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ABSTRACT 

Due to analytical limitations, thermodynamic modeling is a lucrative alternative 

for obtaining metal speciation in chemically complex systems like life. However, such 

modeling is limited by the lack of equilibrium constant data for metal-complexation 

reactions, particularly for metal-organic species. These problems were ameliorated 

estimating these properties from 0-125°C for ~18,000 metal complexes of small 

molecules, proteins and peptides.  

The estimates of metal-ligand equilibrium constants at 25°C and 1 bar were made 

using multiple linear free energy relationships in accordance with the metal-coordinating 

properties of ligands such as denticity, identity of electron donor group, inductive effects 

and steric hindrance. Analogous relationships were made to estimated metal-ligand 

complexation entropy that facilitated calculation of equilibrium constants up to 125°C 

using the van’t Hoff equation. These estimates were made for over 250 ligands that 

include carboxylic acids, phenols, inorganic acids, amino acids, peptides and proteins.  

The stability constants mentioned above were used to obtain metal speciation in 

several microbial growth media including past bioavailability studies and compositions 

listed on the DSMZ website. Speciation calculations were also carried out for several 

metals in blood plasma and cerebrospinal fluid that include metals present at over 

micromolar abundance (sodium, potassium, calcium, magnesium, iron, copper and zinc) 

and metals of therapeutic or toxic potential (like gallium, rhodium and bismuth). Metal 

speciation was found to be considerably dependent on pH and chelator concentration that 

can help in the selection of appropriate ligands for gallium & rhodium based anticancer 
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drugs and zinc-based antidiabetics. It was found that methanobactin can considerably 

alter copper speciation and is therefore a suitable agent for the treatment of Wilson 

Disease. Additionally, bismuth neurotoxicity was attributed to the low transferrin 

concentration in cerebrospinal fluid and the predominance of Bi(OH)3
0(aq). These results 

demonstrate that metal speciation calculations using thermodynamic modeling can be 

extremely useful for understanding metal bioavailability in microbes and human bodily 

fluids. 
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CHAPTER 1 

INTRODUCTION 

1.1 Essential Metals, Toxic Metals and Metal Speciation  

Metals are indispensable to life. They act as centers for catalytic activity in 

enzymes, impart stability to protein structure and drive signaling and energy transfer in 

cells (Lehninger et al. 2004). In fact, considering the essential role they play, it may be 

argued that metals bring organic chemistry to life. However, metals are also associated 

with toxic activity. Lead poisoning, for example, is considered one of the prominent 

factors that brought down the Roman civilization (Delile et al. 2014 and Delile et al. 

2017). More recently, lead poisoning has been associated with the rise of violent crime in 

the US from 1970-1990 (Nevin 2000) and with civilian deaths in Flint, Michigan (Hanna-

Atisha et al. 2016 and Masten et al. 2016). Due to this dual nature, metals have attracted 

the attention of chemists and biologists for centuries. 

However, classifying a metal as ‘essential’ or ‘toxic’ may be problematic 

(Templeton 2015). For example, manganese is a required cofactor for numerous enzymes 

essential for life and has a recommended daily intake of 0-10 mg/day (Institute of 

Medicine 2001). Conversely, MnCl2 has an LD50 (lethal dose for 50% of population) 

value of 350-420 mg/kg in rats (ATSDR 2012). Thus, the same metal may be essential at 

one dosage but toxic at another, consistent with the old Paracelsian adage ‘sola dosis facit 

venenum’ (the dose makes the poison). Moreover, research over the last 40 years has 

shown that metal bioavailability is dependent on the chemical form/specimen of the 

metal. For example, the insoluble forms of nickel like Ni3S2 and NiO have much higher 
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cytotoxicity compared to the soluble forms like NiCl2 and NiSO4 (Apostoli et al. 2006 

and Sunderman et al. 1988). Additionally, different soluble forms of metal have varying 

degrees of bioavailability with free metal ions and neutral, lipophilic complexes 

considered to be more bioavailable than charged, chelated forms of metal (Levina et al. 

2017). Therefore, in order to understand the beneficial and toxic effects of metals on life, 

the knowledge of metal speciation is essential. 

1.2 Obtaining Metal Speciation  

Metal speciation in a system may be obtained using analytical techniques or using 

thermodynamic modeling. However, analytical techniques are extremely limited in 

measuring metal speciation for complex chemical systems (Kiss et al. 2017). On the other 

hand, thermodynamic modeling can calculate metal speciation at equilibrium for any 

complexity of system within seconds if the associated equilibrium constants are known. 

However, the lack of equilibrium constant data for metal-organic complexes severely 

limits the applicability of thermodynamic modeling in biological systems (Kiss et al. 

2017 and Wilke et al. 2017). As biological systems are exceptionally diverse, 

experimentally obtaining equilibrium constants for all metal-ligand complexes in such a 

system is an extremely expensive and time-consuming strategy. Alternatively, 

researchers in the past few decades have used linear free energy relationships to fulfill the 

gaps in metal-ligand equilibrium constants (Irving & Rossotti 1956, Hancock & 

Marsicano 1976, Hancock & Marsicano 1978, Martell & Hancock 1996, Carbonaro & Di 

Toro 2007 and Atalay et al. 2013). These relationships are based on the simple 

assumption that the relative stability of cations for one ligand is proportional to the 
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relative stability of cations for a similar ligand. The simplicity and high applicability of 

this approach motivated us to extend these estimates to the ligands commonly found in 

biological systems including low molecular mass ligands like lactate and high molecular 

mass ligands like human serum albumin. 

1.3 Estimating Metal-Ligand Stability Constants  

In the second chapter, we explore the applicability of this approach for 220 

monovalent oxygen ligands including carboxylates, phenols and inorganic acids. 

Monovalent oxygen groups are the most prevalent metal-coordinating groups found in 

nature and an understanding of their metal-coordination thermodynamics would be 

extremely useful to account for metal speciation and distribution on Earth’s crust. As 

metal-hydroxide and metal-acetate equilibrium constants have been measured for several 

cations at 25°C and 1 bar, hydroxide and acetate have been used as proxy ligands to 

estimate equilibrium constants for ~16,000 metal-monovalent oxygen ligand complexes. 

The slopes and intercepts of these linear free energy relationships have been explained 

based on steric effects, inductive effects and denticity. Analogous relationships have been 

obtained for metal-ligand complexation entropy that have facilitated equilibrium constant 

calculations from 0-125°C. A similar approach has been employed in Chapter 3 to 

estimate metal-ligand equilibrium constants for ~50 ligands prevalent in blood plasma 

and microbial growth media. However, different proxy ligands were employed to 

estimate equilibrium constants of chemically diverse ligands varying in electron donor 

groups and denticity such as dicarboxylates, vitamins, amino acids, peptides and proteins. 

Entropy estimations analogous to those ion Chapter 2 enabled calculation of equilibrium 
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constants from 0 to 125°C. This temperature range corresponds to the known temperature 

limits of living organisms and thus, may be used to obtain metal speciation in the 

biosphere.  

1.4 Metal Speciation Calculations in Microbial Growth Media and Human Bodily 

Fluids 

In order to investigate the biological implications of our predictions, we used 

these equilibrium constants to perform speciation calculations of previously reported 

microbiology studies in Chapter 4. Thermodynamic models of metal speciation have been 

employed in microbiology and geobiology for over 40 years (Sunda & Guillard 1976, 

Sunda & Ferguson 1983, Sunda & Huntsman 2000, Unsworth et al. 2006 and Sierra et al. 

2017). Early investigations on relationship between metal speciation and microbial 

toxicity suggested that only the free metal ion is bioavailable, giving birth to the free ion 

activity model (FIAM) (Morel et al. 1979). However, subsequent research suggested that 

low molecular weight complexes of metal may also be bioavailable (Poldoski et al. 1979,  

Pärt & Wikmark 1984 and Daly et al. 1990). The present scientific consensus is that in 

addition to the free metal ion, metal-ligand complexes of low molecular mass ligands 

(like citrate) and high molecular mass ligands (like the protein human serum transferrin) 

are also taken up by living cells via different uptake mechanisms (Levina et al. 2017). 

However, in our survey of the microbiology literature, we found a few studies where 

conclusions regarding the relationship between metal speciation and bioavailability were 

made without appropriate metal speciation calculations or experiments (Laube et al. 1980 

and Ahsanullah & Florence 1984). We therefore calculated metal speciation for two of 
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these studies utilizing equilibrium constants from the previous chapters and those for 

which experimental results were available in the literature. Our simulations revealed that 

incorrect conjectures were made in these studies due to improper metal speciation 

assessment. We have performed similar calculations for some currently used growth 

media compositions evaluating the dependence of pH and chelator concentration on 

metal speciation. 

In Chapter 5, we have investigated the medicinal implications of our equilibrium 

constant by calculating metal speciation for 10 biologically relevant metals in human 

bodily fluids. Metal speciation calculations in human bodily fluids are generally 

performed for very simple systems with a handful of metals, low molecular mass ligands 

and proteins (May et al. 1976, May et al. 1977, Kiss et al. 2009, Enyedy et al. 2015, 

Wilke et al. 2017). In our speciation calculations, we have included ~50 ligands present 

in blood plasma at >1 μM concentration including proteins like transferrin, albumin and 

ceruloplasmin and peptides like glutathione. This is the most comprehensive speciation 

model of blood up to the best of our knowledge. In the chapter, we have also made 

predictions regarding the anticancer activity of gallium and rhodium-based drugs, the 

antidiabetic activity of zinc-based antidiabetics and neurotoxicity of bismuth. It may be 

worth noting that rhodium and bismuth speciation has been obtained almost entirely from 

estimation of our equilibrium constants. We encourage further investigation in 

experimental verification of rhodium and bismuth speciation and of the associated 

equilibrium constants with proteins, peptides and low molecular mass ligands. Other 

suggestions for future directions have been summarized in Chapter-6.  
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CHAPTER 2 

METAL-LIGAND THERMODYNAMICS IN THE BIOSPHERE-ESTIMATING 

STABILITY CONSTANTS AND ENTROPIES FOR REACTIONS BETWEEN 

AQUEOUS METAL IONS AND MONOVALENT OXYGEN-BEARING LIGANDS 

2.1 Introduction 

From the naturally occurring lactic acid to the artificially synthesized epilepsy 

drug valproic acid, low molecular mass ligands are integral parts of modern biochemistry, 

environmental geochemistry, and geobiology. Similarly, many metal ions like calcium, 

iron, copper and zinc are integral to the functioning of cellular processes while others like 

cadmium and lead can be toxic even at low concentrations. Almost all organic ligands 

bond with metal ions via their oxygen, nitrogen or sulfur atoms affecting bioavailability 

through metal speciation, which is a direct function of metal-ligand thermodynamic 

properties. However, the thermodynamic measurements for such complexes are far from 

complete and in a world of constantly increasing pharmaceuticals and anti-microbial 

drugs, there is a pressing need for alternatives to protracted experimental measurements 

that may be expensive and time-consuming. This motivated us to estimate stability 

constants (log KML) and standard entropy changes (ΔS°ML) at 25°C and 1 bar for metal 

complexation reactions with monovalent oxygen-bearing (O-) ligands. These estimates 

facilitate metal speciation calculations for systems like microbial growth media and all 

aqueous geochemical and geobiological systems within the biologically relevant 

temperature range up to 125°C.  

