes. Study specific techniques used to study each ZF
protein, as well as cadmiums effect on DNA/RNA binding when applicable, are additionally listed.
Protein

ZF
type

Function

TFIIIA

CCHH

Transcription,
transcription
regulation

Sp1

CCHH

TFIIH
p44
subunit
RING
finger
Fpg

TTP

Analytical
technique(s)

Cd ->
Zn-ZF
protein

Cd -> ZnZF-(DNA
or RNA)

DNA/RNA
bound
complex
disruption

AAS, EMSA

Yes

Suspected,
further
studies
needed

Yes

38, 46

Regulation of
GC rich
promoter
genes

UV-vis, EMSA

Yes

Suspected,
further
studies
needed

Yes

47, 48

CCCC

Nucleotide
excision
repair

NMR

Yes

NR

NR

44, 49

CCCC

E. coli DNA
repair

Autoradiography

Yes

NR

NR

43

CCCH

Cytokine
RNA
regulation

Ultrafiltration
ICP-MS, native
ESI-MS, FA

Yes

Yes

No

(Joel et al,
2020
unpublished)
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Refs

Table 1.2. Applications, advantages, and disadvantages of different bioanalytical and spectroscopic
techniques used to measure zinc displacement by cadmium from zinc bound ZF proteins and zinc bound
ZF protein-DNA/RNA complexes, as well as cadmiums disruption of zinc bound ZF protein-DNA/RNA
complex DNA/RNA binding.
Experimental
Applications to zinc finger protein
Advantages
Disadvantages
technique(s)
study
Ultrafiltration
Can be used to identify and quantitate
High sensitivity, high
Large sample
ICP-MS
ZF protein bound metal following Cd
sample throughput,
quantity
addition to Zn-ZF proteins and the
requirement,
separation of non-protein bound metal
high capital cost
of instrument
Ultrafiltration
Can identify different metal bound ZF Can be used for both
Limited by the
native ESI-MS
protein species (i.e. Cd1Zn1-TTP-2D)
proteins and
size of protein as
and metal binding stoichiometry for
protein/RNA
well as by the
ZF protein, ZF protein-RNA, and ZF
complexes
number of
protein-DNA samples following the
choices of
addition of Cd to Zn-ZF complexes
solvents that may
and the separation of non-protein
be used
bound metal
Ultrafiltration
Can be used to identify and quantitate
High sensitivity
Large sample
AAS
ZF protein bound metal following Cd
quantity
addition to Zn-ZF proteins and
requirement
separation on non-protein bound
NMR
Can be used to measure Cd
Can gain structural
High sample
displacement of Zn from Zn-ZF
information
concentration
proteins via changes in chemical shifts
requirement,
time costly
complex data
analysis
Autoradiography Can be used to measure Cd
Relatively straight
Detection is
displacement of Zn from Zn-ZF
forward and do not
dependent on
protein via monitoring for
require a high level of radioactive decay
autoradiographic signal loss associated operator expertise
of radioisotopes
with radiolabeled Zn displacement by
and may require
Cd
extensive time
for image
development
UV-vis
Can be used to measure Cd
Instrument is
Zn and Cd are
displacement of Zn from Zn-ZF
extremely common
spectroscopically
protein by measuring differences in
and easily accessible,
silent making it
spectral shape in the ultraviolet
ease of use, high
hard to validate
regions
sensitivity
Cd displacement
of Zn from ZnZF protein via
UV-vis alone
EMSA
Can be used to measure the effect of
Direct association
Solid state only
Cd on Zn-ZF protein/DNA or Zn-ZF
protein/RNA binding partner ability
through the visualization of the
interaction between ZF protein
complex and the labeled DNA or
RNA probe
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FA

FA can be used to determine the effect
of Cd on Zn-ZF protein/DNA or ZnZF protein/RNA binding partner
ability through changes in anisotropy

Solution equilibrium

Interaction
association by
assumption

1.4. The Determination of Cadmium Displacement of Zinc in Cys2His2 (CCHH)
Type Zinc:
Transcription factor IIIA: Transcription factor IIIA (TFIIIA), a ZF protein with nine
consecutive CCHH ZF domains, known to activate the 5S ribosomal RNA gene
transcription in eukaryotes has been reported to bind both the 50 bp internal control region
(ICR) of the 5S RNA gene as well as the 5S RNA gene product competitively with DNA
(Figure 1.2).50-52 Prior to zinc binding, TFIIIA has been reported to behave as a random
coil.53 In vitro studies, by Huang and colleagues, utilizing an ultrafiltration atomic
absorption spectrophotometry (AAS) approach to separate non-TFIIIA bound metal from
TFIIIA bound metal, found cadmium to displace zinc from both zinc bound TFIIIA ZF 3
peptide (Zn-ZF3) and zinc bound TFIIIA (Zn-TFIIIA) in a concentration dependent
manner, providing molecular evidence that cadmium may be able to target Zn-TFIIIA in
cells.38, 46
As Zn-TFIIIA is known to bind ICR DNA, it is possible that cadmium may target
Zn-TFIIIA-ICR DNA complex (Zn-TFIIIA-ICR) in cells. There is evidence that cadmium
affects TFIIIA function through its inhibition of subsequent association of TFIIIA with its
ICR DNA binding site.50 This interaction has been studied biochemically: interactions
between cadmium and Zn-TFIIIA-ICR, measured via electrophoretic gel mobility shift
assay, determined that the minimum amount of cadmium required to elicit a significant
inhibition of DNA binding was between 2 to 10 times the total concentration of zinc
(Figure 1.3a and 1.3b).38, 46 As cadmium inhibits TFIIIA ICR binding, it was concluded
11

by Huang and colleagues that the disruption of Zn-TFIIIA-ICR suggests that cadmium is
not only able to displace zinc from Zn-TFIIIA, but is also able to displace zinc from ZnTFIIIA-ICR and that ICR coordination does not protect Zn-TFIIIA-ICR complex from
metal exchange.38, 46 However, this hypothesis, while very plausible, requires further direct
protein metal identification experiments, such as AAS, ICP-MS, and native ESI-MS, as it
is still unclear whether the loss of ICR DNA binding, observed via EMSA, is due to
cadmium displacement of TFIIIA bound zinc, or adventitious cadmium binding.
Nonetheless, taken together, these studies indicate that (1) cadmium can displace zinc from
Zn-TFIIIA and (2) cadmium may disrupt Zn-TFIIIA-ICR complex DNA binding.38, 46

Figure 1.2. The 3D NMR structure of 15th CCHH zinc finger of zinc finger protein
478 [PDB: 2YRH]. This figure is intended to illustrate CCHH type zinc finger
protein zinc coordination. Zinc ion (purple) binding cysteine residues are colored
red whereas zinc binding histidines are colored green.
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Figure 1.3. The effect of cadmium on the electrophoretic mobility of Zn7–TFIIIA–ICR complex (a). Lane 1:
free 5S DNA (1.9 nM); Lane 2: band shift by 0.8 μM TFIIIA; Lane 3: 54 μM of cadmium added; Lane 4 135
μM of cadmium added. Buffer 5 μM zinc concentration. The effect of cadmium on Zn7-TFIIIA DNA binding
based on EMSA results (b). Figure is adapted from ref 38 (Huang et al., 2004). Copyright 2004 Elsevier Inc.

Specificity protein 1: Specificity protein 1 (Sp1), is a transcriptional regulatory ZF protein
that contains three CCHH type ZF domains.48 In the body, Sp1 regulates many cellular
processes, such as cell proliferation, apoptosis, and differentiation, through the regulation
of GC-rich promoter genes.54 In an in vitro study by Kuwahara and Coleman, in which a
zinc bound SP1 DNA binding domain peptide (Zn3-Sp1(167*)) containing all three ZF
domains was used to study the interaction between cadmium and zinc bound Sp1, cadmium
displacement of zinc from Zn3-Sp1(167*) was determined by measuring the differences
(Cd3-Sp1(167*) – Zn3-Sp1(167*)) in the ultraviolet spectrum (maximum = ~ 246 nm)
corresponding to Cd3-Sp1(167*) charge transfer bands, following the addition of cadmium
to Zn3-Sp1(167*) (Figure 1.4).48 As such, it is possible that cadmium may be able to target
Zn3-Sp1 in cells.

Figure 1.4. Ultraviolet difference spectrum illustrating cadmium displacement
of zinc from Zn3-Sp1(167*): (Cd3-Sp1) – (Zn3-Sp1) (solid line); (Zn3-Sp1) –
(Zn3-Sp1) (dashed line). Figure adapted from ref 48 (Kuwahara and Coleman
1990). Copyright 1990 American Chemical Society.
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As Sp1 is known to bind GC-rich DNA when bound to zinc, it was hypothesized
that cadmium may also be able to target Zn3-Sp1-GC DNA (Zn3-Sp1-GC) complexes in
cells and potentially disrupt DNA binding ability similarly to TFIIIA.47 In an in vitro study
by Kothiniti and colleagues, in which EMSA analysis showed no disruption of Zn3-Sp1GC1 DNA binding, after a 15 min incubation following the addition of 2 and 10 µM
cadmium to Zn3-Sp1-GC1, it was initially hypothesized that GC DNA coordination may
protect Zn3-Sp1-GC1 from metal exchange (Figure 1.5a and 1.5b).42 However, further
EMSA studies, in which 5 µM of cadmium was added to Zn3-Sp1-GC1 and incubated for
0, 15, 30, 45, and 60 minutes showed significant yet subtle disruption of the DNA binding
suggesting that (1) cadmium may disrupt Sp1 DNA binding ability similarly to TFIIIA; (2)
GC DNA may not protect Sp1 from metal exchange; and (3) cadmium – zinc exchange
kinetics may vary between different ZF proteins and as such, time course assays may be
required to fully determine cadmium’s ability to displace ZF bound zinc and its effect on
ZF protein function (Figure 1.5c).42 However, like TFIIIA, without further direct protein
metal identification experiments, such as AAS, ICP-MS, and native ESI-MS, it is still
unclear whether the loss of GC1 DNA binding, observed via EMSA, is due to cadmium
displacement of Sp1 bound zinc, or adventitious cadmium binding.
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Figure 1.5. The effect of cadmium on the electrophoretic mobility of Zn3–Sp1–GC1 complex in the
absence of EDTA (a). Lane 1: Zn3-Sp1-GC1 (reaction product of 45 nM Zn3-Sp1 and 3.6 nM GC1, 15
min incubation); Lane 2: Zn3-Sp1-GC1 + 2 µM cadmium, 15 min incubation; Lane 3: Zn3-Sp1-GC1 + 10
µM cadmium, 15 min incubation. EMSA analysis of Zn3-Sp1-GC + 2 and 10 µM cadmium in the absence
of EDTA (b). EMSA analysis (EMSA not shown) of Zn3-Sp1-GC1 + + 5 µM cadmium following 0, 15,
30, 45, and 60 min incubation. Figure adapted from ref 42 (Kothinti et al., 2010). Copyright 2010
American Chemical Society.
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1.5. Cadmium Displacement of Cys4 (CCCC) Type Zinc Finger Protein Coordinated
Zinc:
Transcription factor IIH: Transcription factor IIH (TFIIH), also known as BTF2, is a
multi-subunit protein complex with 10 subunits which plays a crucial role in nucleotide
excision repair.55-57 The C-terminal part of the p44 subunit binds three zinc ions through
two independent modules.58, 59 The first module contains a CCCC ZF domain which binds
a single zinc ion.59 The second module contains a C4C4 RING finger domain which binds
two zinc ions.44, 60 In a study by Houben and colleagues in which a series of
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N-1H

heteronuclear single quantum coherence (HSQC) spectra were monitored via NMR,
cadmium displacement of p44 (321-395) RING finger peptide (p44 (321-395)) bound zinc
was determined primarily through the detection of amide group chemical shift changes
(∆dcomp £ 0.2 ppm) within close proximity (£ 3 Å) to at least one sulfur atom that ligate
metal ions (Figure 1.6a and 1.6b).49 As such, it was reported that cadmium may displace
Zn-p44 (321-395), following the addition of three fold excess of cadmium-EDTA in
regards to the protein.49 In addition to experiments done by Houben and colleagues,
additional NMR studies by Kellenberger and colleagues, in which 4 fold excess cadmiumEDTA was added to Zn-p44, have also shown cadmium to displace p44 bound zinc via
NMR.44 Although cadmium-EDTA was used as a source of cadmium by Houben and
colleagues, zinc exchange for cadmium was ascribed to an “intrinsically greater affinity of
the protein for cadmium” as zinc and cadmium have almost identical affinities for EDTA,
indicating that cadmium has the potential to target Zn-TFIIH protein complex in cells.49
As such, it has been hypothesized that cadmium may have the ability to disrupt TFIIH
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DNA binding.61 However, to the best of our knowledge, it appears that further in vitro
molecular experiments have still yet to be done to determine the exact effect of cadmium
on TFIIH’s DNA binding ability.
In addition to determining that cadmium can displace zinc from p44 (321-395)
using 15N-1H HSQC spectra monitoring via NMR, Houben and colleagues were also able
to determine metal exchange kinetics for both p44 (321-395) CCCC sites, due to the
differences in chemical shifts and slow time scale of the metal exchange process.49 It was
reported that p44 (321-395) CCCC site 1 (2.1(± 0.2) X 10-5 S-1) exchanges its zinc ion for
cadmium 1.7 times more slowly than site 2 (3.5(± 0.2) X 10-4 S-1), suggesting that cadmium
interactions with different ZF domains within the same ZF protein may differ depending
on the charge of each ZF domain’s local environment (Figure 1.6c and 1.6d).49
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Figure 1.6. Cadmium displacement of zinc in p44(321–395). (a) Composite 1 H and
15N chemical shift changes (in ppm) upon zinc to cadmium exchange in metal binding
sites 1 and 2 as shown in schematic (b). Cysteine residues chemical shifts corresponding
to metal binding sites 1 and 2 are shown as white and grey bars (a). Disappearance of
15N–1 H HSQC cross-peaks from Zn2C-p44(321–395) and the appearance of Cd2Cp44(321–395) cross-peaks over time in metal binding site 1 (c) and metal binding site 2
(d). Figure adapted from ref 49 (Houben et al., 2005). Copyright 2005 Elsevier Ltd.
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(Fpg), an Escherichia coli CCCC type ZF protein, functions as a DNA repair enzyme.43,
62

In a study by O’connor and colleagues, in which 100 µM of cadmium was added to 3 µg

of radioactive zinc bound Fpg (65Zn (II)-Fpg), cadmium displacement of zinc, from 65ZnFpg, was measured via autoradiography in which the disappearance autoradiographic
signal was indicative of zinc displacement (Figure 1.7).43 As loss of radioactive zinc
autoradiographic signal is directly resultant of zinc displacement, autoradiography may be
considered as a technique that can be used to directly determine zinc displacement by
cadmium as adventitious binding would most likely not result in the loss of
autoradiographic zinc signal. However, further studies such as ICP-MS and AAS, may be
useful to directly measure cadmium binding although not necessarily required.
Additionally, when compared to ICP-MS and AAS, autoradiography is less suited for large
sample volumes as the time requirements for image development etc., preclude it from
being regarded as a high throughput method. Nonetheless, the observed zinc displacement
by cadmium from Fpg provides further invitro evidence of cadmium’s ability to target zinc
bound CCCC type proteins.

Figure 1.7. The autoradiograph of the effect of cadmium on 65Zn (II)-Fpg. The loss of
autoradiographic signal following the addition of 100 µM of cadmium to 3 µg of 65Zn (II)-Fpg
is indicative of cadmium displacement of Fpg bound radioactive zinc. This figure was adapted
from ref 43 (O’Connor 1993). Copyright 1993 The American Society for Biochemistry and
Molecular Biology, Inc.
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1.6. Cadmium Displacement of Zinc in Cys3His (CCCH) Type Zinc Bound ZF
Proteins:
Tristetraprolin: Tristetraprolin (TTP), a double CCCH ZF domain ZF protein, found
within the nuclear factor kappa B (NF-kB) pathway, regulates inflammation on the RNA
level by targeting and binding adenosine/uridine-rich (AU) sequences found in the 3’untranslated regions of cytokine RNA.8, 63-65 In preliminary vitro studies, by Brandis and
colleagues, using a combined ultrafiltration ICP-MS approach to separate non-protein
bound metal from active zinc bound double domain TTP peptide (Zn2-TTP-2D), have
found that cadmium can displace zinc from Zn2-TTP-2D in a concentration dependent
manner following the addition of 2 and 4 molar equivalents of cadmium chloride (CdCl2).
(Brandis et al., 2020 unpublished) Further combined ultrafiltration native ESI-MS
experiments, within the same study, used to identify metal bound TTP-2D species
following the addition of 1 and 2 molar equivalents of cadmium acetate dihydrate
(Cd(OAc)2 • 2H2O) to zinc acetate dihydrate (Zn(OAc)2 • 2H2O) supplemented Zn2-TTP2D, determined that cadmium can displace zinc from either one or both CCCH ZF domains
resulting in either Cd1Zn1-TTP-2D or Cd2-TTP-2D species (Figure 1.8). (Brandis et al,
2020 unpublished)
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Figure 1.8. Cadmium displacement of zinc from Zn2-TTP-2D monitored via the change in the native nanoelectrospray mass spectrum (a) following the addition of 1 and 2 molar equivalents of Cd(OAc)2 • 2H2O
(b to c). All measurements were taken on a Waters Synapt-G2S mass spectrometer. This figure was
adapted from (Brandis et al., 2020. Manuscript in preparation).
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As Zn2-TTP is known to bind cytokine mRNA, it is possible that cadmium may
target Zn2-TTP/RNA complex in cells.22,

23

When substituted with cadmium, TTP-2D

retains its RNA binding ability and has even been reported to bind its AU-rich RNA target
sequence more tightly (Cd2-TTP-2D/RNA Kd = 2.4 ± 0.2 nM) than when bound to zinc
(Zn2-TTP-2D/RNA Kd = 16 ± 1 nM).23 Interestingly, fluorescent anisotropy studies, by
Brandis and colleagues, showed no decrease in anisotropy following the addition of
cadmium to Zn2-TTP-2D/RNA complex suggesting that cadmium may not inhibit Zn2TTP-2D/RNA RNA binding. (Brandis et al, 2020 unpublished) Interactions between
cadmium and Zn2-TTP-2D/RNA complex have been investigated, in preliminary studies,
using native ESI-MS in which cadmium displacement of zinc from Zn2-TTP-2D/RNA
complex have been shown following the addition of 1 and 2 molar equivalents of cadmium
in a concentration dependent matter resulting in Cd1Zn1-TTP-2D/RNA and Cd2-TTP2D/RNA complexes suggesting that not only may cadmium be able to target Zn2TTP/RNA complex in cells, but also that RNA coordination does not protect Zn2TTP/RNA complex from metal exchange (Figure 1.9). (Joel et al., 2020 unpublished) With
the development and improvement of ICP-MS and native ESI-MS techniques over the
years, their use in protein metal binding studies has become more prominent due to each
techniques high throughput nature and ability to directly measure and identify protein
bound metal and determine metal stoichiometry.26, 27, 45, 66, 67