In addition to the high abundance of oxygen on the planet, its prevalence among 

metal-bonding ligands reflects its reactivity. The highly electronegative nature of oxygen 
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predisposes it to take up the negative charge on the ligand following the loss of a proton 

akin to a weak acid or strong alcohol. We have focused on monovalent oxygen ligands 

here as such molecules are generally seen in high abundance within Earth’s aqueous 

systems and are likely to be of biological relevance. Ligands like lactate, ascorbate and 

phosphate are integral components of blood plasma and many microbial growth media 

(Sunda and Guillard, 1976; Geigy, 1981; Jackson and Byrne, 1996; Kim et al., 2012). 

Other O- ligands like silicate, bicarbonate and acetate are commonly found in hot springs 

and oilfield brines (Willey et al., 1973; Shock, 1998; Amend et al. 2003, Shock and 

Canovas 2010). Studying such ligands may also be useful in the context of metal 

association with polymeric ligands like proteins and humic substances which may have 

monovalent acidic or phenolic side-chains.  

 We developed ligand-specific linear free energy relations (LFER) and analogous 

entropy correlations to estimate stability constants and entropies of association for metal 

complexes of monovalent oxygen ligands using corresponding thermodynamic properties 

of metal-acetate or metal-hydroxide complexes.  A linear relationship was also obtained 

between the protonation constant (pKa) and protonation entropy for several monovalent 

oxygen ligands like carboxylates and phenols. These relationships enabled the estimation 

of metal-ligand stability constants from 0-125°C within 1 log unit when only the ligand 

pKa is known. 

We compiled our dataset of experimental measurements from original papers 

while critically evaluating the data. As suggested from the title of this work, our 

estimation strategy is based on chemical properties of the electron-donating atom of the 

ligand. While some previous work has alluded to this strategy (Hancock and Marsicano, 
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1978; 1980; and Hancock, 1997), we chose to use the best proxy ligand for which most 

data was available. This approach was picked on observing that the predictive ability of 

correlations decreased as the ligands differed on moving from the negatively charged 

oxygen to other parts of the ligand, thus revealing a simple chemical basis. Our work also 

shows that some of the previously held notions about denticity may need revision and 

explain why different estimation strategies need to be employed for different O- ligands. 

Equilibrium speciation calculations are routinely used to determine the elemental 

distribution of a system and due to the limitations of analytical techniques (Levina et al., 

2017), they are often the only option available. Such simulations are particularly accurate 

in studying complex formation and protonation as these processes are extremely fast and 

hence equilibrium can be reached within seconds (Tipping, 2002). Thus, our estimates of 

equilibrium constants of these complexation reactions can be directly applied to study 

metal or ligand speciation in any aqueous system within 0 to 125°C, i.e., the whole 

biosphere. 

2.2 Definitions and data evaluation 

The reactions studied in this work can be generalized by the following equation: 

(1) 

 

where M refers to the metal ion of charge y+ and L indicates the monovalent O- ligand. 

Each such reaction has a corresponding overall standard state equilibrium constant, KML, 

and entropy change of the reaction, ΔS°ML.  

The standard state equilibrium constant (generally given in the logarithmic form 

as log KML) is generally obtained upon measuring the stoichiometric constants over 

��+ + �− = ��
�−1  
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multiple concentrations and extrapolating to zero ionic strength (I). Many scientific 

investigations, however, report stoichiometric constants at a single ionic strength 

(generally 0.15 or 0.7 for applications in blood or seawater, respectively). We 

extrapolated these data to zero ionic strength using the B-dot equation which is an 

extended Debye-Hückel equation (Helgeson, 1969). While the B-dot equation was 

primarily devised to deal with inorganic species, we found that the equation worked 

extremely well for organic species when extrapolating data at I ≤ 0.5 and occasionally for 

higher ionic strength. It should be noted that this is the same equation employed by the 

equilibrium speciation software EQ3/6 (Wolery, 2010). Thus, no extrapolation errors 

would be made upon using the modified equilibrium constant at the original ionic 

strength with EQ3/6 or other codes that employ the B-dot equation Reports that explicitly 

defined the terms and conditions were preferred over ill-defined reports and those with 

extreme disparity of data were discarded in accordance with the guidelines as outlined in 

Martell & Smith, 1974; 1976; 1982; Smith & Martell 1975;1977; Smith & Martell, 1977; 

1989; Pettit, 1984; Kiss et al., 1991; Berthon, 1995.  

Standard states 

In aqueous thermodynamics, the standard state refers to unit activity of the solute 

in a hypothetical one molal solution referenced to infinite dilution. In terms of the 

parameters reported in experiments, this state refers to an ionic strength of zero. Such a 

state is impossible to measure experimentally; standard state thermodynamic properties 

are either obtained upon extrapolating a series of low concentration solutions to infinite 

dilution or using theoretical approaches like the B-dot equation.  

2.3 Estimation strategy 
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2.3.1 Stability constants 

Numerous researchers have developed multiple LFERs to estimate metal-ligand 

stability constants. These relations are built on assumptions that the metal-ligand 

interaction is a function of the ligand pKa (Irving and Rossotti, 1956; Carbonaro & Di 

Toro, 2007; Carbonaro et al., 2011; Atalay et al., 2013), the electrostatic potential of the 

metal ion as determined by the ratio of charge2 to ionic radius (Davies, 1951), ligand 

electronegativity (Van Uitert et al., 1953) or Gibbs energy of metal ion formation (Shock 

& Koretsky, 1993; 1995; Prapaipong et al., 1999). However, these correlations are far 

from perfect and often have serious outliers or limited applicability. Thus, there is a need 

to create a set of LFERs with greater accuracy and extended applicability.  

The correlations in earlier models reveal that metal-ligand thermodynamic 

properties are complex functions of several factors including: the type of ligand electron-

donor atom, ligand denticity, chelate-ring size, ligand preorganization, inductive effects, 

steric effects, metal ionic radius, metal coordination number and the charge of metal or 

ligand. The majority of these factors can be attributed to the ligand, which suggests that 

ligand-based correlations may yield estimation methods of lower uncertainty. 

Consideration of multiple estimation strategies revealed that correlating properties of 

metal complexes for a ligand with those of a structurally similar proxy ligand minimizes 

variability among estimated thermodynamic properties. Thus, our strategy for the 

estimation of metal-ligand stability constants could be summed up as – pick the closest 

proxy ligand with the most data. The challenge is to understand what could be meant by 

‘the closest proxy ligand’. Ideally, the closest proxy ligand would adopt the same metal 

coordination geometry as that of the ligand of interest. Such a correlation would have an 
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intercept of zero and the slope would be a function of the inductive effects of the 

respective ligand sidechains as indicated by the corresponding pKa values. However, 

ligand sidechains often sterically hinder the metal-ligand interaction or additionally 

coordinate with the metal ion. Such interactions are likely to produce negative and 

positive intercepts, respectively. By the same argument, ligands with a negative charge of 

1 on an oxygen atom can be expected to behave similarly.  

Analysis of the stability constant literature for monovalent oxygen ligands shows 

that there are abundant experimental stability constants for metal-hydroxide and metal-

acetate complexes, which guided our decision to use acetate and hydroxide as the closest 

proxy ligands to investigate multiple monovalent oxygen ligands together.  While metal-

acetate LFERs were successful for most carboxylates, metal-hydroxide correlations were 

more successful for alcohols and inorganic monovalent oxygen ligands, as described 

below. Choosing between acetate and hydroxide as the proxy ligand is based on the 

structure of the ligand and tested with the applicability of the LFER (i.e., considering 

slope, intercept, and correlation coefficient).  

Experimental values of the dissociation constant, pKa, are available for almost all 

compounds that produce O- ligands. As a result, we included protonation constants along 

with the metal stability constants in our correlations, which enhanced individual 

correlations and considerably expanded our estimation capabilities. We also found that a 

substantial number of logKML measurements are available for only a few ligands. Thus, 

we have divided the ligands into the following categories (1) ligands with many logKML 

data, (2) ligands with few logKML data, (3) ligands with no logKML data. 

2.3.2 Entropy of association 
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Compared to stability constants, many fewer attempts have been made to estimate 

standard-state entropy changes (ΔS°ML) for metal-ligand reactions (Cobble, 1953a; 

1953b; Hinchey & Cobble, 1970; Shock and Koretsky, 1993; 1995, Sverjensky et al., 

1997; Prapaipong et al., 1999; Prapaipong and Shock, 2001). This is understandable as 

there are limited ΔS°ML data in the literature. As the previous attempts included only a 

few O- ligands, there was considerable scope for making new estimates.  

Our entropy estimation strategies are completely analogous to our stability 

constant estimation strategies mentioned above; we have correlated metal-ligand ΔS°ML 

values against values of metal-acetate and metal hydroxide ΔS°ML. This approach differs 

from that employed in previous papers from this research group in which metal-ligand 

ΔS°ML values were correlated with the third-law entropies of the metal ions. Thus, yet 

another motivation behind our work was to compare the two strategies. As our 

correlations possess a lower uncertainty (±2 cal (mol K)-1 vs. ± 5 cal (mol K)-1 obtained 

with correlations presented in previous papers, we believe these new correlations will 

yield more accurate estimates.  

2.4 Estimating stability constants at 25°C and 1 bar 

2.4.1 Ligands with many logKML data 

Among the O- ligands, the most measurements of logKML are for hydroxide and 

acetate with 69 and 52 values, respectively. While both are O- ligands, acetate can 

coordinate in a bidentate fashion owing to resonance between its two carboxyl oxygens 

compared to the monodentate character of hydroxide. Thus, hydroxide is a close proxy 

ligand to estimate metal-acetate stability constants owing to the similarity in overall 

charge and the abundant supply of logKML. A correlation between the two datasets was 
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obtained (Fig. 1) which demonstrated that metal-acetate stability constants could be 

estimated from metal-hydroxide stability constants within ±0.5 log units, on the order of 

experimental uncertainty . The slope is close to the ratio of the respective pKa values and 

the slightly positive intercept is in accordance with the bidentate nature of acetate. 

Theoretically, the intercept for LFER with hydroxide for O- ligands should be zero and 

for polydentate O- ligands should increase in increments of log10(55.5) or 1.74 (Adamson, 

1954; Martell & Hancock, 1996). The log10(55.5) factor can be derived from a 

dimensionless expression of the equilibrium constant and refers to the molality of 1 kg of 

pure water. This phenomenon has been investigated thoroughly for analogous amines and 

is known as the ‘chelate effect’ (Hancock & Marsicano, 1976). While the intercept here 

(0.37) is considerably less than 1.74, the repeated appearance of such intercepts for 

carboxylate vs. hydroxide LFERs (in detail below) suggests that there is a partial 

bidentate character to these ligands due to the chelate effect. The error bars in this figure 

correspond to the experimental uncertainties reported in the original papers. As can be 

seen in the figure, the correlation is within ± 0.5 log units of the stability constants for all 

the 44 ionic species. Similar uncertainties exist for other correlations. For consistency, we 

have used the limit of ± 0.5 log units as the target of estimation in our correlations, which 

is on the order of experimental uncertainty. It is important to note that a slope of greater 

than 1 in any acetate or hydroxide correlation (discussed below) can enhance this 

uncertainty, so we have worked to avoid steep slopes. Note also that the ultimate purpose 

of these correlations is to create a foundational framework that has wide-ranging 

applications. These correlations have been created using measurements of hundreds of  
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Fig 1. LFER between acetate and hydroxide stability constants with 44 metal 
ions and proton. Error bars correspond to uncertainties in experimental 
measurements from one study (straight) or the range of experimental 

measurements from multiple studies (italicized). Error bars are absent for 
some metal ions as they weren’t reported in the original report. The dashed 

line is the trendline (equation on top) and the dotted lines represent the 
estimation uncertainty of ± 0.5 log units which is of the order of experimental 

measurements. As can be seen from the figure, all points lie within the 
estimation uncertainty. 
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scientific reports which are bound to have random variability. The consistent applicability 

of these correlations to a variety of ligands supports the utility of this approach. 

In aqueous solution a ligand coordinates with a metal ion via its functional groups 

that have high electron density (Martell & Hancock 1996). Therefore, the interaction of a 

metal ion with a mono-alkyl carboxylate like propanoate can be expected to be similar to 

that with acetate. This is the case as shown in Fig. 2 where an LFER between metal-

propanoate complexes and metal-acetate complexes has both slope and R2 close to 1 and 

an intercept close to 0. This LFER allows estimates of stability constants of 20 additional 

metal-propanoate complexes with substantial accuracy (as the number of experimentally 

constrained metal-acetate stability constants is 52 while that for metal-propanoate 

complexes is 32). Additionally, a slightly weaker relationship was also obtained between 

stability constants of metal-propanoate vs. metal-hydroxide complexes. While the values 

of slope and R2 displayed on the figure are expected, the intercept differs substantially 

from 0. One possibility for the non-zero intercept arises from resonance, if both the 

oxygens of the propanoate have a partial negative charge and hence both groups 

participate in the interaction with a metal ion. As explained above, the theoretical 

intercept for a bidentate O- ligand with hydroxide should be 1.74. While the intercept 

here (0.47) is considerably less, the repeated appearance of such intercepts for 

carboxylate vs. hydroxide LFERs (in detail below) suggest that there is indeed a partial 

bidentate character to these ligands. Nonetheless, as there are more experimentally 

determined association constants for hydroxide complexes than for acetate complexes, an 

additional 17 estimates for metal-propanoate complexes are possible with the LFER 

shown in Fig. 2, albeit with greater uncertainty compared to the acetate-based estimates.  



16 
 

  

  

Fig 2. LFERs for carboxylic acids with different side groups (contd.) 
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Fig 2. (contd.) LFERs for carboxylic acids with different side groups 



18 
 

As in the case of propanoate, the butanoate vs. acetate LFER exhibits both slope 

and R2 close to 1 and an intercept of 0 (Fig. 2), and the corresponding parameters for the 

hydroxide correlation shown in Fig 2d are almost identical to those for propanoate. To 

investigate the involvement of aromatic groups in the metal-ligand coordination, we 

correlated benzoate and phenylacetate complexes in the same manner and found LFER 

results, shown in Figs 2, to be similar to those for propanoate and butanoate. This 

suggests that it is predominantly the carboxylate group in benzoate that interacts with 

metal ions in aqueous solution.  

Analogous plots for nitroacetate, chloroacetate, bromoacetate and iodoacetate in 

Fig 3 reveal the consequences of inductive effects on LFER correlations built on acetate 

and hydroxide. Nitro-, chloro-, bromo- and iodo- are electron-withdrawing groups that 

can reduce the charge density at the carboxylate oxygens, and weaken interactions with 

metal ions or proton resulting in slopes less than unity. This effect appears to be larger for 

nitroacetate and smaller for the halogenated carboxylates. Note that the slopes are similar 

for the three correlations between halogen-substituted ligands and acetate. While 

intercepts differ among the halogen-substituted ligands, we suspect that the variability in 

intercepts can be explained by the relative lack of data for bromoacetate and iodoacetate. 

As shown in Fig 4, correlations for isobutanoate and pivalate exhibit significantly 

lower intercepts compared with the ligands discussed above. While logKML data for these 

ligands are considerably lower than those for acetate, the pKa values are almost identical. 

This suggests that there are steric effects at play. Perhaps the existence of multiple methyl 

groups at the alpha carbon of the respective ligands sterically hinders the metal-ligand bond 

thereby reducing its strength. The reason this is not seen in the case of the proton-ligand 
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interaction may be due to the smaller ionic radius of the proton making the proton-ligand 

interaction equivalent to that for acetate. 

Taken together, Figs. 2, 3 and 4 illustrate deviations from ideality in LFERs. While 

additional coordinating groups increase the intercept (as seen in the hydroxide correlations 

of Fig. 2), steric effects decrease the intercept of the correlation due to the presence of non-

coordinating groups close to the metal-ligand coordination sphere (as seen in Fig. 2), 

inductive effects can increase or decrease the slope of the correlation using the ligand pKa 

as a guide (as seen in Fig. 3). Given the complexity and diversity of organic moieties, all 

these factors can be at play together in varying degrees for some ligands. We found this to 

be the case in some of the more structurally complicated monovalent oxygen ligands 

discussed next.  

As can been seen in the correlations for ascorbate, aceturate, acetoxyacetate, 

cyanoacetate, lactate and pyruvate (Fig. 5), the intercepts fall between 0 and 1.74 – the 

theoretical intercepts for monodentate and bidentate ligands, respectively. Rather than a 

binary distribution between these intercept values, we found a gradation that increases 

from 0.19 for ascorbate to 1.06 for pyruvate. As an LFER correlation for homo-dentate 

ligands like acetate and propanoate has an intercept close to zero, as shown in Fig 2, these 

departures suggest that the associated side-chains of the ligands in Fig. 5 interact variably 

with the metal ions.  

Even though ascorbate does not have a carboxylate group, its log KML data 

correlate closely with those for acetate while with hydroxide the correlation yields a slope  
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Fig 3. LFERs for carboxylic acids exerting significant inductive effects (contd.) 
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Fig 3. (contd.) LFERs for carboxylic acids exerting significant inductive effects 
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Fig 4. LFERs for carboxylic acids exerting significant steric effects 
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Fig 5. LFERs for monovalent oxygen ligands with additional coordinating 
functional groups with increasing additional denticity (contd.) 
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Fig 5. (contd.) LFERs for monovalent oxygen ligands with additional 
coordinating functional groups with increasing additional denticity 
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and intercept akin to other carboxylates. The intercepts for aceturate are slightly higher 

than those for ascorbate, perhaps due to the presence of an oxygen at the gamma position, 

but lower than those for acetoxyacetate, which has an additional oxygen at the beta 

position. The influence of the position and nature of these additional functional groups 

can be seen in the correlations of cyanoacetate, lactate and pyruvate. While cyanoacetate 

has a cyano-group at the beta position, lactate has a hydroxyl group at the alpha position 

and pyruvate has a carbonyl oxygen at the alpha position. If the close proximity of other 

functional groups to the carboxylate group generates a fluidity in the concept of dentition 

it could explain why lactate and pyruvate have higher intercepts. In addition, the lactate 

vs hydroxide LFER reveals an influence of metal ionic radius as the small metal ions 

Be+2 and Li+, together with H+ (all Lewis acids), fall below the trend owing perhaps to 

their inability to coordinate with the alpha-hydroxyl group. 

Formate and bicarbonate are two monovalent oxygen ligands with the carboxylate 

group but without the C-C bond. As the alkyl group is an electron-donating group, the 

lack of the C-C bond is perhaps the reason why the formate vs. acetate LFER (Fig. 6) has 

a lower slope. As the coefficient of determination (R2) for the hydroxide correlation was 

higher than the acetate correlation, we used metal-hydroxide stability constants to 

estimate metal-formate logKML. Ba+2 and Sr+2 were avoided in the correlation as the 

original report had excessively high stability constants for multiple ligands (Nancollas, 

1956). It is worth noting that these metals plot on the correlation if the acetate stability 

constants from the same paper are used, suggesting a systematic bias. The intercepts of 

bicarbonate LFERs are lower than expected despite the presence of an additional metal-
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coordinating group (the hydroxyl group). Maybe the very close proximity of these metal-

coordinating groups is to explain for these observations. 