23

Figure 1.9. Cadmium displacement of zinc from Zn2-TTP-2D/RNA complex monitored via the change
in the nano-electrospray mass spectrum of Zn2-TTP-2D/RNA complex (a) following the addition of 1
and 2 molar equivalents of Cd(OAc)2 • 2H2O (b to c). All measurements were taken on a Waters SynaptG2S mass spectrometer. This figure was adapted from (Brandis et al., 2020 Manuscript in preparation).
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1.7. Conclusion
Although there have been a number of in vitro studies investigating cadmium
displacement of ZF protein bound zinc, such as TFIIIA, Sp1, TFIIH p44 subunit, Fpg, and
TTP, the relative number ZF proteins, for which molecular information has been gathered
in regards to cadmium interaction with zinc bound ZF protein, is still quite small compared
to the total number of potential ZF proteins that may be targeted by cadmium in vivo. As
the sequence, fold, and function differ between different families of ZF proteins, cadmium
interaction with zinc bound ZF proteins is likely to differ depending on the family of ZF
protein. Furthermore, the effect of zinc displacement by cadmium from ZF proteins seems
to affect each ZF protein’s function (i.e. DNA, RNA, and protein binding), in a protein
specific manner, even within the same ZF family. As such, in order to better understand
the interactions between cadmium and zinc bound ZF proteins, further in vitro experiments,
utilizing multiple experimental techniques such as AAS, ICP-MS, native ESI-MS, EMSA,
and FA to gain further molecular insight into cadmium’s ability to displace zinc from ZF
proteins and its protein specific effect on ZF protein function, are important to further
identify potential mechanisms of cadmium toxicity.
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Chapter 2: Competitive Targeting of the Non-Classical Zinc Finger protein
Tristetraprolin with Cadmium91
2.1. Introduction
Zinc finger (ZF) proteins are a type of metalloprotein that utilize a combination of
cysteine and or histidine rich ligands arranged in domains (ZF domains) to bind zinc (Zn)
in order to fold and function (Figure 2.1).1-2 ZFs are involved in a variety of biological
functions, including transcriptional and translational regulation.1, 3 ZFs are classed based
upon their domain sequence – the number of cysteine and histidine residues and their threedimensional structures (if known). Currently, at least thirteen different classes or families
of ZFs are known, and it is estimated that approximately ~3% of all eukaryotic proteins are
predicted to be ZFs.4-5

Figure 2.1. Cartoon diagram showing the conformational fold change of an apo double domain zinc finger
protein upon the binding of two zinc ions (colored yellow) (PDB = 1RGO, structures made in pymol).
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ZF proteins that contain repeats of Cys3His within their ZF domains (often called
CCCH domains), the first of which was discovered almost 30 years ago, belong to the
CCCH nonclassical ZF family.6-7 CCCH ZFs are involved in RNA regulation, typically via
RNA binding. One of the best studied CCCH ZF is tristetraprolin (TTP), which contains
two CCCH domains. TTP regulates inflammation, in response to cytokine triggered
inflammatory response and activation of the nuclear factor kappa B (NF-kB) pathway.
Specifically, TTP down regulates inflammatory response by specifically binding AU-rich
sequences in the unsaturated 3’ region of multiple cytokine (e.g., TNF-a) mRNA assisting
in their degradation.2,

8-9

This activity requires zinc (Zn) coordination to both CCCH

domains of TTP and downregulation of TTP has been linked to a number of diseases,
including rheumatoid arthritis (chronic inflammation), sepsis, and cancer.1, 9-12
Cadmium (Cd) is a carcinogenic metal and environmental pollutant that humans
are exposed to on a daily basis. Major sources of Cd exposure include waste from industrial
production of batteries and plastics, car exhaust, and cigarette smoke.13-16 Cd has a
biological half-life of ~20 years, is known to target major organs such as the kidney, liver,
lungs, and pancreas.15,

17-19

There have been multiple reports of Cd exposure having

proinflammatory effects triggering inflammatory responses, some of which have reported
increased TTP levels upon Cd exposure suggesting a potential link between Cd and TTP
activity.20-23
The biological targets of Cd are not fully understood. There is some evidence that
Cd binds to cysteine-rich proteins, including metallothioneins and ZFs, which is consistent
with Cd’s property as a ‘soft acid’ and cysteine thiolates as a ‘soft bases.’24-25 This evidence
includes work by our laboratory in which we investigated Cd binding directly to TTP. We
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reported that Cd binds to apo-TTP with a nanomolar affinity and Cd binding results in a
folded protein that functions in RNA binding; albeit with greater selectivity.26 Similarly,
direct Cd binding to TFIIIA, SP1, and XPA ZFs has also been reported, as has direct
binding of Cd to various metallothioneins.27-30 While these data inform on the ability of Cd
to bind to apo-proteins, in most instances, there is little known about how Cd interacts with
Zn bound form of the protein. In cells, ZFs are present in the metalated state, often bound
to their macromolecular targets (e.g. DNA or RNA); thus, it is important to understand how
Cd interacts with these forms of the protein. Cd may exchange with the Zn bound to the
protein or bind adventitiously and non-specifically to the protein.31 When the ZF is bound
to its macromolecular target, Cd exchange may be enhanced or prevented.
There are limited studies in which Cd exchange with Zn in ZF proteins have been
reported compared to simple substitution studies in which Cd is added to apo-ZF protein
opposed to Zn.27, 32-35 This is likely due to the challenge in measuring this exchange:
because both Cd and Zn have d10 electron counts, the broad range of spectroscopic methods
afforded to proteins with metal co-factors which don’t have filled d-shells, are not available
to Cd and Zn.25-26, 35 Herein we report an approach to overcome this challenge. By applying
a spin-filter ICP-MS assay along with native ESI-MS, we directly evaluated whether Cd
can exchange with Zn in Zn-TTP and Zn-TTP/RNA. We report that Cd can exchange with
Zn in TTP, in both the presence and absence of RNA, and postulate that this exchange may
contribute to the role of Cd in toxicity.
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2.2. Materials
Zinc chloride (ZnCl2), cadmium chloride (CdCl2), cadmium acetate dihydrate (Cd(OAc)2
• 2H2O), ampicillin sodium salt, bovine serum albumin, 2-[4-(2-hydroxyethyl)piperazin-1yl]ethanesulfonic acid (HEPES), Urea, SP sepharose resin, trifluoracetic acid (TFA)
(HPLC

grade),

ammonium

(5’UUUAUUUAUUU3’)

acetate,

and

non-labeled

RNA

oligonucleotide

were obtained from Sigma-Aldrich. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was purchased from Research Products International. BL21DE3 competent cells were purchased from New England Biolabs. Luria-Bertani Lennox
broth (LB) and dithiothreitol (DTT) were acquired from American Bio. Sodium chloride
(NaCl), nitric acid (HNO3) (trace metal grade), and acetonitrile (HPLC grade) were
obtained from Fisher Scientific. Zinc, cadmium, germanium, and scandium ICP-MS
standards, as well as zinc acetate dihydrate (Zn(OAc)2 • 2H2O) were purchased from Fluka
analytical. Rhodium ICP-MS standard was obtained from VWR analytical. ICP-MS tuning
solution was acquired from Agilent. MES was purchased from Amersco. EDTA-free
protease inhibitor tablets were obtained from Thermo Scientific. 0.5 mL 3 kDa MWCO
spin filters were purchased from (Amicon). 3′-fluorescein (F)-labeled PAGE-purified,
deprotected, and desalted RNA oligonucleotide (5’UUUAUUUAUUU3’-F) was
purchased from Dharmacon Research Inc. All metal free conical tubes used for ICP-MS
sample preparation were purchased from VWR. PVDF 0.22 μm steriflip filters were
purchased from Millipore.
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2.3. Methods
TTP-2D Expression and Purification
A pET-15b vector containing the TTP-2D gene fragment encoding for two zinc binding
domains
(SRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQ
GRCPYGSRCHFIHNPTEDLAL) that was previously reported by our laboratory was
utilized to obtain TTP-2D. Briefly, the TTP-2D vector was transformed into E. coli BL21(DE3) competent cells and grown overnight in Luria-Bertani (LB) medium containing 100
μg/mL ampicillin at 37° C. The following day, 15 mL of the overnight culture was added
to LB medium containing 100 μg/mL ampicillin (1 L) and grown to mid-log phase (≈ OD600
of 0.6 to 0.8) at 37 °C. Protein expression was induced by adding 1 mM isopropyl β-D-1thiogalactopyranoside (IPTG). The cultures were allowed to grow for 4 h post induction
after which they were centrifuged at 7,800 x g for 20 min at 4 °C. The cell pellets were
then harvested and stored at -20 °C. Cell pellets were resuspended in 8 M urea and 10 mM
MES pH 6 containing 10 mM dithiothreitol (DTT) and one EDTA-free protease inhibitor
mini tablet. The resuspended cells were placed on ice and lysed using a Fisher Scientific
Sonic Dismembrator model 100. Cellular debris were removed by centrifugation (17, 710
xg for 20 min at 4 °C). The bacterial supernatant was then poured into a SP-sepharose
gravity column and rocked for 1 h at room temperature. Once completely drained, a
stepwise gradient from 0 to 2 M NaCl in 4 M urea and 10 mM MES pH 6 was applied.
TTP-2D was eluted in 4M urea, 600 mM NaCl, and 10 mM MES pH 6 containing 10 mM
DTT. Following elution, 25 mM DTT was added to the protein which was then incubated
in a 56 °C water bath for 2 h to reduce any remaining disulfide bonds. The protein was then
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filtered through a steriflip 0.22 μm filter and purified using reverse-phase HPLC with a
Symmetry C18 300 column on an Agilent 1200 series LC system using an
acetonitrile:water gradient, in 0.1% trifluoroacetic acid. Apo-TTP-2D eluted at 32%
acetonitrile and was lyophilized to dryness in a Coy anaerobic chamber (97% nitrogen and
3% hydrogen atmosphere) using a SpeedVac concentrator (Thermo Scientific). The
purified protein was verified by SDS-PAGE (>95% pure). All remaining protein
manipulations were performed anaerobically to avoid cysteine oxidation.

ICP-MS Analysis
The concentrations of cadmium and zinc in protein samples were determined by injecting
samples into an Agilent 7700x ICP-MS instrument (Agilent Technologies, Santa Clara,
CA, USA) using the same instrument run conditions as in previous reported.36 Cd111 and
Zn66 concentrations in the samples were derived from an external calibration curve
generated by a series of dilutions of atomic absorption standard (Fluka Analytical) prepared
in the same 6% HNO3 matrix as the samples. Data analysis was performed using Agilent’s
Mass Hunter software.

M2-TTP-2D Competitive Metal Binding Titrations
Zn2-TTP-2D + CdCl2 and Cd2-TTP-2D + ZnCl2 - Spin-filter ICP-MS Analysis: A 30 μM
solution of Zn2-TTP-2D in HEPES buffer (100 mM HEPES, 100 mM NaCl at pH 7.5)
was prepared by adding 2 molar equivalents of ZnCl2 to 30 μM apo-TTP-2D under
anaerobic conditions. To this solution, either 2 or 4 molar equivalents of CdCl2 was added
using a stock solution of 15 mM CdCl2 in filtered deionized water. The protein solutions
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were then allowed to equilibrate by shaking on an Eppendorf Theromixer at 300 rpm for 5
min at room temperature. The proteins were transferred to 3 kDa MWCO spin filters
(Amicon 500 Ultra – 0.5 mL) and spun at 14,000 x g for 30 min in a 40° fixed angle tabletop centrifuge (Fisher Scientific) at 25 °C, per the manufacturer’s guidelines, to remove
adventitiously bound metal ions. Spin filtration was repeated three times, after which
protein concentrate was recovered by placing the spin filter into a fresh collection tube and
centrifuging at 1000 x g for 2 minutes at room temperature. The resultant protein was
diluted to 500 μL and protein concentration was determined by measuring unfolded apoTTP-2D independently via UV-vis spectroscopy (A276; e = 8520 M-1cm-1).36 The metal
content was then measured via ICP-MS, using 6 % HNO3. The analogous experiment with
Cd2-TTP-2D + ZnCl2 was performed using this same method. In addition to these protein
samples, the following metal and protein stocks were also measured by ICP-MS as
controls: 200 μM ZnCl2, 200 μM CdCl2, 30 μM apo-TTP-2D, 30 μM Zn (II)2-TTP-2D,
and 30 μM Cd (II)2-TTP-2D. All measurements were performed in triplicate.

Zn2-TTP-2D + Cd(OAc)2 • 2H2O

and Cd2-TTP-2D + Zn(OAc)2 • 2H2O - Native ESI-

MS: - Zn2-TTP-2D samples (500 μL) were prepared by the addition of 2 molar equivalents
of Zn (II) acetate dihydrate (Zn(OAc)2 • 2H2O) to 10 μM apo-TTP-2D in 10 mM
ammonium acetate (NH4OAc) buffer at pH 6.9 under anaerobic conditions. The samples
were equilibrated for 5 minutes via shaking at 300 rpm and applied to an Amicon ultra 0.5
mL, 3 kDa MWCO centrifugation filter to remove any adventitious metal ions. The
concentrated samples were then recovered by inverting each concentrator and centrifuging
at 1000 x g for 2 minutes at 25 °C into fresh collection tubes. Once centrifuged, NH4OAc
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buffer was added to each collection tube to bring the total sample volume to 500 μL. Protein
concentration was measured independently by measuring unfolded apo-TTP-2D protein
concentration via UV-visible spectroscopy (A276; e = 8520 M-1cm-1).36 Cd2-TTP-2D
samples were prepared analogously. For metal exchange experiments, Cd (II) acetate
dihydrate (Cd(OAc)2 • 2H2O) (1 and 2 molar equivalents) was added to Zn2-TTP-2D and
Zn(OAc)2 • 2H2O (1 and 2 molar equivalents) was added to Cd2-TTP-2D and allowed to
equilibrate for 10 minutes. All samples were directly infused at a flow rate of 500-1000
nl/min into a Waters Synapt G2S mass spectrometer (Waters) with a nano-ESI interface
coupled with a 15 μm diameter spray tip (Silicatip, New Objective, Inc., Woburn, MA,
USA). The instrument parameters used for native analysis were as follows: source
temperature: 50 C; capillary voltage, 2.0 kV; sample cone, 30 V; source offset, 0 V; trap
collision energy, 4 V; trap gas flow, 2 mL/min; helium cell gas flow, 180 mL/min. Sodium
iodide was used to calibrate over the range of m/z 100-3000. 10 mM Ammonium acetate
and 1:1:1:1 water:methanol:acetonitrile:isopropanol rinses were used between each
infusion to ensure that the instrument was rinsed and to avoid metal bound protein species
contamination. 6 % HNO3 was used to rinse the syringe between injections to remove
possible metal contaminants. All mass spectra data were processed using Masslynx 4.1
software (Waters).

Simulations: All m/z simulations were performed by enviPat Web 2.4.1 The theoretical
chemical formula of TTP-2D is C374H575N117O105S6. The parameters used for simulations
were: type, Gaussian; threshold, 0.01; fraction, 0.1; resolution, 50-70ppm.37
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Functional effects of Cd reactivity: Zn2-TTP-2D/RNA + CdCl2 and Cd2-TTP-2D/RNA
+ ZnCl2 - fluorescence anisotropy: The effect of Cd and Zn on Zn2-TTP-2D binding to
the RNA target AAAUAAAUAAA and Cd2-TTP-2D binding to the RNA target
AAAUAAAUAAA, respectively was measured by fluorescence anisotropy (FA). All FA
experiments were performed on an ISS K2 spectrofluorometer, configured in the L format.
Based upon full excitation and emission scans of the fluorescently labeled RNA probe, all
FA experiments were performed using an excitation wavelength of 495 nm and an emission
wavelength of 523 nm. Spectrosil far-UV quartz window fluorescence cuvettes (Strana
Cells) were utilized for all measurements. For the experiments, the RNA probe
(UUUAUUUAUUU-F; F= fluorescein) was suspended in 200 mM HEPES, 100 mM NaCl,
0.05 mg/ mL bovine serum albumin (to avoid protein adherence to the cuvette) at pH 7.5
buffer system. In a typical experiment, a solution of 10 nM UUUAUUUAUUU-F was
titrated with M2-TTP-2D (M = Zn or Cd ) to saturation, followed by the addition of MCl2
(M = Cd or Zn (II)) (2, 4, 6, 8, and 10 molar equivalents) and the fluorescence anisotropy
(r) was recorded.

Zn2-TTP-2D/RNA + Cd(OAc)2 • 2H2O and Cd2-TTP-2D/RNA + Zn(OAc)2 • 2H2O Native ESI-MS: The Zn2-TTP-2D/UUUAUUUAUUU RNA complex was generated by
adding 1 molar equivalent of RNA oligomer (sequence 5’-UUUAUUUAUUU-3’, M.W.:
3352.0 Da, a custom oligomer from Sigma Aldrich) to 10 μM Zn2-TTP-2D in 10 mM
NH4OAc buffer at pH 6.9. The ESI-MS of the complex was obtained via direct infusion of
the protein/RNA complex (500-1000 nl/min) into a Waters Synapt G2S mass spectrometer.
Subsequently, 1 and 2 molar equivalents of Cd(OAc)2 • 2H2O were then applied to the Zn2-
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TTP-2D/RNA complex and measured via ESI-MS using direct infusion. The analogous
experiments were performed with Cd2-TTP-2D/ UUUAUUUAUUU RNA plus Zn(OAc)2
• 2H2O. All samples were directly infused at a flow rate of 500-1000 nl/min into a Waters
Synapt G2S mass spectrometer (Waters) with a nano-ESI interface coupled with a 30 μm
diameter spray tip (Silicatip, New Objective, Inc., Woburn, MA, USA). The instrument
parameters used for native analysis were as follows: source temperature: 50 C; capillary
voltage, 2.0 kV; sample cone, 30 V; source offset, 0 V; trap collision energy, 4 V; trap gas
flow, 2 mL/min; helium cell gas flow, 180 mL/min. Sodium iodide was used to calibrate
over the range of m/z 100-3000. 10 mM Ammonium acetate and 1:1:1:1
water:methanol:acetonitrile:isopropanol rinses were used between each infusion to ensure
that the instrument was rinsed and to avoid metal bound protein species contamination. 6
% HNO3 was used to rinse the syringe between injections to remove possible metal
contaminants. All mass spectra were processed using Masslynx software 4.1 (Waters).

2.4. Results and Discussion
Competition of exogenous metals with zinc bound zinc finger proteins.
A large body of work has been reported on direct metal binding to a variety of apoZF proteins;25-26, 38 however, studies in which exchange of metals with zinc bound zinc
finger proteins are more limited, especially exchange with spectroscopically silent metal
ions, such as Cd

36, 39-42

. In cells, ZFs are typically found bound to zinc under normal

conditions therefore, to understand how exogenous metals can exchange with zinc, it is
important to evaluate the interactions of the exogenous metals with zinc bound ZFs.43
Emerging approaches to study metal binding and metal exchange in ZF proteins metal ions
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include native ESI-MS, which has been successfully used by our laboratory, as well as
others including Moini, Brouwer, Pinter, Casini, Farrell, and Sénèque groups, to follow
metal exchange in ZFs gold, cadmium, and zinc metals and spin filter-ICP-MS, which was
developed by out laboratory to examine copper exchange.28, 32, 36, 40, 44-47 Herein, we applied
these approaches to investigate Cd exchange with Zn bound to TTP and Zn-TTP bound to
RNA.