Analogous correlations for monovalent oxygen ligands without the carboxylate 

group like phenol, borate and silicate show that hydroxide is a closer proxy ligand than 

acetate (Fig. 7). While this makes structural sense, hydroxide correlations also exhibit 

much lower slopes than the acetate correlations, consistent with the high pKa values of 

these ligands, which is a positive contribution to the accuracy of these estimates. While 

the negative intercept for the phenol correlation may stem from the higher steric 

hindrance of the phenyl group, the positive intercepts of borate and silicate may result 

from the presence of additional hydroxyl groups on the ligand.  

While a similar observation was made for nitrite, these LFERs for 

dihydrogenphosphate (H2PO4
-) and iodate (Fig. 8) reveal a different phenomenon. The 

measured pKa values for these ligands were considerably smaller than expected from the 

trendline and we suggest that this may be due to the presence of additional metal-

coordinating oxygens that increase the strength of the metal-ligand bond but can’t do the 

same for the proton due its smaller size. 

2.4.2 Ligands with limited logKML data 

The number of ligands with limited logKML data far exceeds that for which 

abundant  data exist. This is particularly true for copper-carboxylate complexes and 

ferric-phenol complexes. In many cases regressing the scant LFER data generates slope 

and intercept values that are unlike those obtained from more complete datasets. Using 

such regression results would likely induce large uncertainties in estimated values. To 

circumvent this problem, we regressed the LFER data by setting the intercept to zero and  
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  Fig 6. Both acetate and hydroxide LFERs seem equally applicable for two 
monovalent oxygen ligands with the carboxylate group but without C-C bond. The 

hollow circles are experimental measurements that were rejected upon critical 
evaluation from the literature. 
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  Fig 7. Hydroxide LFERs better than acetate LFERs for these monovalent oxygen 
ligands with high pKa and no carboxylate group. The hollow circles are experimental 

measurements that were rejected upon critical evaluation from the literature. 
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  Fig 8. LFERs for some diverse inorganic monovalent ligands. The higher logKML 

(black) for dihydrogenphosphate and iodate is perhaps due to higher denticity. 
pKa values (blue) have been correspondingly plotted separately. 
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obtaining slopes from 1-prameter fits that largely governed by the ligand pKa. As a test of 

the usefulness of these correlations, we compared estimates from 1-parameter fits with 

those from 2-parameter fits for two ligands for which a moderate amount of logKML data 

were available: 3-chloropropanoate and phenoxyacetate as shown in Fig. 9. The acetate 

correlations can be compared in Fig. 9(a) while the hydroxide correlations can be 

compared in Fig. 9(b). As seen in both cases, the 1-parameter correlations can be fit to all 

available stability constant data within ±0.5 log units. These correlations gave us 

confidence to set up similar correlations for a host of ligands with four or less logKML 

values, some of which are shown in Fig. 10, in which Fig. 10(a) shows acetate 

correlations and Fig. 10(b) depicts hydroxide correlations. The resulting 1-parameter 

slopes were used to estimate stability constants for 2625 additional metal-ligand 

complexes comprising of 75 metal ions and 35 monovalent oxygen-bearing ligands. 

While the acetate correlations were given preference for carboxylates, the hydroxide 

correlations were used to estimate metal-phenol stability constants. 

2.4.3 Ligands with no logKML data 

While there are no logKML measurements for most of the ligands in our 

compilation (157), we found pKa values for all of them. Ligand pKa values were used to 

estimate slopes by setting the intercepts to zero, and the resulting slope values are 

depicted in Figs. 11 & 12. Since acetate correlations offered higher accuracy over the 

hydroxide correlations, a separate acetate correlation was made using only the data 

available from carboxylates (Fig. 11). Correlation between ligand pKa and 1-parameter 

hydroxide correlations are shown in Fig. 12(a) while those for 1-parameter acetate 

correlations are shown in Fig. 12(b). Ligands with additional functional groups like 
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lactate and pyruvate were excluded from this correlation for reasons mentioned in the 

previous sections and such ligands were excluded from the estimation inventory. While 

Fig. 11 was adopted for carboxylates, Fig. 12(a) was used for the metal ions for which 

logKM-acetate measurements are unavailable. Conversely, Fig. 12(a) was employed for 

phenols and aldehydes while Fig. 12(b) was used to for the metal ions without logKM-

hydroxide measurements. These correlations were used to make an additional 11,775 logKML 

estimates. 

2.5 Estimating entropies of association at 25°C & 1 bar 

The strategy we developed to estimate metal-ligand complexation entropies is 

analogous to that for metal-ligand stability constants: use the closest proxy ligand with 

the most data. As with stability constants, entropy of association correlations for 

monovalent oxygen ligands can be broadly divided into carboxylates, phenols, and 

inorganic ligands. As the presence of additional coordinating groups can increase the 

metal-ligand reaction entropy via the ‘chelate effect’ (Martell & Hancock 1996), we 

considered ligands comprised of a single coordinating group. Since the standard state 

enthalpy (ΔH°), entropy (ΔS°) and Gibbs energy (ΔG°) of a reaction are related (ΔG°= 

ΔH°-T ΔS°), and the stability constant and Gibbs energy of reaction are related (ΔG°=-

2.303RTlogK), knowing both the logKML and entropy of association yields the enthalpy 

of the complexation reaction. These three properties can be used to obtain the 

temperature dependence of log K using the van’t Hoff equation in the form

 (2) 

to estimate the temperature dependence of stability constants from 0° to 125°C using the  
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  Fig 9(a). Comparison between 2-parameter and 1-parameter acetate LFERs for 
some monovalent oxygen ligands. 
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  Fig 9(b). Comparison between 2-parameter and 1-parameter 
hydroxide LFERs for some monovalent oxygen ligands. 
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Fig 10(a). 1-parameter acetate LFERs for some monovalent oxygen ligands. 
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Fig 10(b). 1-parameter hydroxide LFERs for the monovalent oxygen ligands of Fig. 8. 
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Fig 11. Estimating any metal-carboxylate from its pKa. 
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Fig 12(a). Estimating logKML for any metal-monovalent oxygen ligand (with 

exceptions) from its pKa using hydroxide correlations. 
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Fig 12(b). Estimating logKML for any metal-monovalent oxygen ligand (with 

exceptions) from its pKa using acetate correlations. 
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standard enthalpy and entropy of association at the reference temperature (Tr = 298.15K) 

and pressure (Pr = 1 bar).  Holding the standard enthalpy and entropy of association 

constant implies that the heat capacity of association can be approximated by zero. While 

generally not suitable at temperatures higher than ~125°C, this relationship allows 

estimates at lower temperatures where change in heat capacity of association are minimal 

(Shock and Koretsky, 1995; Prapaipong et al., 1999; Prapaipong & Shock, 2001). 

Resulting estimates of the temperature dependence of log KML cover the known 

temperature range of microbial life, an allow predictions of  metal speciation throughout 

the temperature range of the known biosphere.  

2.5.1 Metal-carboxylate entropy of association 

Investigation of the literature revealed only ten monovalent O-bearing ligands 

with entropy of association measurements for two or more metal ions: hydroxide, acetate, 

propanoate, butanoate, isobutanoate, chloroacetate, 3-chloropropanoate, formate, 

benzoate and phenylacetate. Analogous to the case of stability constants, hydroxide and 

acetate were the ligands with the most ΔS°ML measurements (26 and 31 respectively) and 

hence, correlations were made using the respective sets of data. A lack of correlation 

between metal-hydroxide and metal-carboxylate entropies (not shown) suggested that 

hydroxide is a poor proxy ligand for carboxylate ligands. Instead, all carboxylates were 

observed to correlate closely with acetate even if a one-parameter relationship was used. 

These relations are illustrated in Fig. 13, which includes two-parameter and one-

parameters fits side-by side for the eight organic-ligand entropies of association plotted 

against those for acetate. Due to the limited availability of experimental values, using the 

1-parameter correlations allows greater variety and number of estimates and precludes 
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skewness of data. Despite the slight loss of accuracy, the one-parameter fit 

accommodates an induced uncertainty envelop of ± 2 cal mol-1 K-1, which minimizes the 

resulting uncertainty in the calculated temperature dependence of log K. Additionally, the 

one-parameter slopes exhibit a correlation with the ligand protonation entropy as shown 

in Fig. 14. The resulting correlation permits estimates of hypothetical slopes for one-

parameter fits of ΔS°ML against the corresponding property of acetate complexes for a 

plethora of ligands for which only the protonation entropy (ΔSa) is known.  

In addition to a relationship between ΔSa and the 1-parameter entropy slopes, we 

also found a correlation between ΔSa and pKa for carboxylate ligands as shown in Fig. 

15. While the correlation includes a variety of ligands, we excluded substituted benzoates 

as they deviated considerably from the correlation. We suspect that the presence of 

additional resonance structures may contribute to this observation. However, it should be 

noted that many of these ΔSa values are based on single studies, which could be benefit 

from additional experimental verification. Nonetheless, this correlation provides 

protonation entropy and 1-parameter slopes (from Fig. 14) for 67 additional carboxylate 

ligands for which only pKa is known. These correlations help us estimate an additional 

2077 ΔS°ML values.  

While ΔS°ML measurements are rare for carboxylates, this information was even 

sparser for metal-phenol complexes with experimental values existing for only a few 

ferric-phenol complexes. However, the correlation shown in Fig 16 between these values 

and the protonation entropy suggests that metal-phenol ΔS°ML values can be estimated in 

a manner analogous to metal-carboxylate complexation entropies. Additionally, we found 

a close relationship between ΔSa and pKa values for phenols  as shown in Fig. 17 
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analogous to that for carboxylates albeit with different slope and intercept, as 

demonstrated in Fig. 18. This relationship helped us estimate ΔSa values for 34 additional 

phenols for which only pKa values were available, and Fig. 16 was used to obtain the 

corresponding ferric-phenol complexation entropies. As hydroxide was the closer proxy 

ligand for phenol in logKML estimation, we used metal-hydroxide complexation entropies 

to estimate corresponding metal-phenol ΔS°ML values. Support for this approach is 

offered by the correlation for metal-silicate complexes shown in Fig. 19.  While this 

correlation does not yield estimates of  ΔS°ML within ±2 cal mol-1 K-1, it does yield 

estimates within ±5 cal mol-1 K-1. Metal-hydroxide complexation entropies were also 

used to estimate metal-nitrite ΔS°ML values as the correlation was based on three 

experimental values in comparison to the two values for acetate complexes as shown in 

Fig 20. 

2.5.2 Predicting metal-ligand association throughout the known biosphere 

ΔS°ML values for eight geobiologically relevant metal ions (Al+3, Na+, Fe+3, Fe+2, 

Zn+2, Ba+2, La+3 and Th+4), either obtained from the literature or estimated from Fig. 13 

from experimental ΔS°M-Acetate values, together with experimental or estimated logKML 

values, were used to obtain the van’t Hoff plots shown in Fig. 21 (details in 

Supplementary Tables). Since no experimental measurement for the ferric-acetate 

complexation entropy was found, a value of 29.2 cal·mol-1·K-1 was estimated using the 

benzoate correlation in Fig. 13 and the experimental ΔS°M-Benzoate of 29.63 cal·mol-1·K-1 

reported by Basaran et al. (1994). We have not included such second-order estimates in 

the Supplementary Tables as they might have higher uncertainty, but provisional values 

can be obtained when no experimental data exists. For most metal ions, stability  
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Fig 13. Entropy estimates for metal-carboxylates with available data (contd.) 
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Fig 13. (contd.) Entropy estimates for metal-carboxylates with available data.  
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Fig 13. (contd.) Entropy estimates for metal-carboxylates with available data.  
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Fig 14. Estimating 1-parameter slopes (acetate) from protonation entropy of 
the ligand. This correlation provides reasonable estimates of metal-

carboxylate entropy when only protonation entropy is known. 
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Fig 15. Correlation between protonation entropy and protonation stability constant 
for carboxylates. 
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Fig 16. 1-Parameter correlation between ferric-phenolate complexation entropy 
with phenol protonation entropy.  
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Fig 17. Correlation between protonation entropy and protonation stability constant for 
phenols. 
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Fig 18. Correlation between protonation entropy and protonation stability constant 
for carboxylates and phenols. As can be seen from the slopes and intercepts, the 

relationship is different for the two categories of monovalent O
-
 ligands. 
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  Fig 19. 1-Parameter estimation for metal-silicate entropy with available data. Error 
bars refer to experimental uncertainty reported in original papers. Dashed line 

represents the best fit line. Black dotted line represents uncertainty envelope of ±2 

cal.mol
-1

.K
-1

. Green dotted line represents uncertainty envelope of ±5 cal.mol
-1

.K
-1

.  



51 
 

 

  

Fig 20. 1-Parameter estimation for metal-nitrite entropy with available data 
using acetate or hydroxide correlation. Black dotted line represents uncertainty 

envelope of ±2 cal.mol
-1

.K
-1

. 
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constants increase with temperature while for very few metals like Fe+2, logKML 

decreases with temperature. This arises from the low ΔS°ML value for ferrous-acetate,  

which results in a negative enthalpy of association in comparison to the endothermic 

values for other complexes. Using this same argument, we predict that the K+-carboxylate 

complexes will have a trend similar to that of the ferrous complexes. It is perhaps worth 

noting that ligands with disparate 1-parameter slopes like isobutanoate and chloroacetate 

(see Fig. 14) exhibit contrasting temperature dependences, whereas those with similar 1-

parameter slopes such as propanoate and phenylacetate have similar predicted log KML 

trends. It is perhaps also worth noting here that these van’t Hoff plots include metal-

ligand complexes for which both logK and ΔS°ML values were experimentally obtained 

(for example Ba+2 & La+3-propanoates) and those for which both of these values were 

estimated (for example Ba+2 & La+3-phenylacetates). 

Consequences of estimating the temperature dependence of log KML for diverse 

carboxylates are illustrated in Fig. 22, which shows predictions for zinc and ferrous 

complexes of three carboxylates for which only the protonation entropies are known. 

These ligands were selected because they offer a wide range of ΔS°a values that 

correspondingly yield disparate 1-parameter slopes based on the relationship in Fig. 14. 

Zinc and ferrous ions were selected for this comparison as they have similar logKML 

values at 25°C and 1 bar. As can be seen in Fig 22, the predicted temperature 

dependences of the association constants for the zinc complexes (solid curves) differ 

starkly for the three ligands: logKML increases with temperature for zinc-2,2-

dimethylpropanoate and chloroacetate complexes, but decreases for zinc-trifluoroacetate 

complexes. This range of differences is a direct consequence of the greater protonation 
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entropy of 2,2-dimethylpropanoate compared to the lesser protonation entropy of 

trifluoroacetate. Note that this disparate temperature dependence is not exhibited by 

predictions for the ferrous complexes, which is a direct consequence of the low entropy 

of the ferrous-acetate complex.  

There are many monovalent O-bearing ligands for which minimal experimental 

data exist yet their capacity to form complexes with metals may influence geochemical or 

biological processes. As examples, we focus here on two biologically relevant 

carboxylates for which no experimental entropy of association data exist: ascorbate, 

better known as vitamin C, which is an essential biological nutrient, and valproate, which 

is a prominent epilepsy drug. Predicted association constants for these ligands and the 

metals used in Fig 21 are shown in Fig 23. Stability constants for ascorbate were 

estimated using the LFER shown in Fig. 5 while those for valproate were estimated using 

the 1-parameter slope predictor from Fig. 11. The corresponding ΔS°ML values were 

estimated from experimental pKa values using correlations developed in Figs. 15 and 14. 

As can be seen in Fig 23, logKML increases with increasing temperature for almost all 

metal ions except the ferrous ion similar to most carboxylates shown in Fig. 21. This is a 

consequence of the fact that the pKa values for these ligands are similar to the ligands 

considered in the construction of Fig. 21. In addition to the two ligands considered here, 

such plots can be obtained for 68 additional ligands.  

Similar plots can be generated for metal-phenol complexes. Those for ferric-

phenol complexes shown in Fig. 24 were generated using the experimentally obtained 

logK and ΔS°ML values available in the literature. Note that even though the ΔS°ML 

values for ferric-phenols are similar to those of the carboxylates, the temperature  
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Fig 21. Van’t Hoff plots displaying temperature dependence of metal-ligand 
stability constants using 1-parameter entropy estimates from Fig. 13 

(contd.) 
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Fig 21. (contd.) Van’t Hoff plots displaying temperature dependence of metal-
ligand stability constants using 1-parameter entropy estimates from Fig. 13. 
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Fig 22. Van’t Hoff plots created using only the ligand protonation entropy from 
relationship obtained in  Fig. 14.  
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dependence of the stability constants gently decreases rather than increasing, which is 

due to a difference in the sign in the corresponding enthalpies of association. Analogous 

curves were generated for ferric complexes of six other phenols for which only pKa and 

ΔS°a are known, as shown in Fig. 25. In these cases we estimated logKFe(III)-L using the 

correlation shown in Fig. 12(a) and ΔS°Fe(III)-L with the correlation in Fig. 16. As in the 

case of the curves shown in Fig. 24, stability constants for most ferric-phenol complexes 

in this figure decrease somewhat with increasing temperature. The rather constant nature 

of stability constants in the case of 2,4,6-trimethylphenol is consistent with it having the 

least negative enthalpy of association of this set of predicted values. 

As mentioned above, experimentally determined entropies of association for 

metal-phenol complexes are scarce. Nevertheless, it is possible to make estimates using 

methods outlined above even in cases where only pKa values are known. Examples are 

shown in Fig. 26 for association of the metal ions 2,4,6-trinitrophenol and 2-methoxy-4-

methylphenol, which were selected as they have the lowest and the highest pKa values, 

respectively, for this category of ligands. Additionally, 2,4,6-trinitrophenol can enter the 

environment through human activities owing to its use as an explosive and antiseptic 

agent. As in the case of the estimates shown in Fig. 24, these stability constant 

predictions were obtained using the correlation shown in Fig. 12(a), and a combination of 

the correlations shown in Figs. 16 and 17 to obtain the corresponding ΔS°Fe(III)-L values. 

The remaining ΔS°ML values were obtained by multiplying metal-hydroxide entropy of 

association with corresponding  ΔS°Fe(III)-L/ ΔS°Fe(III)-Hydroxide values. As can be seen from 

Fig. 26, we predict a drastic change in the temperature dependence of 2,4,6-trinitrophenol  
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Fig 23. Van’t Hoff plots created using only the ligand protonation constant from 

relationship obtained in  Fig.15 & Fig.14. 
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Fig 24. Van’t Hoff plots created using experimental data plotted in Fig.16. 
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Fig 25. Van’t Hoff plots created using only protonation thermodynamics of 
phenols. Stability constants were estimated from Fig.12(a) and entropy was 

estimated using correlation in Fig.16.  
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and 2-methoxy-4-methylphenol complexes owing to the ~ 10 orders in magnitude of 

difference in the protonation constants.  

Analogous plots of predicted association constants for silicate and nitrite 

complexes obtained in a similar manner are shown in Fig. 27. In the case of silicate, the 

logKML values at the reference conditions are from the literature or estimated using the 

hydroxide correlation in Fig. 7 and ΔS°ML values were obtained using the correlation 

shown in Fig. 19 if experimental values were unavailable. Note that the van’t Hoff plots 

for metal-silicate complexes mirror those of the metal-phenol complexes when 

experimental logKML and ΔS°ML values exist (as with Fe+3 and Na+), which lends support 

to our estimates. Similarly, logKML values for all metal ions except Fe+3 were estimated 

using the correlation shown in Fig. 8 while ΔS°ML values were obtained using the 

hydroxide correlation from Fig. 20. The decrease in stability constants with temperature 

is  due to the negative enthalpies of association values for these reactions that arise from 

the low values of logKML and ΔS°ML.  