Preparation of Zn2-TTP-2D
The construct of TTP used for these studies, TTP-2D, was developed by our
laboratory several years ago.41 This construct contains the two CCCH ZF domains, and we
have previously reported that it binds zinc, fold and functions (binds RNA).41 TTP-2D is
highly soluble, and we overexpressed in E.coli and isolated in the apo-state, to which we
added 2 equivalents of ZnCl2 to obtain the folded, functional Zn2-TTP-2D construct.

Direct targeting of Zn2-TTP-2D with Cd.
Initial studies to monitor the exchange of Cd with Zn2-TTP-2D utilized a molecular
weight cut off (MWCO) spin-filter ICP-MS assay, developed in our laboratory.36 In this
assay, the metal of interest was applied to the metal-protein complex (e.g. Cd + Zn2-TTP2D) after which the protein was applied to a molecular weight cut off (MWCO) filter which
separates the protein bound metal from non-protein bound metal. Following several
washes, to ensure all no-protein bound metal is removed, the metal concentration in the
isolated protein fraction was then measured by ICP-MS and the metal:ZF stoichiometry
determined by relating the total metal concentration to the total protein concentration.
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(Figure 2.2).40 To measure Cd exchange with Zn-TTP-2D two experimental conditions
were utilized. In the first, 2 molar equivalents of 1 mM CdCl2 was added to 20 µM Zn2TTP-2D. The sample was then allowed to equilibrate for 5 minutes, at room temperature,
and applied to a 3 kDa MWCO spin filter and analyzed by ICP-MS. The analogous
experiment with 4 molar equivalents of CdCl2 was also performed. Both conditions resulted
in the exchange of the Zn with Cd, with 52% of the isolated protein Cd bound after two
equivalents of Cd added and 74% after four equivalents added. These data reveal that Cd
exchanges with Zn bound to TTP. (Figure 2.3a).

Centrifuge and rinse
to remove non-TTP-2D bound metal
Amicon Ultra4
0.5 μL / 3kDa
Spin filter

ZF1ZF2
ZF1ZF2

Metal # 1
addition

Metal # 2
addition

Measure
[TTP-2D]
Acid
digest

Apo-TTP-2D
Metal # 1

Zn-TTP-2D
Metal # 2

ICP-MS

Metal-TTP-2D

Unknown TTP-2D bound metal

Figure 2.2. Schematic of the competitive metal binding TTP-2D spin filter method.

5

43

44

Figure 2.3. The average percent composition of TTP-2D bound metal (Zn = yellow and Cd = magenta) of Zn2-TTP-2D direct
targeting by CdCl2 (2 and 4 molar equivalents) (A) and Cd2-TTP-2D direct targeting by ZnCl2 (2 and 4 molar equivalents) (B)
measured via Agilent 7700x ICP-MS (n = 3).

Direct targeting of Cd2-TTP-2D with Zn
Zn supplementation is one of several therapeutic approaches used to minimize Cd
toxicity.48 Therefore, in addition to determining whether Cd exchanges with Zn in Zn2TTP-2D, we sought to determine if Zn exchanges with Cd2-TTP-2D. Following the spin
filter-ICP-MS approach (vide supra), it was determined that when 2 equivalents of Zn were
added to Cd2-TTP-2D, 32% of the isolated protein contained Zn, and when 4 equivalents
were added, 44% of the isolated protein contained Zn (Figure 2.3b). These data support
the exchange of Zn for Cd in TTP. Notably, the amount of Cd that is exchanged with Zn
from Zn2-TTP-2D is more than 1.5 times that the amount of Zn that exchanges with Cd
from Cd2-TTP-2D. The reported upper limit dissociation constants (Kds) for Zn and Cd
binding directly to TTP-2D are 6.2 x 10-11 and 3.5 x 10-9 M respectively, which suggest
that the exchange of Zn for Cd is favored thermodynamically; however, Cd is known to be
more inert than Zn and we hypothesize that the finding that Cd exchanges more readily
with Zn is due to the differences in lability between the two metals.24 Taken together, these
competitive metal displacement studies provide evidence that Cd can directly target Zn2TTP-2D via Zn displacement from the protein and demonstrate the utility of MWCO spinfilter ICP-MS assay to measure metalation and metal exchange in ZFs.

Native ESI-MS to identify cadmium targeting of Zn2-TTP-2D reaction products
Native-electrospray ionization mass spectrometry (native ESI-MS) was utilized to
further characterize the exchange of Cd with Zn in Zn2TTP-2D and identify the species
that are formed (Figure 2.4, Figure 2.5). Native ESI-MS is gentle enough to detect the
metal bound form of the ZF.40, 49-51 Initial studies focused obtaining the native ESI-MS of
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apo-TTP-2D. Here a major peak with an m/z = 1430.8699 (z = 6+) was observed, which
matches that previously reported at 1430.3560 (z = 6+) (data not shown).40 We then
obtained the spectrum of Zn2-TTP-2D and observed a major peak at m/z = 1452.5217 (z =
6+), matching that previously reported for Zn2-TTP-2D (Figure 2.5a).40 With these data in
hand, we performed titrations in which 1 and 2 equivalents of Cd(OAc)2 • 2H2O were
titrated with Zn2-TTP-2D and the ZF products were identified by native ESI-MS (Figure
2.5). Following the addition of 1 equivalent of Cd(OAc)2 • 2H2O to Zn2-TTP-2D, peaks
that best fit to Cd1Zn1-TTP-2D m/z at 1460.3499 (calc.1460.3377 ; z = 6+), and to Cd2TTP-2D m/z at 1468.3495 (calc. 1468.3317; z = 6+) were observed, in addition to the
starting peak corresponding to Zn2-TTP-2D (Figure 2.5b, Figure 2.6). Upon the addition
of 2 molar equivalents of Cd(OAc)2 • 2H2O, the peaks that correspond to Zn2-TTP-2D and
Cd1Zn1-TTP-2D were significantly reduced in intensity, and the peak that corresponds to
Cd2-TTP-2D dominated the spectrum (Figure 2.5c). Taken together, these data are
consistent with Cd displacing either a single or both Zn co-factors in TTP-2D and providing
additional evidence that Cd exchanges with Zn in the Zn2-TTP-2D active site.
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Figure 2.4. Cartoon diagram showing the potential exchange of zinc (colored yellow) with cadmium (colored pink) in TTP
protein (PDB = 1RGO, structures made in pymol).
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Figure 2.5. The change in the native nano-electrospray mass spectrum of Zn2-TTP-2D (A) following the addition of 1 and 2 molar
equivalents of Cd(OAc)2 • 2H2O to Zn2-TTP-2D (B to C) measured on a Waters Synapt-G2S mass spectrometer.

Figure 2.6. The comparison of the observed isotopic distribution pattern (red) of 6+ charged Zn2TTP-2D (yellow inset), 6+ charged Cd1Zn1-TTP-2D (green inset), and 6+ charged Cd2-TTP-2D
(purple inset) ions with the simulated theoretical isotopic distribution (black) obtained with enviPat
Web 2.4.
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Native ESI-MS to identify zinc targeting of Cd2-TTP-2D reaction products
The reverse exchange - Cd2-TTP-2D plus Zn – was also performed. Here, 1 and 2
equivalents of Zn(OAc)2 • 2H2O were titrated with Cd2-TTP-2D after which the native ESIMS spectra were recorded (Figure 2.7). The peak at m/z = 1468.3458, indicative of Cd2TTP-2D, was consistent with the calculated theoretical m/z value 1468.3317 (z = 6+)
(Figure 2.7a). Following the addition of 1 molar equivalent of Zn(OAc)2 • 2H2O, Cd2-TTP2D (m/z = 1468.3625 (z = 6+)) and Cd1Zn1-TTP-2D (m/z = 1460.3629 (z = 6+)) signals
were observed with the Cd2-TTP-2D signal dominating the spectra (Figure 2.7b). Upon
the addition of 2 molar equivalents of Zn(OAc)2 • 2H2O, increases in Cd1Zn1-TTP-2D
relative signal intensity and decreases in Cd2-TTP-2D were detected, with the Cd2-TTP2D signal (m/z = 1468.2120 (z = 6+)) remaining the dominant signal (Figure 2.7c).
Additionally, a slight Cd2Zn1-TTP-2D signal (m/z = 1479.0179 (z = 6+)) was also detected
(Figure 2.7c). These data, like those obtained from the spin-filter ICP-MS studies, indicate
that Zn will exchange with Cd bound to TTP-2D.
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Figure 2.7. The change in the native nano-electrospray mass spectrum of Cd2-TTP-2D (A) following the addition of 1 and 2
molar equivalents of Zn(OAc)2 • 2H2O to Cd2-TTP-2D (B to C) measured on a Waters Synapt-G2S mass spectrometer.

TTP-2D/RNA Competitive Metal Titrations
In the cell, Cd may also encounter Zn2-TTP-2D bound to its RNA target, and we
sought to determine if Cd would exchange with Zn when the ZF is complexed with RNA.
We recently reported that RNA has a protective effect towards metal exchange with Zn2TTP-2D in a study focused on how gold complexes interact with TTP,40 and we
hypothesized that RNA would also prevent Cd exchange with TTP. To test this hypothesis,
a competitive fluorescence anisotropy assay, which probes protein/RNA binding, and a
competitive native ESI-MS experiment, which identifies the metal-ZF-RNA complexes
were performed.
The RNA target sequence recognized by TTP-2D is UUUAUUUAUUU, which
corresponds to the 3’-untranslated region (3’UTR) of cytokine mRNA.3 Using a previously
developed fluorescence anisotropy (FA) assay, we titrated Zn2-TTP-2D with fluoresceinlabeled RNA (UUUAUUUAUUU-F; F= fluorescein) and observed an increase in FA
indicative of Zn2-TTP-2D binding to the RNA probe. Cd (4, 6, 8, and 10 equivalents) was
then titrated into the complex, and the FA monitored (Figure 2.8). No changes in
anisotropy (r) were observed. This result suggested that either (1) the RNA protects the Zn
bound to TTP from exchange or (2) the Cd is exchanging with Zn and RNA binding is
retained. We have previously reported that Cd2-TTP-2D binds to the AAAUAAAUUUA
RNA sequence with similar affinity that measured for Zn2-TTP-2D to RNA, therefore we
could not rule out either conclusion with the FA data alone (Figure 2.8 inset). Therefore,
we turned to native ESI-MS and performed a titration of Cd with the Zn2TTP-2D/RNA
complex that was monitored by native ESI-MS.
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B

Figure 2.8. (A) Plot of the change in anisotropy upon the addition of Zn2-TTP-2D (red) to the RNA oligonucleotide
UUUAUUUAUUU-F (F = fluorescein) followed by (B) the addition of CdCl2. FA experiments were performed in 200 mM HEPES,
100 mM NaCl, at pH 7.5 via ISS multifrequency phase fluorometer (n = 3).

A

Figure 2.9 shows the native ESI-MS titrations. For these experiments, a 1:1 Zn2TTP-2D/ UUUAUUUAUUU-RNA complex was prepared and subject to native ESI-MS.
A peak at m/z = 2011.1294 (z = +6) indicative of the protein:RNA complex we measured,
matching that previously reported (Figure 2.9a).40 1 and 2 equivalents of Cd(OAc)2 • 2H2O
were then titrated into the Zn2-TTP2D/RNA complex and the native ESI-MS spectra
obtained (Figure 2.9). Following the addition of a 1 equivalent of Cd(OAc)2 • 2H2O, peaks
indicative of Zn2-TTP-2D/RNA, Cd1Zn1-TTP-2D/RNA (m/z = 2019.3363 (z = +6)), Cd2TTP-2D/RNA (m/z = 2026.8152 (z = +6)), and Cd1Zn2-TTP-2D/RNA (m/z = 2030.8450 (z
= +6)) were detected (Figure 2.9b). Of the four detected peaks, the Cd1Zn2-TTP-2D/RNA
and Cd2-TTP-2D/RNA were the most dominant. Following the addition of 2 equivalents
of Cd(OAc)2 • 2H2O, peaks indicative of Cd1Zn1-TTP-2D/RNA, Cd2-TTP-2D/RNA, and
Cd1Zn2-TTP-2D/RNA were detected while the Zn2-TTP2D/RNA signal was absent
(Figure 2.9c). Of the three detected peaks, the Cd2-TTP-2D/RNA signal dominated the
spectrum. Taken together, these data reveal that Cd displaces Zn from the TTP-2D active
site and clarify the FA data interpretation – the retention of RNA binding observed is due
to Cd exchanging with Zn with retention of RNA binding (Figure 2.10).
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Figure 2.9. The change in the nano-electrospray mass spectrum of Zn2-TTP-2D/RNA complex (A) following the addition
of 1 and 2 molar equivalents of Cd(OAc)2 • 2H2O to Zn2-TTP-2D/RNA complex (B to C) measured on a Waters SynaptG2S mass spectrometer.
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Figure 2.10. Cartoon diagrams of TTP-2D/RNA competitive metal binding titration experiments (structures
made in pymol from PDB = 1RGO).

2.5. Conclusions
The goal of the studies reported here were to determine if Cd can displace Zn from
the ZF protein TTP, and to understand the effect of RNA on this displacement. TTP plays
a key role in regulating inflammation, cadmium is known to exhibit pro-inflammatory
properties, and cysteine rich ZFs including TTP have been implicated as potential targets
of cadmium in the cell making it of interest to understand whether these interactions. We
determined that Cd will readily exchange with the Zn cofactor of TTP, as measured by
both a spin filter-ICP-MS approach to follow stoichiometry and by native ESI-MS
titrations to identify metal-TTP complexes. When Cd exchanges with Zn, it still retains its
RNA binding properties. The converse experiment, in which TTP was complexed to Cd
and Zn exchange is monitors shows displacement if Cd with Zn, but at a lower rate under
the conditions monitored, consistent with the intrinsic inertness of Cd compared to Zn.
When Zn2-TTP-2D is bound to RNA, the exchange with Cd still occurs, as evidenced by
both the spin-filter ICP-MS assay and a native ESI-MS monitored titration of Zn2-TTP2D/RNA with Cd, and RNA binding is retained as seen in the ESI-MS titration and a FA
RNA binding experiment. Together, these findings suggest that TTP may be one of the
targets of cadmium in cells. We have previously reported that Cd-TTP is more selective
for its RNA target sequence than Zn-TTP, and we hypothesize that this differential RNA
binding may be related to the toxic effects of Cd. However, further cellular experiments
should be conducted in the future, to determine if Zn-TTP is in fact a target of Cd in cells.52
The work described in this paper also shows the utility of combining a spin-filterICP-MS assay with native-ESI-MS titrations to follow metal exchange reactions for
metalloproteins, particularly those for which spectroscopic tools are not amenable (e.g d10
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metals). To our knowledge, this is the second example of an ESI-MS monitored titration
of metal exchange for a protein/RNA complex, and follows the first example, also
performed by our laboratory, in which exchange with gold was monitored.40 This approach
has the potential to be applied to other systems to understand the effects of exogenous metal
ions on protein metalation and function. Particularly beneficial is the native ESI-MS
approach, because it uses low concentration of samples, and is mild enough to retain the
intact metal-ZF complexes.
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Chapter 3: Evaluation of the Physicochemical Properties of the Iron Nanoparticle
Drug Products: Brand and Generic Sodium Ferric Gluconate92
3.1. Introduction
With advances in nanoengineering, the incorporation of nanotechnology into
human drug products has aided in the development of new drugs with improved
pharmacokinetics, efficacy, safety, and targeting properties.1-3 These products, often called
nanomedicines, are products designed and engineered to have at least one dimension
between 1-100 nm or to exhibit dimension-dependent properties or phenomena up to 1
micrometer.2, 4 The use of nanotechnology in new medicines shows great promise, and in
the United States, approximately 50 nanomedicines have been approved .5
One of the most frequently administered nanomedicines on the market are iron
nanoparticles, which make up 14% of all FDA approved nanodrugs. These products are
iron-carbohydrate colloids/nanoparticles, that are administered intravenously (IV) to treat
iron deficiency anemia (IDA).1, 6-8 IDA is commonly seen in patients with chronic kidney
disease (CKD), which often accompanies type 2 diabetes; in cancer patients, for whom
treatment with chemotherapeutic agents leads to anemia; and in some patients with
autoimmune disorders.6, 9-12
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The overall goal of IV iron administration is to replenish the depleted iron cellular
stores caused by IDA.13

Upon IV infusion, the iron drugs are processed via the

reticuloendothelial system, after which the iron is transferred to transferrin in the plasma
which delivers the iron to tissues to replenish iron deplete proteins and turn on erythrocyte
production (red blood cell production).6, 10, 14-16 It is important that the release of the iron
be controlled to avoid iron overload which results in saturation of transferrin and the
presence of labile iron. Labile iron can be taken up by cells non-specifically leading to
oxidative damage and ultimately toxicity (Figure 3.1).17-18 Iron nanoparticle drugs need to
be designed such that iron release is controlled.

Figure 3.1. Cartoon diagram of iron homeostasis under normal (A) and iron overload conditions (B).
Under normal conditions, iron released from the iron nanoparticle drug complex binds transferrin
proteins in the plasma and is endocytosed into the cell via the transferrin receptor protein (TrF1).
Endocytosed iron is then shuttled to the cytoplasm via the divalent metal transporter 1 (DMT1) and is
either stored by iron storage proteins such as ferritin, used in iron dependent molecules/ processes, or
exported out of the cell via ferroportin. Under iron overload conditions, transferrin becomes completely
saturated by iron resulting in the down regulation of the TrF1 pathway. The remaining non-transferrin
bound iron is then transported into the cell via nonspecific metal transporters, DMT and ZIP14. The
excess intracellular labile iron can react with cellular oxygen forming toxic reactive oxygen species
(ROS) which may result in oxidative damage to proteins, lipids, and DNA.
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There are currently seven reference (innovator) and one generic IV iron
nanoparticle drugs that are FDA approved:

INFed (iron dextran), Dexferrum (iron

dextran), Venofer (iron sucrose), Feraheme (ferumoxytol),

Injectafer (ferric

carboxymaltose), Monoferric (ferric derisomaltose), and Ferrlecit (sodium ferric gluconate
complex) – for which only the generic version of sodium ferric gluconate is available in
the US.6, 19 The general molecular features of each of these products are the same: they
have a ferric iron oxyhydroxide core with a carbohydrate coating (Figure 3.2).9 The nature
of the carbohydrate differs between products, and variability in physicochemical properties
such as iron core size, hydrodynamic size, stability of iron nanoparticle complexes, and
iron release between products have been reported.9, 20-23

Figure 3.2. A cartoon representation of an iron carbohydrate product (left) and the atomic
connectivity of the iron-oxyhydroxide core with the gluconate ligand that forms the polynuclear
iron nanoparticle (right). Each SFG nanoparticle complex is estimated to be composed of roughly
~ 200 sodium ferric gluconate units.
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The single IV iron product for which a generic has been approved is Ferrlecit
(Figure 3.3). This product, denoted here as ‘generic sodium ferric gluconate,’ was
approved in 2011.24 There have been no additional generic iron nanoparticle type products
approved in the subsequent eight years, despite an interest in approving additional generic
iron complex products.1 In the intervening years, efforts to define how nanomedicines
should be regulated have been made both by the FDA in the US, and analogous regulatory
agencies abroad.4, 7, 25 Generic nanomedicines in the US are subject to the same regulations
as conventional small molecule drugs; however, nanoparticle-based drugs have unique
properties.7, 26 It has been suggested that new guidance for nanomedicines as a group, or
specific guidance for specific nanomedicines are needed.7, 26-27 For the latter, there is a
product-specific guidance for SFG that was issued in 2013, in which qualitative (Q1) and
quantitative (Q2) formulation sameness, in vivo pharmacokinetic bioequivalence studies,
and in vitro characterization including physicochemical properties are recommended.6, 25,
27

Figure 3.3. Brand (Ferrlecit) (left) and generic sodium ferric gluconate (right).
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Our laboratory is currently conducting a study to compare brand SFG (Ferrlecit)
and generic SFG in healthy volunteers.18 We have developed an approach that allows us to
measure iron speciation in plasma, using liquid-chromatography coupled to inductively
coupled plasma mass spectrometry (LC-ICP-MS).18 The LC-ICP-MS technology allows
us to simultaneously measure all iron species – colloidal iron, iron bound to transferrin and
labile iron and therefore provides a more comprehensive pharmacokinetic analysis of iron
speciation in vivo. In previous studies, only some of these species (i.e., total iron and
transferrin bound iron) could be directly measured.24, 28-30 In conjunction with the in vivo
pharmacokinetic data that we will obtain from the clinical trial, we sought to
comprehensively evaluate the in vitro equivalence of the two drug products.

By

characterizing the in vitro properties of the two drugs and analyzing these data in light of
the in vivo data to be obtained, the physicochemical properties that inform on the in vivo
properties will be identified. These findings have the potential to inform future in vitro/in
vivo correlation or relationship.
Herein, we report a comparison of the physiochemical properties of brand SFG and
generic SFG. The studies focused on the nature of the iron core and the nature of the
carbohydrate complex and utilized a variety of analytical measures. We determined that
the iron cores are equivalent, but observed differences in the products’ particle size,
molecular weight distribution, and iron lability.
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3.2. Materials
Ferrlecit (NDC 0024-2792-10) (Sanofi U.S. LLC., Bridgewater, NJ, USA) and generic
sodium ferric gluconate (SFG) (NDC 0591-0149-87) (Watson Pharma, Inc., Corona, CA,
USA), containing 62.5 mg elemental iron per 5 mL (223.8 mM) sterile single use vial were
purchased. All drug stocks used throughout the investigation were from freshly opened
vials. Trace metal grade nitric acid and hydrochloric acid were purchased from Fisher
Scientific.

3.3. Methods

Data Presentation
All data presented are presented as follows: average ± standard deviation.

Optical Spectra
To determine the optical spectra of brand and generic SFG products, SFG samples
were diluted to 0.050, 0.95, 0.136, 0.174, and 0.208 mM Fe concentrations in 0.9% NaCl
solution. Full absorbance scans (220 - 800 nm) of each sample were taken in screw-capped
quartz cuvettes (Starna Cells) using a Lambda 25 spectrometer (Perkin Elmer). The molar
extinction coefficients at 300 nm and 470 nm were calculated for both brand and generic
SFG via linear fit to Beer’s law.
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Total Iron Content
The total iron content in both brand and generic SFG products were determined by
inductively coupled plasma mass spectrometry (ICP-MS). Three different lots of both
brand and generic SFG samples were diluted to a target elemental iron concentration of 0.4
mM Fe with deionized water. The diluted samples (200 μL) were then digested at 80 °C
for 12 hours in 67% nitric acid (500 μL) and deionized water (800 μL). A 6% nitric acid
matrix was achieved by diluting hydrolyzed samples with deionized water (4 mL) prior to
analysis by ICP-MS. Total elemental iron concentrations were determined by a 7700
Agilent ICP-MS (Agilent Technologies Inc, Santa Clara, CA, USA), employing an
octopole reaction system cell (ORS) in He mode to remove interferences. ICP-MS run
parameters were as follows: a argon carrier gas flow of 0.99 L/min, helium gas flow of 4.3
mL/min RF power of 1550 W, octopole RF of 200 V, and OctP bias of -18 V. Iron
concentrations were derived from a calibration curve generated by a diluted series of iron
atomic absorption standards (Millipore Sigma, Saint Louis, MO, USA) prepared in a 6%
nitric acid matrix. Data analysis was performed using Agilent Mass Hunter software 4.4.

Iron Core Measures:
X-ray Powder Diffraction (XRPD)
X-ray measurements of dried solutions were performed with an XRPD 3000TT
(Seifert, Ahrensburg, Germany) using Copper-radiation (1.54178 A, 40kV, 30mV) in
Bragg Bretana configuration (automatic divergence slit, angular rate 0.18°/min). The
samples were dried directly on the sample carrier (35°C for 7 days in a drying chamber).
Both pulverized and non-pulverized data were obtained. The non-pulverized data are
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shown here, because the iron oxide iron hydroxide signal is less obscured by sucrose under
these experimental conditions.
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Mössbauer Spectroscopy
Mössbauer spectroscopy was performed on both powder and liquid solution

samples. Powdered samples were prepared by lyophilizing (223.8 mM Fe) brand and
generic SFG (5 mL) in a speed vacuum concentrator (Thermo Fisher Scientific). Following
lyophilization, samples were dried in an oven at 80 °C for 6 h. Once dried, a glass mortar
and pestle were used to powder each sample prior to Mössbauer spectral analysis. For
liquid measurements, undiluted (223.8 mM Fe) aqueous solution SFG samples were taken
directly from their vials, immediately before Mössbauer spectral analysis.
The 57Fe Mössbauer spectra for both SFG products were recorded on a spectrometer
from SEE Co. (Science Engineering & Education Co., Minneapolis, MN, USA) integrated
with a Janis SVT-400-MOSS LHe/LN2 cryostat. The spectrometer was operated in the
constant acceleration mode in a transmission geometry. All with all experiments were
carried out in the absence of an applied magnetic field. Powdered samples (ca. 40 mg) and
aqueous solution samples (0.4 mL) of both SFG products (natural abundance Fe) were
loaded under air into Delrin cups equipped with tight-fitting Delrin inserts designed to
immobilize the contents of the cup. Aqueous solution samples were frozen in LN2 and
stored under LN2 prior to analysis. Subsequently, data were collected at 80 K employing a
velocity scale of ± 10 mm s-1. The zero velocity of each Mössbauer spectrum refers to the
centroid of a 25 μm metallic iron (α-Fe) foil collected at 295 K. The spectra were analyzed
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using the WMOSS program (SEE Co., formerly WEB Research Co., Edina, MN, USA)
and fit to Lorentzian quadrupole doublets.

X-ray absorption spectroscopy (XAS)
X-ray absorption spectroscopy (XAS) was utilized to characterize the electronic
and ligand metric parameters for the iron core within the SFG drugs. Samples were
prepared in a nitrogen-purged glove-box in a water solution with 0.9% NaCl and 30%
glycerol, at a final iron concentration of 1 mM. Samples were loaded into Lucite XAS cells
wrapped with Kapton tape, flash frozen in liquid nitrogen, removed from the glovebox,
and stored in liquid nitrogen until data collections. XAS data were collected at the Stanford
Synchrotron Radiation Lightsource (SSRL) on beamline 9-3. Beamline 9-3 is equipped
with Si(220) double-crystal monochromator and utilizes a harmonic rejection mirror for
focus and for reduction of harmonics. During data collection, samples were maintained at
10 K using an Oxford Instruments continuous-flow liquid helium cryostat. Protein
fluorescence excitation spectra were collected using a 100-element germanium solid-state
array detector. XAS spectra were measured using 5 eV steps in the pre-edge region (6900–
7094), 0.25 eV steps in the edge region (7095–7135 eV), and 0.05 Å−1 increments in the
extended X-ray absorption fine structure (EXAFS) region (to k = 13.0 Å−1), integrating
from 1 to 30 s in a k3-weighted manner for a total scan length of approximately 40 min. Xray energies were calibrated by recording an iron foil absorption spectrum simultaneously
with collection of drug data. The first inflection point for the iron foil edge was assigned
at 7111.3 eV. Each fluorescence channel of each scan was examined for spectral anomalies
prior to averaging. Data represent the average of four or five scans.
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XAS data were processed using the Macintosh OS X version of the EXAFSPAK
program suite integrated with Feff version 7.2 for theoretical model generation.31 Data
reduction and processing of pre-edge transitions followed previously established protocols
(I). Analysis of X-ray absorption near-edge spectroscopy (XANES) 1s→3d transitions was
completed using the EDG_FIT subroutine within EXAFSPAK. EXAFS fitting analysis
was performed on raw/unfiltered data following our published protocol.32 EXAFS data
were fit using both single- and multiple-scattering theoretical amplitude and phase
functions for iron–oxygen/nitrogen, iron–sulfur, and iron–iron interactions calibrated
utilizing published iron model data as controls. During spectral simulations, the scale factor
was set to 0.95 and E0 value of -10, -12 and -15 were utilized for iron–oxygen/nitrogen,
iron–sulfur, and iron–iron interactions respectively. Metal–ligand coordination numbers
were fixed at half-integer values, while only the absorber–scatterer bond length (R) and
Debye–Waller factor (σ2) were allowed to freely vary during the fit.

Carbohydrate Shell/Overall Product Measures:
Forced Acid Degradation
Three lots of both brand and generic SFG were diluted to a total iron concentration
of 0.18 mM Fe with 0.9% NaCl, 0.24 M HCl solution, pH 0.3, in screw-capped quartz
cuvettes (Starna Cells Inc., Atascadero, CA, USA). Full absorbance scans (220 - 820 nm)
were recorded on a Lambda 25 spectrometer (Perkin Elmer) every 2 h over a time period
of 22 h beginning immediately after sample dilution. Absorbances at 287 nm were plotted
against time from which the first order decay half-life was calculated using Prism software
5.01.
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Y = (Y0 – Plateau) * (exp(-K *X) + Plateau

Dynamic Light Scattering (DLS)
To measure the particle size of both brand and generic SFG complexes, diluted
(22.3 mM Fe in 0.9% NaCl (w/v) solution) and undiluted (223.8 mM Fe) SFG samples
from three different lots of each product were analyzed in 1.5 mL disposable plastic
cuvettes (BrandTech Scientific Inc., Essex, CT, USA) via DLS. In addition to 22.3 and
223.8 mM Fe SFG samples, 2.2, 3.0, 4.5, 9.0, 44.8, 56.0, 74.6, 111.9, and 149 mM Fe SFG
brand SFG (lot A6123) and generic SFG (lot 1702105.1) samples in 0.9% NaCl solution
were also run on DLS. DLS measurements were taken on a Zetasizer Nano ZSP (Malvern
Instruments Ltd., Westborough, MA, USA) at 20°C. Backscattering information was
collected at a 173° angle using a 633 nm wavelength He-Ne laser. The hydrodynamic (zaveraged) diameters of both diluted SFG complexes were calculated via Zetasizer software
version 7.03. Due to the dark coloration and high concentration of the undiluted samples,
the hydrodynamic diameters of each of the undiluted SFG samples were additionally
calculated using corner scattering information obtained in quartz cuvettes (Starna Cells)
via DLS. During the corner scattering experiments, the hydrodynamic diameters of both
SFG complexes were measured on a photocorrelation spectrometer (Photocor Instruments,
Moscow, Russia) at 20°C. Corner scattering information was collected at a 90° angle using
a 632 nm He-Ne laser. Autocorrelation functions were processed using DynaLS software
(SoftScientific, Tirat Carmel, Israel). The hydrodynamic (Z-averaged) diameters of both
undiluted SFG complexes were calculated using following formula where di are the values
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of hydrodynamic diameters of the particles present in the particle size distribution, and Ii
are their corresponding intensities.

Z -Dh =

åI
i

i

Ii

åd
i

i

Analytical Ultracentrifugation (AUC)
The total loading sample average sedimentation coefficients of both brand and
generic SFG products were measured by analytical ultracentrifugation (AUC). In order to
determine lot to lot variation, three different lots of both brand SFG and generic SFG were
used during this experiment. SFG samples were diluted to a 2.2 mM Fe total iron
concentration in 0.9% NaCl solution prior to AUC measurement. AUC was performed
using a Beckman Optima XL-A, An-60 Ti rotor, scanning absorbance optics, with 12-mm
path length double sector graphite centerpieces and quartz lenses. All measurements were
made at 470 nm at a speed of 42,000 rpm, 20°C. Data collected over 100 scans was used
as a representation of the whole run (radial step size of 0.003 cm). The total loading sample
sedimentation coefficients of both brand and generic SFG samples for each concentration
were calculated by integrating 100 percent of the loading concentration signal using a lsg*(s) SEDFIT model where both RI noise and time independent noise were accounted for.
To ensure that the total loading sample sedimentation coefficients were not concentration
dependent, SFG samples were also diluted to four other total iron concentrations (0.9, 1.5,
1.8, and 2.6 mM Fe) in 0.9% NaCl solution and analyzed via AUC.
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Gel Permeation Chromatography (GPC)
The molecular weight of both brand and generic SFG complexes was determined
via gel permeation chromatography (GPC). SFG samples were diluted to a total iron
concentration of 5.6 mM Fe with mobile phase solution (aqueous solution of sodium azide
(0.02 w/v %) and 0.01 % brand SFG at pH 7.0) prior to injection into the GPC. Commercial
pullulan polysaccharide molecular weight standards (Sigma Aldrich, St. Louis, MO, USA)
ranging from 23 – 805 kDa were used to generate a molecular weight calibration curve.
Both standards (40 µL) and samples (50 µL) were eluted through a 300 x 7.8 mm Toso
Hass TSK Gel G40000SWxL column (spherical silica with a particle size of 8 µm and a
pore size of 25 nm) at an isocratic flow rate of 0.5mL/min on a Hewlett Packard 1100
HPLC system coupled with an online refractive index detector (Optilab rEX, Wyatt
Technology corp., Santa Barbra, CA, USA). During analysis the column temperature was
maintained at 35°C, while the auto-sampler temperature was maintained at 20°C. The
molecular weight of both brand and generic SFG complexes were calculated via
multivariate curve (log molar mass (g/mol) vs. volume (mL)) using Astra 6.1.1.17 software
(Wyatt Technology Corp., Goleta, CA, USA).

3.4. Results and Discussion
A suite of physicochemical measurements was performed on brand and generic
SFG to obtain fundamental characterization data and identify potential differences between
the products. Because nanoparticle-based drugs are more complex than traditional small
molecule drugs, their physicochemical properties are similarly more complex. The
products are typically not singular, homomeric species, instead they are complex,
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heterogeneous species.7, 33 The synthesis of these products is perhaps predictive of this
heterogeneity. For instance, the manufacturing process for sodium ferric gluconate consists
of a series of controlled chemical reactions, that include the mixing of ferric chloride and
sodium carbonate to yield ferric hydroxide precursors which are then reacted with sodium
gluconate that progressively react to form the complex, heterogenous nanoparticle that is
diluted with sucrose and water.34 The first set of experiments performed here focused on
characterizing the iron core of brand and generic SFG.25

Optical Spectra
To measure and compare the optical spectra of both brand and generic SFG
products, the product were diluted to a range of concentrations and their optical spectra
were recorded. Broad absorbance bands were observed between 300 and 500 nm for both
products, indicative of iron-ligand peaks (Figure 3.4). The absorbance at 300 nm, has
previously been proposed to be an oxo-metal charge transfer band, while those between
470 and 500 nm have proposed to be as d-d bands arising from a six-coordinate, high-spin
Fe(III) ground state (Figure 3.4).20 These spectra are consistent with those previously
reported for SFG.20, 35 The average brand SFG molar extinction coefficients at 300 and 470
nm were determined to be 2860 ± 25.3 and 274 ± 2.5 M-1 cm-1, whereas the average generic
SFG molar extinction coefficients were determined to be 2830 ± 30.5 and 213 ± 2.10 M-1
cm-1 (Table 3.1). These values are similar to those previously reported (Table 3.1).20
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Figure 3.4. Overlay of the change in the averaged absorption spectra (n = 3), between 220 and 800 nm, of brand SFG (A)
and generic SFG (B) at 0.050 (blue), 0.95 (purple), 0.136 (pink), 0.174 (red), and 0.208 mM (orange) Fe concentrations
diluted in 0.9% NaCl solution.
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Generic SFG

A6122

Brand SFG

1602240.1

Not recorded

Lot #

Product

NaCl

0.9%

Water

NaCl

0.9%

Diluent

1

0.01

1

2830 ± 30.5

2670

2860 ± 25.3

path ε 300 (M-1 cm-1)

length (cm)

Cell

213 ± 2.10

250

274 ± 2.50

ε 470 (M-1 cm-1)

this work

Data from

et al 2004

Kudasheva

this work

Data from

Reference

Table 3.1. The average brand and generic SFG absorbance spectra molar extinction coefficients and standard deviation (n = 3).

Total Iron Content
Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the
total iron content in three different lots of both brand and generic SFG formulations. To
ensure that sample iron concentration was within a detectable range, both brand and generic
SFG samples were diluted to 0.4 mM Fe in deionized water before being digested in trace
metal grade nitric acid. The average total iron content, calculated from three lots of each
product (n = 3 per lot), was measured to be 229.2 ± 10.3 mM Fe (12.8 mg/ mL) for brand
SFG and 234.8 ± 14.0 mM Fe (13.1 mg/ mL) for generic SFG. No significant difference
was determined between brand and generic SFG total iron content by a two-tailed Student’s
t-test (p > 0.05). Similar to other studies, all of our brand and generic SFG measured total
iron contents were within 10% of the 223.8 mM Fe (12.5 mg/ mL) total iron content listed
on each drug label indicating little difference in lot to lot variation (Table 3.2).6 Although
ICP-MS has only recently begun to be employed to measure total iron in SFG products, it
provides a clear measure of iron content.6
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Table 3.2. The average brand and generic SFG product total elemental iron content and standard
deviation (n =3).

Product

Lot #

Average Fe conc.
in
formulation Reference
(mM)

Brand SFG

A6104

233.8 ± 3.1

Data from this
work

A6123

236.4 ± 7.6

Data from this
work

A6124

217.4 ± 2.6

Data from this
work

D2C283A

225.7 ± 2.1

Sun et al 2018

D2C593A

221.1 ± 3.2

Sun et al 2018

1602192.1

219.1 ± 6.4

Data from this
work

1702105.1

239.5 ± 1.4

Data from this
work

1702107.1

246.0 ± 10.1

Data from this
work

132296.1

236.3 ± 4.1

Sun et al 2018

Generic SFG
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X-ray Powder Diffraction (XRPD)
X-ray powder diffraction was employed to identify the crystalline structure of the
sodium ferric gluconate nanoparticles. Samples dried for seven days produced the X-ray
powder patterns, shown in Figure 3.5. The spectra are dominated by the sucrose present in
the product (peaks at 14º 2q and 22º 2q), as has been noted for XPRD of other iron
nanoparticle products. Comparison of these data to the growing body of published XPRD
data for iron nanoparticles, revealed that the spectra are consistent with a ferrihydrite solid
state structure (observed peaks at 36º 2q and 62º 2q are characteristic of ferrihydrite). It
must be noted that we cannot rule out the presence of lepidocrocite character as well, as
the strong carbohydrate (sucrose) signal makes it difficult to differentiate between
ferrihydrite and lepidocrocite.36 The singular XRPD study of SFG – which utilized the
brand product – similarly identified both ferrihydrite and lepidocrocite character.21 Both
brand and generic products contain ferrihydrite like iron core characteristics, generic SFG
was observed to have a slightly more pronounced 36º 2q ferrihydrite peak which could
indicate a slightly more uniform crystalline form in generic SFG than brand SFG.20
However, the current XRPD method is not a quantitative measure and the XRPD data
provide an indication of the overall crystalline form.
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Figure 3.5. The X-ray powder diffraction pattern of brand and generic SFG nonpulverized powder samples dried for seven days. X-Ray measurements of nonpulverized dried solutions were performed with an XRPD 3000TT using Copperradiation (1.54178 A, 40kV, 30mV) in Bragg Bretana configuration (automatic
divergence slit, angular rate 0.18°/min).
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Fe Mössbauer Spectroscopy
To further define the iron core, 57Fe Mössbauer spectra were obtained (Figure 3.6).