Additional predictions shown in Fig 28 were made for two inorganic ligands- 

iodate and H2PO4
-, for which only ΔS°a values are available. While logKML values were 

obtained from the correlations shown in Fig. 8, ΔS°ML values were obtained by 

multiplying metal-hydroxide entropy of association with corresponding  ΔS°a,L/ 

ΔS°a,Hydroxide values. The positive temperature dependence of the predicted association 

constants stems from the large positive values of ΔS°ML predicted from the ΔS°a values 

for these ligands. 

2.6 Concluding Remarks 
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We live in a world of ever-increasing production of diverse metals used in 

computers, high-tech devices, plumbing, wiring and automobiles (Gordon et al., 2006; 

Tansel, 2017), accompanied by a constant rise in novel pharmaceuticals, designer 

chemicals and green organic molecules (Dieleman et al., 2016; Sheldon, 2018; Shledon 

& Woodley, 2018). It is predictable that metal-ligand complexes are going to be a 

ubiquitous presence in our environment in the coming future. Speciation of both metals 

and ligands will be crucial in monitoring and controlling their abundance in our 

surroundings. At the same time, metal-ligand complexes have benefits with recent 

advances including metal-based anti-cancer and antidiabetic drugs (Levina et al., 2017; 

Kiss et al., 2017). Since metal-ligand speciation depends directly on metal-ligand 

thermodynamics, methods to estimate these properties, especially the stability constants, 

are increasingly in demand. Rigorous analytical measurement of these properties requires 

time and investment, leading to an inevitable inability to keep up with the rising diversity 

of metals and ligands. As a step toward addressing this problem, we have developed 

estimation strategies to estimate metal-ligand association constants over the biologically 

relevant temperature range of 0 to 125°C for a large class of metals and ligands.  

In addition to estimating stability constants that fill gaps in the available 

experimental data for well- and lesser-studied monovalent oxygen ligands, our methods 

allow estimating logKML values for ligands with no thermodynamic data except for the 

ligand pKa. The total number of estimated metal-ligand stability constants at 25°C and 1 

bar amounts to 16,629 covering 69 metal ions and 241 ligands. This increases the 

currently available experimentally measured logKML values (417) by almost factor of 40. 

We predict that most of these stability constants are accurate within ±0.5 log units and  
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Fig 26. Van’t Hoff plots created using only the ligand protonation constant 
from relationship obtained in  Fig.17, Fig.16. and slopes from Supplementary 

Table 1. Stability constants were estimated from Fig. 12(a). 
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  Fig 27. Van’t Hoff plots for inorganic ligands from hydroxide entropy data. 
Stability constants were estimated using Fig. 7 & 8 while complexation 

entropy was estimated using Fig. 19 & 20. 
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 Fig 28. Van’t Hoff plots created for inorganic ligands with for which no metal-
ligand entropy values were available. 
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thus are unlikely to affect speciation calculations adversely. Since metal-ligand 

complexation entropy measurements are scarcer, the total number of ΔrS°ML values 

estimated are much fewer: 1848 metal complexes for 66 phenols with 28 metal ions and  

4992 complexes of 156 carboxylic acids with 32 metal ions. We  predict that these 

estimates at 25°C and 1 bar are accurate within ±2 cal mol-1K-1, which keeps predictions 

of log KML over the range of 0 to 125°C within ±0.5 log units. However, as these values 

are low in magnitude, they are not likely to affect van’t Hoff extrapolations of the 

corresponding stability constants substantially.  

Such estimation exercises are challenged by two potentially contradictory goals: 

high accuracy and extensive applicability. In this study we assembled an extensive 

database of experimentally obtained thermodynamic values, which permitted a search for  

the closest proxy ligands for building correlations. As a consequence, we believe we have 

achieved these goals simultaneously. Multiple correlations among structurally related 

ligands suggest that these patterns reflect properties of the ligand molecular structures 

and provide a foundation for further extention of methods to predict metal-ligand 

thermodynamics. 
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CHAPTER 3 

ESTIMATING STABILITY CONSTANTS AND ENTROPY FOR METAL-LIGAND 

ASSOCIATION IN BLOOD PLASMA AND MICROBIAL GROWTH MEDIA 

3.1 Introduction 

From a chemical perspective, living organisms are complex aqueous systems 

composed of inorganic components like metal ions and organic components like amino 

acids. For example, a human adult’s body mass is approximately 72% water, 21% 

organics and 7% inorganic components in which metals constitute one-third of the 

inorganic mass-fraction (Lentner 1981). As organic molecules have high reactivity 

towards many metal ions and outnumber them stoichiometrically, they end up dominating 

the metal distribution in most biological systems- for example, the serum protein 

transferrin alone complexes almost all of the Fe(III) in the blood plasma of a healthy 

human adult. Inorganic ions prevalent in biological systems like phosphate may also 

influence the distribution of several metals. Any significant disruption in the state of 

metallic distribution in any biological system can lead to disastrous results as evidenced 

by cases of iron-overloading and heavy-metal toxicity. On the other hand, the knowledge 

of biological metal distribution is also crucial to exploit the positive effects of metals as 

in the case of zinc-based antidiabetics and gallium-based anticancer drugs. Moreover, 

there is now substantial evidence that metal-ligand complexes cross the cell membrane 

via ion channels and essential metal transport proteins (Levina et al. 2017). Thus, it is 

becoming increasingly vital to study the distribution of metals and ligands in biological 

systems.  
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Accurate determination of elemental distribution in a complex system at low 

concentration has proved to be extremely difficult via analytical techniques (Kiss et al. 

2017). Alternatively, this information can be obtained using computer programs that 

obtain the equilibrium distribution of these elements using equilibrium constants (or 

stability constants) of the associated reactions in the system. As these programs assume a 

state of equilibrium, they are appropriate to study metal-ligand distribution as metal-

ligand complexation reactions have low kinetic barriers and reach equilibrium within 

seconds. This approach is also desirable as many of these programs (like EQ3/6) are 

freely available and perform these calculations in the order of milliseconds. However, 

these programs are also limited as the thermodynamic data for several of these reactions 

is not available. To ameliorate this problem, we estimated metal-ligand stability constants 

for all ligands present at micromolar concentration in blood plasma and those routinely 

used in microbial growth media.  

Our estimation strategy can be best summed up as: ‘create linear free energy 

relationships between the ligand of interest and the best proxy ligand with the most data’. 

Linear free energy relationships (LFER) have been used for several decades to estimate 

metal-ligand thermodynamic properties (Irving & Rossotti 1956, Shock & Koretsky 

1993, Shock & Koretsky 1995, Martell & Hancock 1996, Sverjensky et al. 1997, 

Carbonaro & Di Toro 2007, Carbonaro et al. 2011, Atalay et al. 2013). These LFERs are 

created by correlating one set of metal-ligand thermodynamic properties with another set 

of thermodynamic properties such as correlating stability constants for one metal and a 

set of ligands with the pKa of the respective ligands. As summarized by Martell & 
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Hancock 1996, multiple variants of LFER have been used over the years. However, many 

of them can be misleading if the nature of metal-ligand interaction is not properly 

considered (Hancock 1995).  Thus, metal-ligand stability constants warrant careful 

consideration as error of only a few log units may significantly alter the predicted metal 

distribution. We have employed a similar approach to estimate stability constants for 

metal complexes of monovalent oxygen ligands (Prasad & Shock 2019a). In this work, 

we have extended this approach to include metal complexes of amino acids, peptides, 

proteins, dicarboxylic acids and vitamins. 

 In addition to making estimates of stability constants, we have found that the 

above-mentioned strategy also works for estimating metal-ligand entropy of association. 

This is particularly useful as both estimates in conjunction can be used to estimate the 

metal-ligand stability constant reasonably accurately over the biologically relevant range 

of 0-120°C where no experimental data exists. This is made possible using the van’t Hoff 

relationship (Eq. 2) which is routinely used in thermodynamics to get the temperature 

dependence of stability constants from 0 to 125°C using enthalpy and entropy at 

reference temperature (298K).  

Our present and previous work (Prasad & Shock 2019a) demonstrates that such 

estimation strategies can be used to estimate the thermodynamic properties of a wide 

variety of ligands in addition to the ones we have considered. The “compound libraries” 

in the Developmental Therapeutics Program of the United States National Cancer 

Institute consist of over 600,000 synthetic and natural molecules (Ng 2015). Moreover, 

modern “virtual libraries” of pharmaceutical companies amount to ~1018 chemical 
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compounds (Hoffman & Gastreich 2019). Given the astronomical number and diversity 

of ligands, it is practically impossible to experimentally obtain stability constants for all 

metal-ligand complexes due to cost and time constraints. Alternatively, estimation 

strategies like ours can provide thermodynamic data for countless molecules belonging to 

these gigantic datasets, especially the ones with carboxylic, amino, sulfhydryl and 

imidazole groups. We have utilized these estimates to obtain metal-ligand distribution in 

biological growth media and blood (Prasad & Shock 2019c, Prasad & Shock 2019d) that 

enable a better understanding of metal bioavailability and uptake.  

In addition to estimating metal-ligand stability constants and entropy for a variety 

of complex ligands based on the nature of chemical interaction, we have also found the 

converse to be true- i.e., these correlations can be used to obtain the metal-interacting 

regions of ligands with multiple functional groups. In this way, thermodynamic data can 

be used to obtain the nature of metal-ligand coordination. This approach can help 

decipher the functional groups of pharmaceutical drugs that may interact with metal ions 

and help locate ‘metal-binding sites’ on proteins. 

The purpose of this paper is to provide the most accurate estimates of stability 

constants from 0 to 125°C for some of the most biologically relevant metal-ligand 

complexes. Our inventory of complexes includes approximately 3000 metal-ligand 

complexes for ~60 metal ions and ~50 ligands ranging from vitamins to proteins. Since 

all our correlations include the protonation reaction and many of them have intercepts 

close to zero, they suggest that metal-ligand thermodynamic properties can be obtained 

with sufficient accuracy using only the ligand protonation property. This implies that 
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such 1-parameter (slope) correlations can be used to derive stability constants for 

possibly unlimited metal-ligand complexes that belong to the respective categories of 

proxy ligands. We have carefully noted the cases where the intercepts deviate 

substantially from zero that can be explained by the concepts of denticity and chelate-ring 

size. While most of our stability constant estimations can be predicted within ±0.5 log 

units, most of our entropy estimates are within ±2 cal/mol/K which mirrors the order of 

experimental uncertainty. These estimates have been generated from correlations of 

critically evaluated experimental measurements of more than 900 metal-ligand 

complexes performed over the past 90 years. The grounding of these correlations in 

coordination chemistry adds to their rigor and has been explained in more detail in the 

subsequent sections.  