The 80 K spectrum of the powdered brand complex exhibits a single quadrupole doublet
with δ = 0.46 and |ΔEQ| = 0.74 mm s-1 (FWHM line width, Γ = 0.46 mm s-1), consistent
with fast-relaxing ferric centers. Aqueous samples of the brand complex exhibit nearly
identical parameters (δ = 0.46 and |ΔEQ| = 0.73 mm s-1), strongly suggesting that the Fe
environments are unaffected by dissolution. Likewise, the 80 K spectrum of the powdered
generic complex exhibits δ = 0.47 and |ΔEQ| = 0.74 mm s-1 (FWHM line width, Γ = 0.50
mm s-1), with solution parameters (δ = 0.47 and |ΔEQ| = 0.75 mm s-1) that closely match
the solid-state values. The small differences in isomer shift (0.01 mm s-1) and quadrupole
splitting (0.01-0.02 mm s-1) between brand and generic provide good evidence that these
systems contain the same ferric gluconate core structure.
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Figure 3.6. 57Fe Mössbauer spectra (80 K, zero applied field) of SFG as powder
brand SFG (A), solution brand SFG (B), powder generic SFG (C), and solution
generic SFG (D) samples at 80 K. Samples were not diluted for either powder
or solution sample preparation. Experimental data: black dots. Best fits: solid red
and green lines. Residuals: solid gray lines.
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X-ray Absorption Spectroscopy (XAS)
X-ray absorption spectroscopy (XAS) was used to characterize the electronic and
ligand metric parameters for iron associated with both brand and generic SFG nanoparticle
iron cores. The X-ray absorption near edge structure (XANES) spectra for both brand and
generic SFG iron nanoparticles are shown in Figure 3.7A. The XANES pre-edge signals,
centered at 7113.8 eV and 7114 eV for the brand and generic SRG samples respectively,
show signals consistent with Fe(III) models (Figure 3.7A Insert), while the area for the
pre-edge peak feature for the brand sample (7.3 eV2) is slightly smaller the area measured
for the generic sample (9.5 eV2), suggesting an octahedral ligand coordination geometry
that is slightly more symmetric for the brand sample.37-39 The first inflection point of the
Fe edge in both samples occurs at 7126.5 eV (brand) and 7127 eV (generic), suggesting
iron in both SFG samples is in the ferric oxidation state.40
Simulations of the extended X-ray absorption fine structure (EXAFS) spectral
region of the iron XAS spectra were used to provide the metrical parameters for iron bound
to both samples. The asymmetric nature of the Fe EXAFS (Figure 3.7B left) and Fourier
transforms of the EXAFS (Figure 3.7B right) indicate that iron in both samples is in a
complex coordination geometry with a substantial long-range order. Best fit parameters
from simulations for the iron nearest neighbor ligand environment in the brand sample
indicate that metal is coordinated with two distinct environments of only oxygen/nitrogen
ligands centered at ca. 1.87 and 2.03 Å, while ligands for the generic sample occur at 1.91
and 2.06 Å (Figure 3.7B, Table 3.1). Coordination numbers for the Fe-O/N ligands
obtained from the EXAFS simulations suggest ligands bound to the Fe(III) in the brand
sample is six coordinate and highly symmetric, while that is the generic sample is still six

86

coordinate (based on Fe-O/N bond lengths consistent with 6 coordinate species in the
Cambridge Structural Database) however the symmetry for this generic model is slightly
distorted. Long range scattering in both samples show a distinct Fe•••Fe vector at 3.05 Å
(brand sample) and 3.01 Å for the generic sample.41 In addition, both samples show Fe•••C
scattering at 2.93 Å (brand) and at 3.76 Å (generic).
Slight differences between the pre-edge features and intensities, caused by
differences in the immediate metal-ligand environments within the two SFG drug samples,
were determined through XANES and EXAFS analysis. The XAS analysis indicate that
the iron cores of brand and generic SFG nanoparticles are not identical, but very similar.
A further conclusion is that XAS has the potential to inform on any iron core differences
between iron nanoparticle type drug products.
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Figure 3.7. (A) Iron XANES for brand (blue) and generic (red) SFG products. (Inset) An expansion of the 1s – 3d
pre-edge transition peak for both brand (blue) and generic (red) SFG products. (B) Iron EXAFS and Fourier transform
of EXAFS data of for brand (I and II) and generic (III and IV) SFG products. (Left) Raw EXAFS data displayed in
black and best fit in green. (Right) Corresponding Fourier transform plot of raw EXAFS data in black and best fit in
green.

Forced Acid Degradation
To compare the iron lability of both brand and generic SFG products, an in vitro
forced acid degradation assay was performed. In this assay, the drug is subjected to a pH
drop via the addition of HCl, and the drug’s optical spectrum is monitored. The SFG optical
spectrum exhibits absorbance peaks between 250 and 500 nm, which have been attributed
to the iron-oxy/iorn-hydroxy structure of the core (Figure 3.4). As the product degrades,
these absorbance peaks decrease. Full absorbance scans (220 – 820 nm) of 0.18 mM Fe
diluted SFG products in 0.9% NaCl, 0.24 M HCl, at pH 0.3, were obtained every 2 h over
the course of 22 h starting immediately after dilution (Figure 3.8). Decreases in the 287
nm absorbance were observed in both of the measured brand and generic SFG spectra
(Figure 3.8). The half-lives of both products were then calculated by fitting these data to a
first order decay model (Table 3.3, Figure 3.8). The half-lives differed between the two
products with brand exhibiting an average half-life of 4.3 h ± 0.3, and the generic exhibiting
a longer average half-life of 9.4 h ± 2.4 (calculated from three lots of each product (n = 3
per lot)). This difference has the potential to inform on any differences in vivo data, if
observed. We note that a similar half-life of the brand SFG has been reported by Jan and
co-workers (4.0 h ± 0.1) using this same assay.21 Of interest is the observed difference in
half-life between brand and generic. In Jahn and co-workers’ work, iron sucrose also had
a half-life close to the brand SFG, while other iron products (dextran, isomaltoside 1000,
carboxymaltose, and ferumoxytol) had considerably longer half-lives (< 21 hours).21
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Figure 3.8. The forced acid degradation of brand (A) and generic (B) SFG containing 0.18 mM elemental iron diluted in 0.9% NaCl, 0.24
M HCl solution. At t = 0 h, the drug is fully intact. Each point represents the average of three measurements taken at 287 nm on a UVvisible spectrometer. Data were fitted to a one phase exponential decay plot (R2 brand = 0.999 and R2 generic = 0.997).

Table 3.3. The average half-lives and standard deviations (n = 3) of brand and generic SFG
products diluted to a total elemental iron concentration of 0.18 mM Fe in 0.9% NaCl, 0.24 M HCl
solution.

Product

Lot #

Half-life (h)

Brand SFG

A6104

4.3 ± 0.1

A6123

4.5 ± 0.2

A6124

4.0 ± 0.4

1602192.1

7.1 ± 0.1

1702105.1

11.9 ± 3.5

1702107.1

9.1 ± 0.8

Generic SFG
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Dynamic Light Scattering (DLS)
SFG complex products are administered intravenously either diluted in 0.9% NaCl
solution or undiluted. Dilution of nanoparticles can affect particle size; however, there are
limited data on particle size of the SFG products, and the data available were not performed
at clinically relevant concentrations.6, 21, 34 We sought to determine the particle size of the
SFG products for clinically relevant concentrations such that we could both compare the
brand and generic products and determine whether dilution affects particle size. These
concentrations are ‘diluted’- 22.3 mM Fe in 0.9% NaCl and ‘undiluted’ – 223.8 mM Fe.42
The complex particle sizes (Z-average hydrodynamic diameters) of both ‘dilute’ and
‘undilute’ brand and generic SFG complexes were measured by dynamic light scattering
(DLS). The particle sizes of undiluted and diluted brand and generic SFG complexes were
compared according to the draft guidance (Draft Guidance on Sodium Ferric Gluconate
Complex) using a population bioequivalence statistical approach.25
DLS of Dilute Products: The average complex particle sizes for brand and generic SFG,
diluted to 22.3 mM Fe in 0.9% NaCl, calculated from three lots of each product (n = 3 per
lot), were measured to be 14.9 ± 0.1 nm and 10.1 ± 0.3 nm, respectively. A single peak was
observed in all cases. The particle sizes of diluted brand and generic SFG were found to
differ from on another (p < 0.001) with a 95% confidence interval of -5.0 to -4.5 (mean
difference = -4.7) (Table 3.4). When comparing lots, no differences in dilute SFG complex
particle size were observed for brand SFG product lots (p > 0.05); whereas, statistical
differences were observed for the generic SFG product lots (p < 0.05) via one-way
ANOVA tests (Table 3.4). Collectively, these data reveal that the brand and generic SFG
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have different particle sizes, with that of brand being larger than generic SFG. All data
were calculated using backscattering information.
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Table 3.4. The average complex particle size (z-average hydrodynamic diameters) and standard deviation
(n = 3) of diluted (22.3 mM Fe in 0.9% NaCl solution) and undiluted (223.8 mM Fe) brand and generic
SFG product samples measured by dynamic light scattering.

Drug
product

Lot #

Fe
conc.
(mM)

pH

Diluent

Diluted
Brand
SFG

A6122

22.3

6.8

0.9
NaCl

A6123

22.3

6.8

A6124

22.3

A6122

Undiluted
Brand
SFG

Diluted
Generic
SFG

Undiluted
Generic
SFG

Z-average
diameter
(nm)

PDI

% Back

14.8 ± 0.1

0.151

0.9%
NaCl

Back

15.0 ± 0.0

0.169

6.8

0.9%
NaCl

Back

14.8 ± 0.4

0.178

223.8

8.5

NA

Back

26.6 ± 1.1

0.218

A6123

223.8

8.5

NA

Back

26.0 ± 0.8

0.239

A6124

223.8

8.5

NA

Back

25.9 ± 1.4

0.252

A6122

223.8

8.5

NA

Corner

24.7 ± 1.0

0.044

162240.1

22.3

6.8

0.9
NaCl

% Back

10.3 ± 0.1

0.144

1702105.1

22.3

6.8

0.9
NaCl

% Back

9.8 ± 0.0

0.155

1702107.1

22.3

6.8

0.9
NaCl

% Back

10.3 ± 0.2

0.104

162240.1

223.8

8.0

NA

Back

17.8 ± 0.5

0.337

1702105.1

223.8

8.0

NA

Back

16.7 ± 0.2

0.132

1702107.1

223.8

8.0

NA

Back

16.7 ± 0.1

0.16

162240.1

223.8

8.0

NA

Corner

14.0 ± 1.0

0.077

PDI: Polydispersity index
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Light
scattering
geometries

DLS of Undilute Products: The average complex particle sizes for brand and generic
undilute SFG, calculated from three lots of each product (n = 3 per lot), were measured to
be 26.2 ± 0.4 nm and 17.1 ± 0.6 nm. The particle sizes of undiluted brand and generic SFG
were found to differ from one another (p < 0.001) with a 95% confidence interval of -9.9
to -8.2 (mean difference = -9.1) (Table 3.4). When comparing lots, no differences in
undilute SFG complex particle size were observed for brand SFG product lots (p > 0.05);
whereas, statistical differences were observed for the generic SFG product lots (p < 0.05)
via one-way ANOVA tests. (Table 3.4). Similar to the ‘dilute’ samples, these data reveal
that the brand SFG particle size is larger than the generic particle size.
As it can be difficult to measure and calculate the particle sizes of darkly colored,
nontransparent and highly concentrated samples in solution, corner scattering light
geometry DLS approaches, used to determine oil-in-water emulsion particle sizes, and
successfully employed to study viscous and nontransparent petroleum products were used
to validate the SFG complex particle sizes determined using backscattering (vide supra).43
The average undiluted complex particle sizes (n = 3), calculated using corner scattering
information, of brand SFG (24.7 ± 1.0 nm) and generic SFG (14.0 ± 1.0 nm) were slightly
smaller than those calculated via backscattering information but still significantly larger
than those observed in diluted SFG samples (Table 3.4). Therefore, backscattering for
undiluted SFG products appears to be valid.
Taken together, these data also show that dilution leads to a smaller measured
particle size for both brand and generic products. This was confirmed by determining the
statistical differences between the undilute and dilute products (brand and generic) using a
two-tailed Student’s t-test (p < 0.0001). (Table 3.4).
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Concentration Dependent DLS Measurements: Given that statistically significant
differences in complex particle size were observed between the diluted and undiluted SFG
products, we expanded our studies to evaluate the particle size over a range of
concentrations to understand the effects of dilution. Our approach involved measuring the
particle size of the products [SFG (lot A6123), generic SFG (lot 1702105.1)] at the
following concentrations: 2.2, 3.0, 4.5, 9.0, 22.3, 44.8, 56.0, 74.6, 111.9, 149.2, and 223.8
mM Fe in 0.9% NaCl. (Figure 3.9). We observed a decrease in particle size as the product
was diluted from 223.8 mM to 22.3 mM (Figure 3.9), after which no statistically
significant changes were observed from 9.0 mM Fe to 2.2 mM Fe via one-way ANOVA
(p > 0.05) (Figure 3.9). As our results indicate that dilution affects particle size for both
brand and generic SFG, we compared our measurements to those previously reported with
identical drug concentrations and diluents. Our measured brand SFG particle size (14.5
nm), at 2.2 mM Fe (100 times dilution) in 0.9% NaCl solution, was slightly larger than
those previously reported (11.5, 11.9, and 12.1 nm); whereas, our measured generic SFG
particle size (9.6 nm) was slightly smaller than that previously reported (10.5 nm).6, 44 One
potential source of these differences between our measured particle sizes and those
previously reported are product lot to lot differences. To the best of our knowledge, all
previously reported SFG DLS particle size measurements have only measured samples
with iron concentrations less than 4.5 mM Fe (50 times dilution) – for example, in the
comprehensive study by Sun and coworkers, a 100 dilution was utilized.6 These dilutions
are lower than the concentrations used clinically - 22.3 mM Fe and 223.8 mM Fe clinically
– therefore the studies reported herein expand the breadth of understanding of the particle
size as measured by DLS.6, 21, 34, 44
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Figure 3.9. The particle size of brand SFG lot A6123 (blue) and generic SFG lot
1702105.1(red) at 2.2, 3.0, 4.5, 9.0, 22.3, 44.8, 56.0, 74.6, 111.9, 149.2, and 223.8
mM Fe in 0.9% NaCl solution. Each point represents the average of three
measurements taken on a Malvern Zetasizer Nano ZSP. The error bars represent
the standard deviation from three different replicate samples. However, these
error bars are often smaller than the signal.
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Analytical Ultracentrifugation (AUC)
To identify potential differences between brand and generic SFG preparation
solution heterogeneity, the total loading sample sedimentation coefficients, were measured
by analytical ultracentrifugation. The total loading sample sedimentation coefficients of
both SFG products diluted to 2.2 mM Fe in 0.9% NaCl solution were determined by AUC.
Following AUC, mono-modal sedimentation coefficient distributions are observable for
both brand and generic SFG products (Figure 3.10A). Similarly, to previously reported
SFG product sedimentation coefficient distributions, brand SFG is found to have a shorter
and broader distribution than generic SFG (Figure 3.10B).6 The integration of the entire
total loading sample sedimentation coefficient distribution shows the total loading sample
sedimentation coefficient, averaged from three different product lots (n = 3 per lot), of
brand SFG (49.8 ± 1.1 S) to be larger than that of generic SFG (37.3 ± 0.4 S). Interestingly,
our measured total loading sample sedimentation coefficients are the opposite of those
reported in the only other comparative AUC analysis of brand and generic SFG that showed
brand SFG to have smaller sedimentation coefficient than generic SFG.6 This may be due
to variability in the analytical method or intra-lab variability, suggesting that this approach
may not be ideal for evaluating these types of products.6
Additionally, differences between brand and generic SFG sedimentation coefficient
distributions were also found where brand SFG has a shorter and wider sedimentation
coefficient distribution than generic SFG (Figure 3.10B). Little to no difference in total
loading sample sedimentation coefficient or sedimentation distribution are seen between
different SFG product concentrations (Figure 3.10A). As total sample loading
sedimentation coefficient and distribution can be influenced by particle size, shape,
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molecular weight, and density, these measurements are collectively indicative of
differences between the two products’ general properties.45-46
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Figure 3.10. (A) The total loading sample averaged sedimentation coefficients five different concentrations of total iron (0.9,
1.5, 1.8, 2.2, and 2.6 mM Fe) of brand (blue) and generic (red) SFG diluted in 0.9% NaCl solution (n = 3). (B) The average
sedimentation coefficient distribution of brand (blue) and generic (red) SFG at 2.2 mM Fe diluted in 0.9% NaCl solution
calculated from three lots of each product (n = 3 per lot).

Gel Permeation Chromatography (GPC)
To compare the molecular weights of brand and generic SFG, gel permeation
chromatography (GPC) using a refractive index detector was determined. Each product’s
molecular weight was determined by comparing the retention time of the product to the
retention time of known standards (pullulan polysaccharide molecular weight standards).
Brand SFG was found to have an average molecular weight of 437.5 ± 3.0 kDa (calculated
from three different product lots (n = 3 per lot), which falls within the molecular weight
range previously reported (384.4 – 467.7 kDa) (Table 3.5).6 Generic SFG was found to
have an average molecular weight of 342.0 ± 1.5 kDa (calculated from three different
product lots (n = 3 per lot), which is slightly below the molecular weight range previously
reported (363.7 – 387.4 kDa) (Table 3.5).6 Of the two products, brand SFG had the closest
measured

molecular

weight

to

the

predicted

SFG

complex

formula

([NaFe2O3(C6H11O7)(C12H22O11)5]n=200) of 417.9 kDa. Evaluation of our data, in the
context of previously reported data using this same GPC approach, shows that the
molecular weight range for brand SFG is 384.4 – 467.7 kDa and generic is 342.0 – 387.4
kDa. The variability in the weight was higher for brand SFG (83.3 kDa versus 45.4 kDa).6
These differences may be caused by lot to lot variation. Together these data indicate that
brand SFG has, on average, a larger molecular weight than generic SFG although both fall
within the expected product molecular weight range of 289 – 440 kDa.6, 42
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Table 5. The gel permeation chromatography (GPC) determined weight-averaged molecular

Table 3.5. The gel permeation chromatography (GPC) determined weight-averaged molecular weights
weights (MW) of brand and generic SFG samples diluted 40 times with mobile phase solution
(Mw) of brand and generic SFG samples diluted 40 times with mobile phase solution (aqueous solution
(aqueous solution of sodium azide (0.02 w/v %) and 0.01% brand SFG at pH 7.0). Both SFG
of sodium azide (0.02 w/v %) and 001 % brand SFG at pH 7.0). Both SFG samples and pullulan
samples and pullulan polysaccharide standards (21 kDa to 805 kDa) were run on a 300 × 7.8 mm
polysaccharide standards (21 kDa to 805 kDa) were run on a 300 x 7.8 mm Toso Haas Gel 640000SWXL
Toso Haas TSK Gel G40000SWXL column.
column.

Product

Lot #

MW (kDa)

Standard deviation

Reference

Brand SFG

A6122

437.5

3.0

Data from this work

Brand SFG

A5075

467.7

3.0

Sun et al 2018

Brand SFG

D2C283A

384.4

1.2

Sun et al 2018

Brand SFG

D2C593A

393.4

1.2

Sun et al 2018

Generic SFG

1602240.1

342.0

1.5

Data from this work

Generic SFG

142290.1

363.7

1.9

Sun et al 2018

Generic SFG

142241.1

365.9

5.4

Sun et al 2018

Generic SFG

132996.1

387.4

2.1

Sun et al 2018
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3.5. Conclusions
In the work described herein, we performed a comprehensive comparative study of
the physicochemical properties of the two FDA approved nanoparticle sodium ferric
gluconate drugs: Ferrlecit (brand) and generic sodium ferric gluconate (generic) using a
suite of different measures. Nanoparticle-based drugs are more complex than their noncomplex counterparts, and the goal of this work was to characterize the products and
identify similar and different properties. Our focus was on two areas: comparison of the
iron core properties and comparison of the entire product properties (iron core +
carbohydrate shell). The carbohydrate shell, to which the iron atoms are coordinated via
iron-oxygen bonds, serves as an integral component for drug release.25 As such, by
comparing both the iron core and full products’ physicochemical properties, we were able
to assess whether there are differences between the products and identify the source of the
differences.
Overall, no differences in the iron cores were identified: both were determined to
be ferric centers in an octahedral coordination environment and each product contained an
equivalent amount of total iron. We did, however, identify some differences in the
physicochemical properties of the iron nanoparticles. These differences were in iron
lability measured via an acid release test – the iron release was more rapid (at least 2X) for
the brand versus generic product, particle size measured via DLS – the particle size of the
brand is larger than the generic, and dilution of samples decreases particle size – and
molecular weight via GPC – the brand product has a larger molecular weight than the
generic. These findings set the groundwork for future research aimed at determining which
physicochemical properties inform on clinical activity, including application to parallel
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crossover clinical study by our laboratory comparing the differences in labile iron content
after iron gluconate administration in healthy volunteers. Moreover, these findings have
the potential to contribute to the development of generic parental iron colloidal regulatory
standards.
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Chapter 4: Totally Total Iron: A Comparative Analysis of Inductively Coupled
Plasma Mass Spectrometry and Ferrozine Assay Techniques to Measure Ferrozine
Spiked Blood Plasma Samples
4.1. Introduction
Iron deficiency anemia, the most common anemia and nutritional disorder in the
world, arises when the body’s iron intake, iron stores, and loss of iron, are no longer
balanced enough to fully support erythrocyte (red blood cell) production.1,

2

As iron

deficiency anemia is often developed by chronic kidney disease, type 2 diabetes, and cancer
patients, intravenous (IV) iron-carbohydrate colloid/nanoparticle drugs are often used to
replenish the body’s iron stores.3-5 Currently, there are seven innovator (brand) and one
generic FDA approved IV iron nanoparticle drugs: INFed (iron dextran), Dexferrum (iron
dextran), Venofer (iron sucrose), Feraheme (ferumoxytol),

Injectafer (ferric

carboxymaltose), Monoferric (ferric derisomaltose), and Ferrlecit (sodium ferric gluconate
complex (SFG)).6, 7 Of all of the IV iron nanoparticle drugs, only SFG has both an approved
brand (Ferrlecit) and generic (generic SFG) product.6
Once infused, these IV iron nanoparticle drugs deliver iron to transferrin, an iron
binding protein in the blood plasma with two iron binding sites.8-11 Iron bound transferrin
then delivers iron to depleted tissues during which iron is endocytosed into the cell and
used for cellular processes.8-10 Although these drugs are commonly applied under anemic
conditions, dosage and administration must be tightly regulated as excess iron delivery
results in transferrin saturation and can lead to iron overload which can cause cytotoxicity
via reactive oxygen species.11-13 Specifically, under iron overload conditions drug bound
iron (DBI), when released from the drug complex, is first taken up by transferrin forming
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transferrin bound iron (TBI).14 Once transferrin becomes saturated, non-transferrin bound
iron (NTBI), which is composed of primarily of protein bound iron (PBI) species, including
ferritin and albumin, and labile iron (LI) species, such as iron citrate, eventually makes its
way into cells via metal transporters such as the DMT1 and ZIP14 leading to the formation
of reactive oxygen species (Figure 4.1).11, 14-16 As the measurement of the total amount of
iron in the blood plasma, also referred to as total iron (TI = TBI + NTBI), is the most basic
measurement needed to determine the amount of non-native blood plasma iron (iron
nanoparticle associated iron), and the first measurement in determining if too much iron is
delivered, there has been much effort put into the development of experimental approaches
to measure total iron in blood plasma.6, 11, 17
For years, the ferrozine assay and inductively coupled plasma mass spectrometry
(ICP-MS) have been two of the most commonly used techniques to measure patient plasma
TI concentration.11, 18-20 In studies investigating the effect of iron supplementation on TI
concentration, the determination of both patient plasma native iron concentration (NI =
plasma iron concentration prior to iron supplementation) and TI post iron supplementation,
have been two of the most common measurements taken by ferrozine assay and ICP-MS.11,
21

In cases where IV iron nanoparticle drugs such as SFG are used, the difference in iron

concentration between NI prior to SFG infusion and TI post SFG infusion may be used to
indirectly calculate iron supplementation iron concentration, or in SFG’s case, SFG iron
(SFG iron = DBI – drug preparation labile iron (DPLI)) (Figure 4.1).11, 20
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Although both the ferrozine assay and ICP-MS can both be used as methods of iron
detection, the method of detection differs. (Figure 4.2). The ferrozine assay is a
colorimetric assay that utilizes ferrozine, a ferrous iron specific chelator, to bind ferrous
iron and form a ferrous iron complex with a strong absorbance around 550 nm.22, 23 When
using the ferrozine assay to measure TI in a biological sample, the sample must first be
treated with an iron releasing agent consisting of hydrochloric acid (HCl) and potassium
permanganate (KMnO4 in water) and heated to digest and release iron from protein-bound
complexes, such as transferrin and ferritin, as such complexes are not accessible for
quantification via ferrozine chelation.23 Following iron release, iron detection agent,
consisting of ferrozine, neocuproine, ammonium acetate, and ascorbic acid in water, is
added to the plasma sample in order to measure TI content.23 The use of ascorbic acid in
the iron detection agent is essential as ferric iron reduction to ferrous iron via ascorbate, is
necessary for TI detection as ferrozine only chelates ferrous iron (Figure 4.3).23

Figure 4.1. A cartoon representation of SFG
iron which is composed of DBI and DPLI.
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Figure 4.2. A simplified schematic illustrating the basic procedural differences between
ferrozine assay left) and ICP-MS (right) experimental approaches to measure TI in plasma
samples spiked with SFG.
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Figure 4.3. Reaction schematic of ferrozine ferrous iron binding following ascorbic acid reduction of
ferric iron to ferrous iron.
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Inversely, ICP-MS, is a high throughput mass spectrometric technique that has the
ability to measure multiple trace metal levels in biological samples.24 Commonly,
biological samples are digested by heat and acid prior to being run on the ICP-MS.
However, unlike the ferrozine assay, when measuring TI, ICP-MS does not require the use
of iron detection agents, nor does it require the reduction of ferric to ferrous iron in order
to measure iron. During ICP-MS TI measurement, liquid samples are first aerosolized and
transferred to argon plasma and ionized.24 Ions are then separated by their mass-charge
(m/z) ratio via quadrupole mass analyzer prior to being measured by the detector.24 One of
the major difference between the ferrozine assay and the ICP-MS is that unlike the
ferrozine assay, ICP-MS detects both ferrous and ferric iron ions simultaneously. However,
compared to the ferrozine assay, iron detection by ICP-MS can be costly due to the high
instrumentation and operating costs.
As TI measurement following IV iron nanoparticle drug infusion is one of the first
measurements in determining proper dosage etc., both the ferrozine assay and the ICP-MS
are appropriate techniques. However, as ICP-MS is not as widely available due to the cost
of the instrument and high operating costs, the ferrozine assay has still been routinely used
to measure TI.20 As IV iron nanoparticle drugs are still relatively new, compared to their
small molecule counterparts, there has been some question as to whether the ferrozine
assay and ICP-MS are equally suited to measure TI in plasma samples post IV iron
nanoparticle drug infusion. As such, we performed a study to identify potential differences
between the abilities of the ferrozine assay and ICP-MS to measure TI in SFG spiked
plasma samples. Following these studies, ICP-MS was determined to be more sensitive
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than the ferrozine assay. However, overall, it was concluded that both techniques may be
used to measure TI in IV iron nanoparticle drug infused plasma samples.
4.2. Materials
Ferrlecit (sodium ferric gluconate (SFG)) (Sanofi U.S. LLC., Bridgewater, NJ,
USA) (NDC 0024-2792-10), containing 62.5 mg elemental iron per 5 mL (223.8 mM)
sterile single use vial was used throughout this study as the primary iron source. All SFG
drug stocks used throughout the investigation were from freshly opened vials. Trace metal
grade nitric acid and hydrochloric acid were purchased from Fisher Scientific. Iron,
germanium, and scandium ICP-MS AAS standards were purchased from Fluka analytical.
All metal free conical tubes used for ICP-MS sample preparation were purchased from
VWR.

4.3. Methods
Plasma master mix stock preparation
A homogeneous plasma master mix stock, with a uniformed blood plasma iron
concentration, was made by mixing multiple expired plasma bags from the University of
Maryland Medical Center blood bank. Plasma samples were then separated into 50 mL
conical tubes and stored at - 20°C.
SFG spike plasma sample preparation
Master mix plasma stock samples were thawed under warm water and thoroughly
vortexed prior to sodium ferric gluconate (SFG) addition. Undiluted SFG (12500 ppm Fe)
was diluted to 15, 150, 375, 750, 1500, and 3000 ppm Fe in filtered deionized water. The
diluted SFG stocks (0.2 mL) were then diluted in plasma (14.8 mL) to 0.2, 2, 5, 10, 20, and
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40 ppm Fe concentrations in 15 mL metal free conical tubes. Non-SFG spiked control
samples were prepared by adding water (0.2 mL) to plasma (14.8 mL) in 15 mL metal free
conical tubes.
ICP-MS
Plasma and SFG spiked with plasma samples (0.2 mL) were transferred to 15mL
metal free centrifuge tubes and diluted with filtered deionized water (0.8 mL). Nitric Acid
(HNO3) (TraceMetal Grade, 67 to 70% w/w) (0.5 mL) was added to each sample. All
samples were then capped and incubated at 80°C overnight. Samples were then cooled to
room temperature and diluted with filtered deionized water (4 mL) to 6% HNO3. Samples
were then centrifuged at 4000 x g for 10 min at room temperature. The supernatant was
then transferred to 15 mL metal free conical tube prior to ICP-MS analysis. Iron
concentrations in samples were derived from a calibration curve generated from a series of
dilutions of iron atomic absorption standards (Fluka Analytical) prepared in a 6% nitric
acid matrix (Table 4.1). Both plasma NI and TI concentrations were measured in He mode
via Octopole Reaction System cell (ORS) on a 7700x ICP-MS (Agilent Technologies,
Santa Clara, CA). The run parameters were as follows: an argon carrier gas flow of 0.99
L/min, helium gas flow of 4.3 mL/min RF power of 1550 W, octopole RF of 200 V, and
OctP bias of -18 V. All data was analyzed via Agilent Mass Hunter software 4.4. Initial NI
and SFG spiked TI concentrations were determined by taking into account the dilution
factor via equation 1 below. SFG iron concentration was then calculated using equation 2
below.
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Equation 1

[𝐼𝐶𝑃 − 𝑀𝑆 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑟𝑜𝑛] (𝑝𝑝𝑏) ∗ 𝐼𝐶𝑃 − 𝑀𝑆 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑢𝑚𝑒 (𝑚𝐿)
[𝐼𝑛𝑖𝑡𝑎𝑙 𝑝𝑙𝑎𝑠𝑚𝑎 𝑖𝑟𝑜𝑛](𝑝𝑝𝑏) = 4
?
𝑝𝑙𝑎𝑠𝑚𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)

Equation 2

[𝑆𝐹𝐺 𝑠𝑝𝑖𝑘𝑒𝑑 𝑇𝐼] (𝑝𝑝𝑏) − [𝑁𝐼] (𝑝𝑝𝑏)
[𝑆𝐹𝐺 𝑖𝑟𝑜𝑛] (𝑝𝑝𝑚) = 4
?
1000
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Concentration
of Iron Stock
(ppm)
0
1
1
10
10
10
100
100

Calibration
Standard Stocks
0 ppb (Fe)
10 ppb (Fe)
50 ppb (Fe)
100 ppb (Fe)
250 ppb (Fe)
500 ppb (Fe)
1000 ppb (Fe)
2500 ppb (Fe)

125

50

250

125

50

250

50

0

Volume of
Iron Stock
(μL)

4875

4950

4750

4875

4950

4750

4950

5000

Volume
of
HNO3
(μL)

5000

5000

5000

5000

5000

5000

5000

5000

Final Volume
(μL)

Table 4.1. Preparation of 6% nitric acid calibration samples for ICP-MS.

2500

1000

500

250

100

50

10

0

Final Iron
Concentration
(ppb)

Ferrozine Assay
Plasma, SFG spiked plasma samples (0.2, 2, 5, 10, 20, and 40 ppm Fe) (0.2 mL),
and calibration samples (1mL) were transferred into 15mL metal free conical tubes. 10mM
HCl (0.8 mL) and freshly mixed iron-releasing agent (1.4M HCl and 4.5% (w/v) KMnO4)
(1 mL) were directly added to both the plasma and SFG spiked plasma samples.
Additionally, 50mM NaOH (1 mL) and freshly mixed iron-releasing agent (1 mL) were
added to the calibration samples. All samples were then capped and incubated overnight at
80°C. Following incubation, the samples were left to cool to room temperature after which
fresh iron-detection agent (6.5 mM ferrozine, 2.5 M ammonium acetate, and 1 M ascorbic
acid) (0.3 mL) was added to each. All samples were then left to incubate for 30 minutes at
room temperature. Once incubated, the plasma and plasma spiked samples (1 mL) were
transferred to eppendorf tubes and centrifuged for 40 min at 14,000 rpm at room
temperature. Following centrifugation, the plasma and SFG spiked plasma sample
supernatants, as well as the calibration samples were transferred to semi-micro disposable
1.5 mL cuvettes and the absorbance was measured at 600 nm on a PerkinElmer Lambda
25 UV/Vis spectrometer (PerkinElmer, Waltham, MA). Iron concentrations were
calculated from a standard curve generated using a series of dilutions of iron atomic
absorption standards prepared in a manner similar to the ICP-MS calibration samples
(Table 4.2). Initial NI and SFG spiked TI concentrations were determined by taking into
account the dilution factor via equation 1. SFG iron concentration was then calculated
using equation 2.
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Concentration
of Iron Stock
(ppm)
0
1
1
10
10
10
100
100
100
100
1000

Calibration
Standard Stocks

0 ppb (Fe)

10 ppb (Fe)

50 ppb (Fe)

100 ppb (Fe)

250 ppb (Fe)

500 ppb (Fe)

1000 ppb (Fe)

2500 ppb (Fe)

5000 ppb (Fe)

10000 ppb (Fe)

15000 ppb (Fe)

75

500

250

125

50

250

125

50

250

50

0

Volume of
Iron Stock
(μL)

4925

4500

4750

4875

4950

4750

4875

4950

4750

4950

5000

Volume
of HCl
(μL)

Table 4.2. Preparation of calibration samples for the ferrozine assay.

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

5000

Final Volume
(μL)

15000

10000

5000

2500

1000

500

250

100

50

10

0

Final Iron
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4.4. Results and Discussion
ICP-MS
Six SFG spike plasma samples (0.2, 2, 5, 10, and 40 ppm SFG iron) were used to
validate and compare the ability of both analytical iron determination techniques (ICP-MS
and ferrozine assay) to indirectly determine SFG iron concentration in blood plasma
samples through direct measurements of NI and SFG spiked TI (n = 3) (Tables 4.3 and
4.4). ICP-MS measured SFG iron lower limit of quantification (LLOQ) was determined to
be 0.2 ppm SFG iron as the average SFG iron concentration (0.16 ± 0.03 ppm SFG iron)
was found to be within 20% of the expected SFG iron concentration with an associated CV
(19.92%) below 20% CV (Table 4.3). All other ICP-MS measured SFG spiked plasma
samples (plasma spiked with 2, 5, 10, 20 and 40 ppm SFG iron) were within 15% of each
expected SFG iron concentration as well as 15% CV, indicating that ICP-MS is a viable
analytical method to measure SFG iron plasma concentrations from 0.2 ppm SFG iron up
to at least 40 ppm SFG iron (Table 4.3).25
While these experiments demonstrate that ICP-MS as a general technique is capable
of measuring SFG spiked SFG plasma TI, we acknowledge that our ICP-MS may be able
to detect SFG iron concentrations outside our experimental concentration range (< 0.2 ppm,
> 40 ppm SFG iron) as ICP-MS sensitivity may vary between different instrument brands
and models. Specifically, whereas our single quad ICP-MS is capable of measuring iron
concentrations in the ppb range, a triple quad ICP-MS is easily capable of measuring iron
concentrations in the ppt range. In addition to more sensitive instrumentation, clean rooms
may also allow for greater ICP-MS sensitivity.26-28
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Table 4.3. Total iron (TI) ICP-MS measurements of plasma samples spiked with 0.2, 2, 5, 10,
20, and 40 ppm SFG (n = 3).