3.2 Definitions and data evaluation 

In this work, we have only considered the first step in the reaction between a 

metal ion and a ligand. So, the stability constant and entropy values correspond to the 

following general reaction:  

                     ��� + ���= �����                                       (1) 

where M refers to a metal ion of charge y and L refers to a ligand of charge -z. The 

stability constant of such a reaction (same as the equilibrium constant) is designated as K 

while the entropy of association for this reaction has been designated as ΔS°. Since 

stability constants are mostly described in their logarithmic forms, the term ‘logK’ has 

been used to refer to metal-ligand stability constants described in this work.  
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While the standard state equilibrium constant of a reaction only depends on the 

temperature and pressure of the system, it is mostly measured as the stoichiometric 

constant (K’), that is also dependent on ionic strength. The relationship between K and K’ 

for Reaction (1) is:  

 �= �� ∗ 
 !"

 !∗ " 

 

 

                                       (2) 

where γ represents ionic strength dependent activity coefficient of the chemical species 

involved in the chemical reaction. The activity coefficient of a chemical species can be 

closely approximated using the B-dot equation for experiments performed at low ionic 

strength (Helgeson, 1969). We have used this equation to convert the reported 

stoichiometric constants from the literature measured at variable ionic strengths into 

standard state equilibrium constants that correspond to an ionic strength of zero. In 

addition to the need to standardize stability constants, the B-dot equation was used so that 

these extrapolated values could be directly used in equilibrium speciation software like 

EQ3/6 (Wolery 2010) that also employ this equation. Thus, no extrapolation errors would 

be made upon using the modified equilibrium constant at the original ionic strength in 

this program. Most of the stability constants considered in this work refer to 

measurements reported at 25°C and 1 bar. Careful consideration was spent on selecting 

the most accurate stability constant values which are outlined in the Supplementary 

Tables. 

Chemical speciation is defined as the distribution of a system component in 

different chemical species. For example, ~45% of the total calcium in blood plasma is 
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bound to serum proteins (mainly albumin), ~45% is free Ca+2 and the remaining 10% is 

complexed to low molecular mass molecules like bicarbonate and citrate (Peters 1996). 

This concept can also be extended to ligands like carbonate that exist predominantly as 

CO3
-2 at high pH, HCO3

- between pH 6.3 to 10.3 and as carbonic acid at low pH. 

Chemical speciation of a system can be obtained by including equilibrium constants of all 

reactions that may occur between each chemical species of a chemical system along with 

the total analytical concentration of the chemical components and solving the system of 

equations obtained upon observing the law of mass action and the law of mass balance. 

While this process can be performed by hand, computer programs like EQ3/6 and 

PHREEQC (Parkhurst 2013) can perform such calculations in a more expedient manner.  

3.3 Estimation strategy 

Decades of scientific investigation on metal-ligand coordination has revealed that 

the associated thermodynamic properties are dependent on the following chemical 

attributes- metal ionic radius, metal coordination number, charge of the metal ion, charge 

of the ligand, type of ligand electron-donor atom, ligand denticity, chelate ring size, 

ligand preorganization, steric effects and inductive effects (Martell & Hancock 1996). As 

the ligand chemical attributes like denticity and electron-donor atom are more variable, 

we found that ligand-specific LFERs are more rigorous than cation-specific LFERs. 

Thus, our strategy for the estimation of metal-ligand stability constants can be best 

described as : pick the best proxy ligand with the most data. The strategy of choosing the 

‘best proxy ligand’ has been described in our previous work (Prasad & Shock 2019a). 

Briefly, the best proxy ligand has the same metal coordination sphere as that of the ligand 
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of concern. A correlation between such ligands produces a slope ~1 and an intercept ~0 

as in the case of α-alaninate and glycinate in Fig. 29. This is because both α-alaninate and 

glycinate coordinate with metal ions in a bidentate manner with the same electron-donor 

atoms (a primary amino group and a carboxylate group) making 5-membered chelate 

rings. The slight deviation from unit slope and null intercept occurs due to the difference 

in the ‘side-groups’ (-H for glycinate and -CH3 for α-alaninate) that impart minor 

inductive and steric effects. The existence of experimental stability constants for almost 

50 metal ions suggested glycinate is a good choice to approximate stability constants for 

amino acids.  

However, the correlation between histidine and glycinate stability constants was 

found to be quite weak (not shown). Instead, histidine and bipyridine (BIPY) complexes 

correlated very well, thereby suggesting that the imidazole sidechain of histidine is 

involved in the metal coordination. The significantly higher intercept (~1.72) suggests 

that metal-histidine complexes are of a higher denticity than metal-BIPY complexes. 

Other correlations of ligands in Fig. 29 demonstrate that different proxy ligands are 

needed to estimate metal-complexation properties of chemically different ligands based 

on the nature of electron donor atom (sulfhydryl groups in glutathione vs. cysteine and 

carboxylate groups in succinate vs. diglycolate), charge (trivalent in PO4
-3 and citrate) 

while accounting for denticity (inosine vs. imidazole and HPO4
-2 vs. hydroxide) . It must 

be noted that we have precluded the weak correlations with inappropriate proxy ligands 

to save readers’ time and effort. For more details on how these correlations were made,  
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Fig 29. Different estimation strategies to estimate different types of ligands (contd.) 
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(contd) Fig 29. Different estimation strategies to estimate different types of ligands. 
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the readers are requested to refer to the corresponding sections of amino acids, 

dicarboxylic acids, peptides, proteins and vitamins. 

The strategy of using ‘the best proxy ligand with most data’ was also used to 

estimate metal-ligand entropy of association as displayed in the correlation between ΔrS 

values of α-alaninate and glycinate complexes in Fig. 29. Due to the limited reports of 

this thermodynamic property in the literature, the intercepts of our entropy correlations 

have been set to zero to avoid estimation errors due to skewing of data. While this  

practice reduces the correlation coefficient, it is perhaps a better predictive approach for 

multiple types of ligands. 

3.4 Estimating stability constants at 25°C and 1 bar 

3 .4.1 Amino acids 

Amino acids amount to almost 3 millimolar concentration in blood plasma and are 

routinely employed in chemically defined microbial growth media or as peptones and 

meat extract in chemically undefined media (Lentner 1981; DSMZ, Leibniz 2019). 

Besides serving as the building blocks of proteins, they are also involved in cell-

signaling, gene expression, protein phosphorylation cascade and hormone syntheses (Wu 

2009).  While they are crucial for these biological processes, elevated levels of amino 

acids cause neurological disorders and oxidative stress (Wu 2009). Thus, knowledge of 

amino acid speciation can be very useful in tracking the distribution and bioavailability of 

these molecules in biological systems. Here, we present techniques to estimate metal-

amino acid stability constants that can help facilitate these calculations. 
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The success of α-alaninate vs. glycinate correlation of Fig. 29 suggested that 

similar correlations should be made for other amino acids with alkyl sidechains. 

Expectedly, correlations with glycinate for these amino acids like valinate, leucinate and 

isoleucinate resulted in highly rigorous correlations with slope close to unity, intercept 

close to zero and all experimental values ranging within ±0.5 log units (Fig. 30). A 

similar result was obtained for 2-aminopentanoate and 2-aminohexanoate that is shown in 

Fig.A1 of Appendix A. The “H+” on these correlations is the sum of the pKa values of 

amino and carboxylic groups. The slightly negative intercepts on these correlations can 

be explained by higher steric effects of these alkyl side-groups in comparison with -H 

group of glycinate.  

While the glycinate correlations were expected to work for amino acids with alkyl 

sidechains, it was interesting to note that these correlations also worked for amino acids 

with polar side chains (Fig. 31). These amino acids include side chains with polar oxygen 

(serine), polar sulfur (methionine), polar nitrogen (asparagine and glutamine) and even 

ionizable side chains like phenyl (tyrosine) and guanidine (arginine). The slope and 

intercept of these correlations are again close to 1 & 0 respectively and all experimental 

values lie within ±0.5 units of the correlation line with minor exceptions that suggests 

that these amino acids are complexing metal ions in a “glycinate like” manner-i.e. a 

bidentate 5-membered chelate ring with amino and carboxylic groups. Perhaps an 

exception to this is the Hg(II)-methioninate complex that has additional strength due to 

the “soft” interaction between Hg & S based on the Pearson classification (Pearson 

1963).  



79 
 

 

  
Fig 30. Expected “glycinate-like” LFERs for amino acids with alkyl side groups (contd.) 
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Fig 31. Unexpected “glycinate-like” LFERs for amino acids with polar side groups 
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Fig 32. Effect on LFER intercept for amino acids with ionizable side 
groups 
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  Fig 33. Effect on LFER intercept for amino acids with different chelate-ring size. 
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This systemic behavior of unit slope and null intercept for glycinate correlations 

reaches a breaking point when such correlations are made for other amino acids with 

ionizable sidechains like lysinate, onithinate, glutamate and aspartate (Fig. 32). The 

intercepts for all these correlations are outside the acceptable uncertainty of ±0.5 units. It 

is interesting however to note that these intercepts are positive for the positively charged 

side chains of  (lysinate & ornithinate) and negative for the negatively charged side 

chains (glutamate and aspartate), perhaps reflecting an electrostatic interaction with the 

positively charged metal ions. Additionally, the significantly higher intercept of  aspartate 

in comparison to glutamate can perhaps be explained by the closer proximity of the 

carboxylate sidechain (β for aspartate, γ for glutamate) that enables a stronger interaction 

with the metal ion for the aspartate molecule. 