Sample

Native
Iron
(NI)
(ppm)

Total Iron
(TI)
(ppm)

SFG Iron
(SFG = TIx
– NI)
(ppm)

%
CV

Expected
SFG Iron
Conc
(ppm)

Percent
Recovered

Plasma

0.65 ±
0.04

0.65 ±
0.04

NA

NA

NA

NA

Plasma
spiked
with 0.2 ppm
SFG

0.65 ±
0.04

0.81 ±
0.03

0.16 ± 0.03

19.92

0.2

82% ±
16%

Plasma
spiked
with 2 ppm
SFG

0.65 ±
0.04

2.56 ±
0.14

1.90 ± 0.14

7.40

2

96% ± 7%

Plasma
spiked
with 5 ppm
SFG

0.65 ±
0.04

5.49 ±
0.23

4.84 ± 0.23

4.78

5

97% ± 5%

Plasma
spiked
with 10 ppm
SFG

0.65 ±
0.04

9.97 ±
0.34

9.32 ± 0.34

3.60

10

93% ± 3%

Plasma
spiked
with 20 ppm
SFG

0.65 ±
0.04

22.91 ±
0.73

22.26 ± 0.73

3.27

20

111% ±
4%

Plasma
spiked
with 40 ppm
SFG

0.65 ±
0.04

42.54 ±
1.14

41.89 ± 1.14

2.71

40

105% ±
3%
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Ferrozine Assay
Ferrozine assay SFG iron LLOQ was determined to be 5 ppm SFG iron as the
average SFG iron concentration (4.60 ± 0.10 ppm SFG iron) was found to be within 20%
of the theoretical SFG iron concentration with an associated CV (2.17%) below 20% CV
(Table 4.4).25 10 and 20 ppm SFG iron average SFG iron concentrations were found to be
within 15% of the expected SFG iron concentrations and within 15% of the associated CVs
(Table 4.4). As the average 40 ppm SFG iron spiked plasma sample was found to have a
measured SFG iron concentration (47.47 ± 1.05 ppm SFG iron) more than 15% from the
expected SFG iron concentration, it is likely that the upper limit of quantification (ULOQ)
is between 20 and 40 ppm SFG iron (Table 4.4).25 Taken together, these data demonstrate
that the ferrozine assay is a viable way to measure SFG iron concentrations in plasma
samples containing SFG iron concentrations from 5 ppm SFG iron to at least 20 ppm SFG
iron (Table 4.4). However, comparatively, the ferrozine assay does not have as broad of a
measurable concentration range as ICP-MS suggesting that it may not be as sensitive of a
technique as ICP-MS (Figure 4.4). This difference in lower and upper detection limits may
be in part to differences in instrumental capabilities between the UV/Vis spectrometer and
ICP-MS. Additionally, as concentrated samples, with absorbances above 1, preclude the
use of the Beer-Lambert law to calculate concentration, a major drawback of colorimetric
the ferrozine assay may only have the capability of determining TI content in samples in
which absorbance is below 1.29 Nonetheless, the ferrozine assay appears to be equally
suited to measuring TI in plasma SFG spiked samples as ICP-MS between 5 – 20 ppm SFG
iron.
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Table 4.4. Total iron (TI) ferrozine assay measurements of plasma samples spiked with 0.2, 2,
5, 10, 20, and 40 ppm SFG (n = 3).

Sample

Native
Iron
(NI)
(ppm)

Total
Iron
(TI)
(ppm)

SFG Iron
(SFG = TIx
– NI)
(ppm)

%
CV

Expected
SFG Iron
Conc
(ppm)

Percent
Recovered

NA

NA

NA

Plasma

0.55 ±
0.02

0.55 ±
0.02

NA

Plasma spiked
with 0.2 ppm
SFG

0.55 ±
0.02

0.84 ±
0.25

0.29 ± 0.25

86.21

0.2

144% ±
127%

Plasma spiked
with 2 ppm
SFG

0.55 ±
0.02

2.09 ±
0.09

1.54 ± 0.09

5.84

2

77% ± 5%

Plasma spiked
with 5 ppm
SFG

0.55 ±
0.02

5.14 ±
0.10

4.60 ± 0.10

2.17

5

92% ± 2%

Plasma spiked
with 10 ppm
SFG

0.55 ±
0.02

10.65 ±
0.44

10.10 ± 0.44

4.36

10

101% ± 4%

Plasma spiked
with 20 ppm
SFG

0.55 ±
0.02

22.40 ±
1.08

21.82 ± 1.08

4.95

20

109% ± 5%

Plasma spiked
with 40 ppm
SFG

0.55 ±
0.02

48.01 ±
1.05

47.47 ± 1.05

2.21

40

119% ± 3%
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Figure 4.4. Detected SFG iron (SFG iron = TI - NI) by ICP-MS (red) and ferrozine
assay (blue) of SFG spiked plasma samples (0.2, 2, 5, 10, 20, and 40 ppm SFG iron)
(n = 3).
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4.5. Conclusion
Although both techniques are able to measure SFG iron concentrations in blood
plasma, ICP-MS was determined to have a greater ability to accurately determine SFG iron
concentration than the ferrozine assay. As such, it is suggestable that ICP-MS be used for
TI measurements over the ferrozine assay when possible. However, while ICP-MS may
have a greater sensitivity and boarder detection range than the ferrozine assay, the ferrozine
assay is still a valid technique to measure TI content in plasma samples infused with IV
iron nanoparticle type drugs. Taken together these studies find that although both
techniques are not as equally sensitive, they are still both viable methods to measure TI in
plasma samples infused with IV iron nanoparticle drugs. Additionally, the ferrozine assay
does not have the ability to directly detect, separate, and quantitate the amount of iron
associated with different blood plasma iron species (i.e. TBI and NTBI). Unlike the
ferrozine assay, the coupling of additional modules, such as high-pressure liquid
chromatography (HPLC), give the ICP-MS the ability to separate different iron binding
species, including TBI, PBI, DBI, and LI in the blood plasma and directly quantitate each
species’ associated iron cocnentation.11 However, such capabilities are not always
accessible, affordable, or even needed.
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Chapter 5: Electronic Nicotine Delivery System Metal Aerosolization: A
Comparative Study of The Effects of Propylene Glycol and Glycerol E-liquids on
Metal Aerosolization93
5.1. Introduction
Electronic nicotine delivery systems (ENDS), more commonly referred to as
electronic cigarettes or E-cigs, are non-tobacco based battery-operated devices that deliver
nicotine in the form of an aerosol that is generated by heating a cartridge filled with a liquid
called the ‘electronic liquid’ or ‘e-liquid.’

1, 2

E-liquids are typically composed of either

propylene glycol (PG), glycerol (G) or a combination of both to which nicotine, water,
alcohol, and flavorings have been added. The e-liquid is aerosolized and inhaled during
ENDS use.1 Since their entrance into the U.S. market in ~2007, ENDS products have
steadily grown in popularity with almost ~460 different brands on the market today.3
Following the 2016 final deeming rule that ENDS products be subject to the
Tobacco Control Act, the regulation of ENDS products has been controlled by the Food
and Drug Administration (FDA).4 Although marketed by companies as a safer alternative
to tobacco products, studies such as those reporting increased ENDS use in high school
age youth from 1.5% (220,000 students) to 20.8% (3.05 million students) between 2011
and 2018, and those reporting the presence of harmful and potentially harmful constituents
(HPHCs) in ENDS products, have prompted further regulatory actions by the FDA such as
prohibiting the sale of ENDS products to minors and the banning of all flavors (besides
tobacco and menthol) which may appeal to children.5-9
_______________________
93
Joel E. P. Brandis, Angela Lee, Bryan Eng, Haoju Li, Vyomesh Patel, Abraham
Schneider, Maureen A. Kane, Richard N. Dalby, and Sarah L.J. Michel. Manuscript in
preparation.
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Although several case reports of potential systemic negative health effects associated with
ENDS use, such as respiratory and cardiovascular effects, little is still known in regards to
ENDS product HPHC content and ENDS product to product HPHC differences.10-12 As
ENDS products are relatively new to the market compared to their tobacco product
counterparts, research focusing on identifying and measuring HPHCs, such as heavy
metals, is important for the development of future ENDS specific regulatory guidance.13,
14

Metals including Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sn, and Zn have been
reported to be present in several types of ENDS products’ e-liquids and aerosols including
disposable and refillable cig-a-likes, e-liquid refillable bottles, cartridges, and open wick
products (Tables 5.1 and 5.2).15-26 Although all metals are classified as HPHCs, some
metals including Cr, Ni, Cd, As, and Pb, have been a greater point of concern due to their
potential carcinogenic properties.16, 26-28 However, the presence of other metals such as Fe,
and Cu, which play roles in several biological processes, can also lead to health concerns
as high concentrations of these metals can be toxic.29, 30 While the presence of metals have
been reported in multiple ENDS brands’ e-liquids and aerosols, the reported number of
metals and metal concentrations have varied from product to product (Tables 5.1 and
5.2).16-18, 26, 31 There has been much focus on determining differences in e-liquid metal
transfer to aerosol between different ENDS products.16, 19, 26, 32 However, whereas ENDS’
e-liquid metal content measures are relatively more easily comparable between different
products as well as different studies, comparative aerosol metal content studies have proven
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difficult to achieve due to experimental differences in aerosol sample generation and
collection methods.19, 33
To date, there have been a number of different direct and indirect ENDS aerosol
sampling methods reported which have utilized a variety of filters, impingers, sorbent tubes
or flasks to collect aerosolized e-liquid samples, depending on their target analyte (Table
5.2).19, 25, 31, 33, 34 In addition to differences in sample collection, differences in each studies’
aerosolization experimental approaches, such as differences in, cartomizers (ENDS
product cartomizers and aftermarket cartomizers), heating coils (coil material), number of
puffs per sample, flow rate, and puff duration etc., have made it difficult to quantitatively
compare results between different research groups as well as between different ENDS
products (Table 5.2).19, 33 As such, there is still some uncertainty as to whether differences
in reported ENDS product metal aerosol content are due to differences in ENDS product
device components (i.e. cartomizers and heating coils etc.), differences in e-liquid
composition (i.e. PG and G ratio), or a combination of both mechanical and chemical
components.
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Table 5.1. Metals measured in several different tobacco and menthol flavored ENDS e-liquid products.
(Table adapted from Zhao et al, 2020)

Ref

Type of eliquid

E-liquid
brands

E-liquid
flavor

Analytical
method

Metals
measured

Detected metals
above LOD

15

Bottle

7’s

Tobacco

ICP-MS

Al, As, Cd,
Cu, Fe, Mn,
Ni, Pb, Zn

Al, As, Fe, Mn,
Ni, Zn

20

Bottle

NR

Tobacco

ICP-MS

As, Cd, Ni, Pb

21

Bottle

NHOSS

Blond
tobacco

ICP-MS

22

Bottle

Whinston

Tobacco

Molecular
Fluorescence

As, Cd, Cr,
Cu Ni, Pb,
Zn
Al, As, Cd,
Co, Cr, Cu,
Hg, Mn, Ni,
Pb, Sb, Tl,
V, Zn
Cd, Ni

23

Open
wick
Bottle,
cartridge

DUNE,
EVO
BLU,
NJOY

Menthol

AAS

Pb

Pb

Tobacco

SF-ICP-MS

Zn

Zn

26

Cartridge
(Cig-alike)

BLU

Tobacco

ICP-MS

As, Cd, Co,
Cr, Cu, Fe,
Mg, Ni, Pb,
Zn

Co, Cr, Cu, Fe,
Mg, Ni, Pb, Zn

26

Cartridge
(Cig-alike)

BLU,

Menthol

ICP-MS

As, Cd, Co,
Cr, Cu, Fe,
Mg, Ni, Pb,
Zn

Co, Cr, Cu, Fe,
Mg, Ni, Pb, Zn

26

Cartridge
(Cig-alike)

Vuse
Solo

Menthol

ICP-MS

As, Cd, Co,
Cr, Cu, Fe,
Mg, Ni, Pb,
Zn

Cu, Fe, Mg, Ni

26

Cartridge
(Cig-alike)

MarkTen, Menthol

ICP-MS

As, Cd, Co,
Cr, Cu, Fe,
Mg, Ni, Pb,
Zn

Cu, Fe, Mg

24

Note: LLOQ, lower limit of detection; NR, not recorded
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Al, As, Cr

Cd, Ni

Table 5.2. Metals measured in several different ENDS product aerosols. (Table adapted from Zhao et al,
2020).

Re
f

Devic
e type

Device
brand

E-liquid
flavor

31

Cig-alike

Premiu
m

Tobacco

Puffing
protocol

Aerosol
collection
method

1.8
Glass
s/puff, 10 filter
s
interval,
70
mL/puff,
150 puffs
31
Cig-a- Ecis
Menthol 1.8
Glass
like
s/puff, 10 filter
s
interval,
70
mL/puff,
150 puffs
25
Cig-a- BLU
Tobacco 4.3 s/
Quartz
like
,
puff,
fiber filter
menthol 75.25
mL/puff,
60 s
interval,
75 puffs
34
Cig-a- BLU
Tobacco 2
Glass fiber
likes
,
puffs/min filter pads
menthol , 99
puffs, 55
mL/ puff
34
Cig-a- SKYCI
Tobacco 2
Glass fiber
likes
G
,
puffs/min filter pads
menthol , 99
puffs, 55
mL/puff
15
Tank
Triple 3 Tobacco 400
MCE
eGo
mL/puff, membrane
volume:
s
33.6 mL,
45 puffs,
5 s puffs,
10 s
interval
Note: LOQ, lower limit of detection; NR, not recorded
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Analytica
l methods

Metals
measure
d

Detecte
d metals
above
LOD

ICP-MS

As, Cd,
Cr, Cu,
Mn, Ni,
Pb, Se,
Zn

Cd, Ni,
Pb

ICP-MS

As, Cd,
Cr, Cu,
Mn, Ni,
Pb, Se,
Zn

Cd, Ni,
Pb

ICP-MS

As, Cr,
Cu, Ni,
Sb, Sn,
Zn

As, Cr,
Cu, Ni,
Sb, Sn,
Zn

ICP-MS

As, Be,
Cd, Cr,
Hg, Mn,
Ni, Pb,
Se, Sn
As, Be,
Cd, Cr,
Hg, Mn,
Ni, Pb,
Se, Sn
Al, As,
Cd, Cu,
Fe, Mn,
Ni, Pb,
Zn

ICP-MS

ICP-MS

Cr

Al, As,
Fe, Ni,
Zn

Of the multiple components found in ENDS product e-liquids, such as nicotine,
chemical flavorings etc., e-liquids are primarily composed of PG and G.26, 35 With a variety
of ENDS products with varying PG and G e-liquid ratios, ENDS users may choose their
desired ENDS product based on their preference of aerosol consistency. Over the past
several years, there have been a number of studies focusing on determining how differences
between the physicochemical properties of PG and G physical may affect nicotine delivery
in ENDS product aerosols.36, 37 Notably, many of these studies not only report higher
nicotine aerosol content in aerosols generated from PG and PG dominant e-liquids, but also
report observably higher PG levels in aerosols generated from 50/50 PG and G e-liquids
than G aerosol levels.37 Although, until recently, there have been reports of PG and G ratios
affecting nicotine delivery, there are limited reports regarding PG and G’s effects on metal
aerosolization.35, 36 As different ENDS products have been reported to have varying levels
of metals in both their e-liquid and aerosols, it is unclear whether PG and G ratios may
affect metal aerosol levels similarly to nicotine aerosol levels. Therefore, a controlled study
accounting for both metal sample aerosolization and aerosol sample collection must be
developed in order to directly compare differences in metal aerosolization between PG and
G e-liquids.
Herein, we sought to develop and implement an experimental protocol to determine
potential differences between metal aerosolization in PG and G based e-liquids, as well as
determine potential differences between specific metal aerosolization potentials. As our
previous study found Cr, Ni, Cu, and Pb to be the most consistent metals to exceed United
States Pharmacopeia (USP) inhalation limits in multiple disposable ENDS products (4
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different brands, 18 flavors), our experimental approach focuses on determining the
differences in aerosolization potential between these four metals in both PG and G metal
spiked model e-liquids.26 By using the same model e-liquid stocks, sample aerosolization
methods, and sample aerosol sample collection methods for all samples, our results provide
a direct comparative analysis of the effects of PG and G on metal aerosolization. Our key
findings include differences in metal aerosolization between PG and G model e-liquids, as
well as differences between different metals within the same model e-liquid. As little is
known about the effects of e-liquid composition (PG and G) on specific metal
aerosolization potential, these studies may inform on future aerosol metal ENDS regulatory
guidance.

5.2. Materials
Fluka Analytical chromium, copper, nickel, lead, scandium, and germanium atomic
absorption standards, propylene glycol (16033-1L), and glycerol (49770-1L) were
purchased from Sigma Aldrich. Bismuth atomic absorption standard was purchased from
Ricca. Nitric acid (HNO3) (trace metal grade) was purchased from Fisher Scientific. Pyrex
media storage bottles were obtained from Corelle Brands. 15 mL and 50 mL Metal free
conical tubes were purchased from VWR.

5.3. Methods:
Model E-liquid Preparation
Fluka analytical 1000 ppm metal (Cr, Cu, Ni, or Pb) 2% HNO3 atomic absorption
standards (AAS) (8.33 mL) were added to either Propylene Glycol (PG) or Glycerol (G)
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model e-liquids (250 mL) (w/v) in 250 mL 6% HNO3 acid rinsed Pyrex media storage
bottles and shaken vigorously for 5 minutes. Pb spiked model e-liquid (100 µL) (w/v) was
then added to 50 mL metal free conical tubes and digested with 29.9 mL trace metal grade
6% HNO3 for 12 hours at 80 ºC in an Isotemp oven (Fisher Scientific, Hampton, NH,
USA.). Samples were then cooled to room temperature before being centrifuged for 5
minutes at 4000 x g, 4 ºC (Beckman Coulter, Brea, CA, USA.). Supernatant was then
poured into 15 mL metal free conical tubes and the Pb concentration was measured via
ICP-MS. E-liquid metal concentrations were measured using equation 1 below.
Equation 1
E − liquid [Metal] 4

µg
Detected [Metal] W L Y
µg
Sample Volume (mL)
1
?=T
a∗4
?
[∗\
g
1000 (mL)
1
E − liquid weight (g)

Aerosolization Device Set Up
A Kanger TopTank Nano clearomizer (KangerTech®, Shenzhen, China) was
connected to an ENDS aerosolization machine built at the University of Maryland,
Baltimore School of Pharmacy (Baltimore, MD, USA) by attaching one end of a Tygon®
PVC soft plastic tube (5/16” ID, ½” OD, 4 inches long, Saint-Gobain, Courbevoie, France)
to the mouthpiece of the clearomizer at a 30º angle from horizontal with the mouthpiece
pointing slightly upward, and the other end to the inlet of the aerosol collection chamber
positioning it approximately 60 mm away horizontally and 67 mm directly above an
uncapped 50 mL metal-free conical tube (VWR, Radnor, PA, USA) in the left side of the
collection chamber (Figure 5.1). Another piece of Tygon tubing was attached to the outlet
of the aerosol collection chamber, positioned above dead space in the collection chamber,
and was connected to a 3-way PremAir solenoid valve (Ingersoll Rand, Dublin, Ireland) in
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series with a HCP4 vacuum pump (Copley Scientific, Nottingham, United Kingdom)
(Figure 5.1). During sample aerosolization, both the clearomizer coil voltage and solenoid
valve opening were both controlled via a MOSFET and Arduino Uno R3 microcontroller
with an LCD keypad shield (SainSmart, Filaments, Alberta) running a custom C++ code
(Figure 5.1) comprising the programmable logic controller (PLC).

Model E-liquid Aerosolization
Each model e-liquid aerosolization collection experiment was performed using a
Kanger TopTank Nano clearomizer with a new heating coil for each model e-liquid. The
clearomizer is filled or refilled prior to each 30 puff aerosolization with e-liquid. Prior to
use, each new heating coil was primed by using 10 puffs during which pre and post
aerosolization weights were recorded. Each sample was collected from 30 puffs of aerosol,
which were collected in the aerosolization collection chamber into 50 mL metal-free
conical tubes. Both the metal-free conical tubes and the clearomizer are weighed before
and after aerosolization to determine collected aerosol weight and change in clearomizer
weight. The percent aerosol sample recovery (percent aerosol collected) was calculated
using equation 2 below. Before and after sample collection, an air-blank was performed by
drawing 30 puffs of ambient air through the system without energizing the coil. Between
each aerosol sample collection, the clearomizer, and in-line tubing were washed thoroughly
with warm water and non-ionic detergent followed by a methanol rinse prior to being dried
at 80 ºC in a MyTemp 65HC oven (Benchmark Scientific, Sayreville, NJ, USA).
Additionally, the collection chamber was washed thoroughly with warm water and nonionic detergent, then wiped with a menthol or ethanol damp cloth between each aerosol
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collection. For each aerosol sample, the aerosolization device PLC was set to generate 30
puffs of 3.00 secs, at 3.70 volts, with an inter-puff interval of 30 sec at the pre-set airflow
rate of 1.10 liters per minute. The air flow was adjusted to be within 5.0 % and recorded
before sample collection using an Aalborg Airflow Meter (GFM17 model, Orangeburg,
NY, US). 5 aerosol sample replicates were generated per model e-liquid.

Equation 2
Collected aerosol weight (g)
Percent Aerosol Collected = \
a ∗ 100
Δ Clearomizer weight (g)

ICP-MS Aerosol Sample Preparation
Trace metal grade 6% HNO3 (6 mL) was added to each aerosolized 50 mL metal
free aerosol sample collection conical tube and vortexed to remove all aerosol condensate
from the tube walls. Samples were then digested for 12 hours at 80 ºC in an Isotemp oven.
Afterwards, samples were cooled to room temperature and centrifuged for 5 minutes at
4000 x g, 4 ºC. The supernatant was then transferred to 15 mL metal free conical tubes and
analyzed via ICP-MS. Aerosol metal concentrations were calculated using equation 3
below, after which percent metal aerosolization was calculated using equation 4 below.

Equation 3
µg
Detected [Metal] W L Y
µg
Sample Volume (mL)
1
Aerosol [Metal] 4 ? = T
?
[∗\
a∗4
g
1000 (mL)
1
Aerosol weight (g)
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Equation 4
Percent Metal Aerosolized = T

µg
Aerosol [Metal] ( g )

µg [ ∗ 100
E − liquid [Metal]( g )

Metal Detection by Inductively Coupled Plasma Mass Spectrometry
Both model e-liquid and aerosol metal concentrations were measured on an Agilent
7700x inductively coupled plasma mass spectrometry (ICP-MS) (Agilent Technologies,
Santa Clara, CA), utilizing an Octopole Reaction System cell (ORS) in He mode. ICP-MS
run parameters were as follows: a argon carrier gas flow of 0.99 L/min, helium gas flow of
4.3 mL/min RF power of 1550 W, octopole RF of 200 V, and OctP bias of -18 V. Metal
(Cr, Ni, Cu, and Pb) concentrations were derived from a calibration curve generated by a
diluted series of metal atomic absorption standards (Millipore Sigma, Saint Louis, MO,
USA) prepared in a 6% HNO3 matrix. All data was analyzed via Agilent Mass Hunter
software 4.4.26
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Figure 5.1. Schematic of the aerosolization device and collection apparatus used for aerosol sample
generation and direct aerosol collection.
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5.4. Results and Discussion
We recently reported that the e-liquid of several commercial ENDS products
contain metals that are known to be toxic at high concentrations.26 These metals are
presumably aerosolized when the ENDS user utilizes the product, and the effects of these
metals on human health are not known. In order to understand whether the metals found in
ENDS products are aerosolized, we designed and constructed an ENDS aerosolization
machine that allows us to aerosolize and collect the aerosol from commercial and
laboratory created ENDS products. Our goal was to measure the aerosolization of the
individual metals that we had identified in commercial ENDS products, as a first step
towards understanding potential exposure to humans. One key variable that was considered
in our study was the e- liquid matrix utilized. The e-liquid is typically composed of
propylene glycol (PG), glycerol (G), or a mixture of both. PG and G have distinct physical
properties, including boiling point and vapor pressure, suggesting the type of e-liquid
utilized may affect the amount of a metal that may be aerosolized.35, 38 There are reports of
metals being aerosolized, including Cr and Pb,; although differences in sample
aerosolization and aerosol collection methods (number of puffs per sample, flow rate, puff
duration, and temperature etc.,), have made it difficult to directly compare aerosol metal
levels from multiple reports (Table 5.2).18, 19, 25, 33 To our knowledge, only a singular recent
study, which utilized a simple distillation sample aerosolization approach to mitigate the
additional complexity associated with commercial aerosolization devices (cartomizers and
heating coils etc.), has directly investigated the effects of PG and G e-liquid matrices on
metal aerosolization.35 However, to the best of our knowledge, there are no other
comparative studies that have investigated the effect of PG and G e-liquid on metal transfer
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utilizing more clinically relevant commercially available aerosolization devices.35 As such,
we aimed to fill this gap by utilizing a standardized e-liquid aerosolization approach,
following the CORESTA 81 guidelines, in which the same commercially available
aerosolization device (Kanger Toptank-Nano clearomizer) and sample aerosolization and
collection methods are used for all samples, in addition to the use of controlled metal spiked
PG and G model e-liquid samples, allowing for a direct comparative evaluation of the
effects of e-liquid matrix (PG and G) on metal aerosolization.

Percent Metal Aerosolization: The effect of PG and G e-liquid matrices on chromium,
nickel, copper, and lead percent metal aerosolization
The aerosol metal content of aerosol samples generated from metal atomic
absorption standard (Cr, Ni, Cu, and Pb) spiked model e-liquids (PG or G) were measured
via ICP-MS. The percent aerosolization was then calculated using equations 3 and 4 and
these data are shown in (Tables 5.3 and 5.4). The samples that used PG as the matrix, the
percent aerosolization measured differed for each metal, with Ni (41.25 % ± 15.72) having
the highest average percent aerosolization followed by Pb (27.41 % ± 12.41), Cu (24.42 %
± 12.77), and Cr (3.32 % ± 1.93) (Table 5.3). Similarly, the ICP-MS analysis of the single
metal model e-liquid generated G aerosol samples showed differing percent aerosolization
between the four metals with Pb (4.14 % ± 3.34) having the highest average percent
aerosolization followed by Cr (1.42 % ± 1.10), Ni (0.62 % ± 0.11), and Cu (0.20 % ± 0.14)
(Table 5.4). Interestingly, the metals that were most readily aerosolized were observed to
differ between PG (Cr < Cu < Pb < Ni) and G (Cu < Ni < Cr < Pb) aerosol samples (Tables
5.3 and 5.4).
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Notably, when comparing percent metal aerosolization between PG and G model
e-liquids, higher percent metal transfer from e-liquid to aerosol was observed for all four
metals in PG samples than in G samples (Figure 5.2). On average, Cr was found to have a
1.9 % higher percent aerosolization in PG than in G, Ni a 40.63 % higher percent
aerosolization in PG than in G, Cu a 24.22 % higher percent aerosolization in PG than in
G, and Pb a 23.27 % higher percent aerosolization in PG than in G (Figure 5.2). As a
number of physical property differences, such as boiling point (PG = 188.2 ºC, G = 290
ºC) and saturation vapor pressure (i.e., PG Psat = ~20 Pa, G Psat = 0.01 Pa) have been
reported between PG and G, it is possible that the differences in the observed percent metal
aerosolization between PG and G may be resultant of such physical property differences.3539

As suggested by Li and colleagues, according to Raoult’s Law, as the saturation vapor

pressure of e-liquids likely governs the volatility of e-liquid aerosols, PG e-liquids,
possessing a higher saturation vapor pressure, would be more volatile than G e-liquids
possessing a lower saturation vapor pressure when applied to nicotine free e-liquids such
as those used throughout our study.38 In regards to percent metal aerosolization, it is
possible that higher precent metal aerosolization was observed in PG aerosol samples, for
all four metals, compared to G aerosol samples, due to PG’s greater volatility and lower
boiling point, resulting in a more rapid aerosolization and initial metal flux.37 Taken
together, these data provide that e-liquid matrix affects metal aerosolization. Furthermore,
these data provide evidence that different metals have different aerosolization potentials
depending on the composition of the e-liquid in which it is suspended in.
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Table 5.3. ICP-MS measured aerosol metal content of 30 puff aerosolized atomic absorption metal (Cr, Ni,
Cu, or Pb) spiked PG model e-liquid samples aerosolized via Kanger Toptank-Nano clearomizer (n = 5).
Bold = aerosol concentrations exceeding USP inhalation limits
LLOQ = Lower limit of quantification

Metal

USP
inhalation
limit (𝜇g/g)

[Metal]
model eliquid (𝜇g/g)

Percent
aerosol
collected

[Metal]
aerosol
(𝜇g/g)

Percent metal
aerosolized

Cr

0.30

35.12

37.08 ± 8.71

1.17 ± 0.68

3.32 ± 1.93

Ni

0.50

30.99

60.51 ± 6.21

12.78 ± 4.87

41.25 ± 15.72

Cu

3.00

34.97

40.08 ± 2.01

8.54 ± 4.46

24.42 ± 12.77

Pb

0.50

32.97

66.22 ± 3.33

8.01 ± 3.63

27.41 ± 12.41

Non-metal
spiked PG
blank

NA

Cr, Ni, Cu,
Pb < LLOQ

55.53 ± 2.63

< LLOQ

NA

146

Table 5.4. ICP-MS measured aerosol metal content of 30 puff aerosolized atomic absorption metal (Cr, Ni,
Cu, or Pb) spiked G model e-liquid samples aerosolized via Kanger Toptank-Nano clearomizer (n = 5).
Bold = aerosol concentrations exceeding USP inhalation limits
LLOQ = Lower limit of quantification

Metal

USP
inhalation
limit (𝜇g/g)

[Metal]
model eliquid (𝜇g/g)

Percent
aerosol
collected

[Metal]
aerosol
(𝜇g/g)

Percent metal
aerosolized

Cr

0.30

30.95

71.41 ± 7.15

0.44 ± 0.34

1.42 ± 1.10

Ni

0.50

26.50

70.78 ± 5.95

0.17 ± 0.03

0.62 ± 0.11

Cu

3.00

32.05

70.04 ± 4.73

0.06 ± 0.05

0.20 ± 0.14

Pb

0.50

29.23

69.69 ± 4.12

1.21 ± 0.98

4.14 ± 3.34

Non-metal
spiked G
blank

NA

Cr, Ni, Cu,
Pb < LLOQ

59.36 ± 17

Cr, Ni, Cu,
Pb < LLOQ

NA
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Figure 5.2. The percent metal (Cr, Ni, Cu, and Pb) aerosolized in metal spiked PG (pink) and G
(blue) model e-liquids (n = 5).
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Although all four metals in our study were observed to have higher transfer rates
between e-liquid and aerosol in PG than G, the inverse results of Zervas and colleagues,
our results are in agreement that e-liquid matrix (PG and G) can affect metal aerosolization
in ENDS products.35 One explanation for the difference in the reported PG and G effects
on e-liquid metal aerosolization, between our results and the previous study by Zervas and
colleagues, may be the difference in sample aerosolization approaches.35 Specifically, the
use of a commercially available aerosolization device (Kanger Toptank-Nano clearomizer)
in our study, compared to the simple distillation unit used by Zervas and colleagues, as
well as differences in vaping topography, could potentially contribute to the observed
differences between the two studies.35 As such, these results suggest that the effects of eliquid matrix on metal aerosolization may vary between commercially available
aerosolization devices. Therefore, it is advisable that future studies to determine the effects
of commercially available aerosolization devices on e-liquid matrix (PG and G) effect on
metal aerosolization, utilize a uniform vaping topography, metal spiked model e-liquid,
and collection method.

Aerosolizing Metals
While our standardized e-liquid aerosolization and collection approach allows for
the direct comparative evaluation of the effects of PG and G on metal aerosolization, our
aerosolization device collection method does not collect the total amount of aerosol
generated for each aerosol sample (Tables 5.3 and 5.4). However, the percent aerosol
sample collected can be calculated through the use of equation 2. Our collection method,
which had an observed aerosol collection range between 37.08 % to 71.4% collected
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aerosol, and a mean percentage of 54.25%, is relatively similar to other direct aerosol
collection methods utilizing commercial aerosolization devices, such as the one described
Olmedo and colleagues, which reported a percent aerosol collection range between 30.6%
to 51.9% collected aerosol, and a mean percentage of 40.8%.33
As 100% of the generated aerosol is unable to be collected for each sample, it is
possible not all aerosolized metals are fully recovered with each collection.33 However,
unlike other studies which have reported aerosol content in mass of analyte per ENDS puff,
which may drastically differ from study to study depending on variables such as puff
duration and volume per puff (Table 5.2), we report aerosol metal concentration in µg of
metal per g of aerosol condensate, which allows us to compare our measured aerosol metal
concentrations to those measured in our model e-liquid samples, as well as directly
compare our results with those of other studies also reporting in µg of metal per g of aerosol
condensate or other analogous concentration units regardless of differences in vaping
topography between studies.19,

33

Furthermore, through the direct comparison between

model e-liquid metal concentration, and that of aerosol metal concentration, the percent of
metal transferred from the e-liquid to the aerosol can be relatively easily calculated.
However, one potential limitation of this approach is the assumption that e-liquid
composition does not differ greatly from that of the resultant aerosol.
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5.5. Conclusion
Through the development and use of a standardized sample aerosolization
approach, utilizing a commercially available ENDS aerosolization device, we found Cr,
Cu, Ni, and Pb to be more readily transferred from PG dominant e-liquids to aerosols than
in G dominant e-liquids. As such, we conclude that e-liquid matrix has an effect on e-liquid
metal aerosolization. As ENDS product e-liquids are often a mixture of PG and G, the
methodology used in this study has the potential to be used in future studies to determine
the effect of mixed e-liquid matrices (PG mixed with G) on metal aerosolization, as well
as inform on the differences in aerosol metal concentrations between different ENDS
brands.35 Notably, this study may contribute to the development of future product specific
ENDS regulatory guidance, by providing a basis for understanding the relationship
between metal aerosolization and brand specific e-liquid matrix and aerosolization device.
Additionally, these findings have the potential to address outstanding questions concerning
the metal inhalation risks associated with ENDS use.
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Chapter 6: Conclusions
6.1. Zinc Finger Proteins and Cadmium
The goal of the Zn2-TTP-2D ± RNA + Cd study, discussed in chapter 2, was to
determine if Cd can displace Zn from the ZF protein TTP and to understand the effect of
RNA on Zn displacement. As Cd has been reported to have the ability to displace Zn from
other ZF proteins, it was hypothesized that Cd may have the ability to target Zn2-TTP in a
similar manner as cysteine rich ZFs, including TTP, have been implicated as potential
targets of cadmium.1-3 From our study, it was determined that Cd will readily exchange
with the Zn cofactor of TTP in both the non-RNA bound Zn2-TTP-2D and RNA bound
Zn2-TTP-2D/RNA complexes through the use of multipe bioanalytical techniques
including spin filter-ICP-MS to follow stoichiometry and native ESI-MS titrations to
identify metal-TTP complexes. Additionally, through the combination of native ESI-MS
and FA experiments, it was determined that during Cd exchange with Zn2-TTP-2D/RNA
complex, RNA binding property remains undisturbed suggesting that RNA does not
function as a metal binding site protecting group. Together, these findings suggest that TTP
may be one of the targets of cadmium in cells. However, to determine if Zn-TTP is in fact
a target of Cd in cells, future cellular experiments will be required.

6.2. Sodium Ferric Gluconate Physicochemical Properties
In the work described in chapter 3, a comprehensive comparative study of the
physicochemical properties of IV iron nanoparticle sodium ferric gluconate drugs: Ferrlecit
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(brand) and generic sodium ferric gluconate (generic) was performed using a suite of
different measures. The goal of this study was to inform on physicochemical properties
and measures that have the potential to further the development of the current evolving IV
iron nanoparticle-based drug regulatory guidance. The focus of this study was split into
two areas: comparison of the iron core properties and comparison of the entire product
properties (iron core + carbohydrate shell).
Overall, our study did not identify any differences between the two product’s iron
cores as both cores were determined to be ferric centers, in an octahedral coordination
environment, via Mössbauer spectroscopy, and XAS. Additionally, no difference in total
iron content was observed by ICP-MS. However, some differences in the physicochemical
properties of the iron nanoparticles were identified including differences in iron lability via
forced acid degradation testing – the iron release was more rapid for brand SFG than
generic SFG, particle size via DLS – the particle size of the brand SFG was larger than the
generic SF and dilution of samples was observed to decreases particle size, and molecular
weight via GPC – the molecular weight distribution of brand SFG was on average larger
than generic SFG. Additional studies to determine sedimentation coefficient via AUC and
iron crystalline structure via XRPD were also conducted. However, these studies were
concluded to be inconclusive due to the technical restraints of the analytical techniques
caused by the sample complexity. As such, we recommend that iron core oxidation state
and environment measurements via Mössbauer spectroscopy and XAS, total iron
measurement via ICP-MS, iron lability measurement via forced acid degradation, and
molecular weight distribution measurement via GPC, be considered in addition to
recommended particle size distribution and fasting studies (serum total iron and transferrin-
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bound iron measurements) in the current sodium ferric gluconate FDA draft guidance.4
Together, these studies set the groundwork for future research aimed at determining which
physicochemical properties inform on clinical activity such as application to parallel
crossover clinical study by our laboratory comparing the differences in labile iron content
after iron gluconate administration in healthy volunteers.

6.3. Sodium Ferric Gluconate Total Iron Measurements; Ferrozine Assay Vs. ICPMS
In chapter 4, the primary goal of measuring total iron in blood plasma samples
spiked with SFG by both ICP-MS and ferrozine assay, was to identify any differences
between the two techniques’ analytical capabilities. Although both techniques were
determined to be capable of measuring SFG iron concentrations in blood plasma, the results
from our study suggests that ICP-MS has a greater ability to accurately measure SFG iron
concentration in blood plasma than the ferrozine assay. As such, it is suggestable that ICPMS be used for IV iron nanoparticle-based drug TI measurements over the ferrozine assay
in future studies when possible.

6.4. Metals in Electronic Nicotine Delivery Systems
The goal of the study, discussed in chapter 5, was to determine how ENDS e-liquid
(PG and G) affects metal aerosolization by using a standardized sample aerosolization
approach that utilizes a commercially available ENDS aerosolization device. The results
from this study show that all four metals (Cr, Cu, Ni, and Pb) are more readily transferred
from PG dominant e-liquids to aerosols than in G dominant e-liquids, providing evidence

158

that ENDS e-liquid matrix can affect metal aerosolization. Additionally, as it is common
for ENDS product e-liquids to be a mixture of PG and G, the methodology utilized in this
study has the potential aid in future studies investigating the effect of mixed e-liquid
matrices (PG mixed with G) on metal aerosolization.5
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