The effect of chelate-ring size on LFER can be observed in the trend of negative 

intercepts in Fig. 33. While α-aminobutyrate makes 5-membered chelate-rings, β-

aminobutyrate and γ-aminobutyrate make chelate-rings of size 6 and 7 respectively. This 

seems to have an impact on the metal-ligand stability as the intercept value decreases 

from ~ -0.85 to ~ -3.58 for α-aminobutyrate and β-aminobutyrate respectively. A low 

correlation coefficient for the γ-aminobutyrate LFER suggests that glycinate may not be 

the right proxy ligand for this ligand. A similar phenomenon is observed in the glycinate 

correlations of α-alaninate (Fig. 29) and β-alaninate (Fig.33) where the intercept value 

decreases from +0.11 to -1.63. The effect of chelate-ring size on metal-ligand logK has 

been observed before and is explained in more detail in Martell & Hancock 1996.  

3.4.2 Peptides & proteins 



84 
 

Like amino acids, peptides and proteins also amount to millimolar concentration 

in blood plasma as is reflected by the abundance of glutathione, serum albumin, cystine 

and transferrin. Besides high concentration, proteins like transferrin have ‘metal-binding 

sites’ with high chelating tendency. This makes proteins and peptides enormous 

reservoirs of metal distribution in biological fluids. However, these molecules are 

generally absent from the database of most speciation programs possibly due to the lack 

of necessary data (Kiss et al. 2017). Thus, we created customized LFERs for these 

molecules to obtain the required metal-ligand stability constants that may be used to 

obtain metal speciation in biological fluids like blood plasma and cerebrospinal fluid.  

Of all the molecules mentioned above, transferrin is the best studied metal-

chelator, perhaps largely due to the high stability constants with trivalent cations. It has 

two ‘metal-binding site’ located in each of the two domains of the ~80kDa molecule. 

Each site is composed of two tyrosine, one aspartate, one histidine and a carbonate 

molecule that acts as a “synergistic anion” (Harris 2012). Owing to the presence of the 

carbonate ion, the metal complexation reaction is a ternary reaction comprising of the 

metal ion, the transferrin molecule and the bicarbonate ion (Aasa et al. 1963; Aisen et al. 

1978). The stoichiometry of the two complexation reactions at the respective sites can be 

given as: 

��� + ��#$%&'��($�� + �)*+
�  = (�. ��#$%&'��($. )*+)����, +  $��(3) 

��� + (�. ��#$%&'��($. )*+)����, + �)*+
�  = (�,. ��#$%&'��($. ()*+),),(����,)  + 2$�� (4) 

where My+ refers to the metal ion, z- refers to the charge on transferrin and n refers to the 

number of protons released per reaction. The transferrin LFERs in Fig. 34 correspond to 
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the above ternary reactions that accounts for the negative intercepts. Due to the presence 

of numerous O- groups at the transferrin ‘metal-binding site’, hydroxide has been 

considered as the appropriate ‘proxy ligand’ (Sun et al. 1997). However, the correlation 

with the first hydroxide complexation resulted in a very high slope (not shown) that leads 

to high estimation uncertainty. Instead, we resolved to create a correlation with the 

second hydroxide complexation that yields a slope ~1, thereby significantly decreasing 

the errors associated with stability constant predictions. The transferrin stability constants 

were obtained by regressing the reported measurements summarized in Supplementary 

Table 2 using EQ3/6. As the regressions were performed with the metal-complexation 

written as the actual ternary reaction (Reactions 3 & 4), they slightly differ from the 

original studies that report the values as a binary reaction. Additionally, as our 

regressions incorporated the transferrin protonation reactions that were reported 

subsequent to the metal-complexation studies, they do not suffer from pH dependence as 

is generally observed in reports on metal-protein association. It is worth noting that the 

values reported by these studies are extremely sensitive to the stability constants of the 

associated ‘competing ligands’. Thus, acute caution needs to be observed while 

measuring and analyzing metal-protein stability constants. 

Albumin has four predominant metal-complexation sites- the Multi-Metal Binding Site 

(MBS), the N-Terminal Site (NTS), Site B and Cys34 (Bal et al. 2013). Due to the 

limited measurements performed for NTS, Site B and Cys34, it is hard to create 

functional correlations to estimate corresponding metal-albumin stability constants. 

However, perhaps this is not a cause of concern as NTS has a high specificity for copper  
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Fig 34. LFERs for peptides and proteins prevalent in blood plasma.  
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(due to multiple N-based groups) and Cys34 only feebly interacts with ‘soft metal ions’ 

as it comprises of a single thiol group. Additionally, the reported stability constants for a 

metal ion at Site B are lower than those reported for MBS which makes MBS the 

predominant metal-complexation site on albumin. Thus, several estimation techniques 

were employed to robustly predict metal stability constants at the MBS site. The presence 

of two O-bearing groups and an equal number of N-bearing groups at the site suggested 

that a proxy ligand with both oxygen and nitrogen based functional groups might yield 

the most secure correlation. However, the LFER with hydroxide was found to be the best 

predictive technique (Fig. 34) in comparison with other proxy ligands like glycinate and 

imidazole (not shown). This suggests that aspartate and asparagine are more strongly 

involved in metal coordination as compared to the histidine residues at the MBS site. 

As cystine is a cysteine dimer connected via the disulfide bridge, metal-cystine 

stability constants correlated rather poorly with metal-cysteine stability constants. 

Instead, the cystinate-glycinate correlation was far more rigorous (Fig. 34), suggesting 

that metal ions are interacting with the amino and carboxylic groups of cystine without 

much involvement from the sulfur groups which concurs with the results of Paul et al. 

2012. The cartesian ordinate of H+ on the correlation corresponds to the sum of two 

functional groups out of the four protonation sites on cystine (the higher amino and 

carboxylic pKa values), that further buttresses our coordination inference. Thus, metal-

ligand LFERs can be used to obtain metal-ligand coordination for ligands with multiple 

functional groups.  
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In addition to creating LFERs for the completely deprotonated form of 

glutathione, we extended this approach to the singly protonated and hydroxylated forms 

of the tripeptide. Making these estimates could be crucial for metal distribution in blood 

plasma given the high concentration of glutathione (~1 mM) and the sparse dataset. Like 

the correlation for the completely deprotonated glutathione (Fig. 29), we made cysteine 

based LFERs for these forms that are shown in Fig. 34. Corresponding correlations with 

respective protonated and hydroxylated complexes of cysteine were not possible as the 

data was very limited. These well constrained correlations suggest that the metal-thiol 

interaction dominates for these forms of glutathione and can serve as a general 

framework to estimate similar variants of ligands. 

3.4.3 Dianionic carboxylic acids 

Divalent carboxylic acids are naturally present in human bodily fluids at 

micromolar concentration and are routinely employed in microbial growth media. Owing 

to the presence of two carboxylic groups, they make good metal-chelators as is reflected 

in the stability constant values of metal-oxalate complexes. Others like salicylate are used 

in bismuth-based antacids that are popular over-the-counter drugs. We had laid out a 

general framework to estimate stability constants of metal complexes with 

monocarboxylates in Prasad & Shock 2019a. Here, we present estimation techniques to 

predict stability constants of metal-dicarboxylates.  

Following our general strategy of “best proxy ligand with most data”, we had 

used diglycolate as the ligand of choice for dicarboxylates as it consists of two carboxylic 

groups and has been extensively studied with stability constant measurements for over 40  
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Fig 35. LFERs for dicarboxylates prevalent in blood plasma. 
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Fig 36. LFERs for vitamins and nutrients used in growth media 
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metal ions. This strategy had been effective in the estimation of metal-succinate 

complexes as demonstrated in Fig. 29. It yet again proved useful in estimating metal-

oxalate stability constants as can be observed in Fig. 35 from a slope ~1 and an intercept 

~0. While metal-diglycolate stability constants correlated well with malate and salicylate 

complexes (not shown), the correlation-coefficient was much higher for the hydroxide 

correlation. While the intercept for the malate-hydroxide correlation is close to the 

theoretical prediction (Martell & Hancock 1996), the unusually high intercept for the 

salicylate correlation is perhaps due to a higher degree of ligand preorganization that is 

generally observed for aromatic groups.  

3.4.4 Vitamins & growth factors 

Since vitamins and growth factors amount to a low abundance in most microbial 

growth media, they are expected to play a minimal role in metal speciation. Instead, their 

distribution can be expected to be dictated by Group I & II metals like Na+ and Ca+2 that 

are employed in high concentration in growth media. In Fig. 36, we have extended our 

estimation strategy to molecules like uracil, adenine and nicotinate (vitamin B3). While 

imidazole provided the best correlations with uracil and adenine, glycinate proved to be 

the ‘best proxy ligand’ owing to structural similarities in the respective cases. As can be 

seen from the figure, despite the limited stability constant dataset, the correlations 

obtained are quite robust with high correlation coefficient. The relatively low accuracy of 

the nicotinate-glycinate correlation may be addressed to the limited reports of metal-

nicotinate stability constants (only three). We suspect that further investigation of this 

dataset will yield better correlations.  
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3.5 Estimating entropy of association at 25°C and 1 bar 

Since our strategy for estimating stability constants was rooted in a fundamental 

understanding of the metal-ligand chemical structure, it was evident that the same could 

be extended to estimating metal-ligand entropy of association (ΔS°). As glycinate and 

diglycolate were the best studied ligands of their respective categories, they were chosen 

as the proxy ligands to estimate ΔS° for amino acids and dicarboxylates, respectively. 

However, as the ΔS° dataset was still very limited for these “best proxy ligands” (only 22 

values for glycinate and 28 for diglycolate), a different estimation strategy needed to be 

employed to obtain metal-glycinate and metal-diglycolate entropy of association. Thus, 

we used the strategy employed by Prapaipong et al. (Prapaipong et al. 1998 and 

Prapaipong & Shock 2001) where entropy of association was correlated with the third 

law entropy of metal ions for over 30 ligands (obtained from Shock et al. 1997). These 

correlations are shown in Fig. 37 along with the associated uncertainty in the logK 

calculated using the van’t Hoff equation. As can be seen from Fig. 37(a), the glycinate 

correlation is quite weak in comparison to the diglycolate correlation. However, almost 

all the experimental ΔS° values fall within the correlation uncertainty of ±5 cal/mol/K for 

both ligands. This only leads to a maximum error of ±0.5 log units in stability constant 

calculations (Fig. 37(b)) that is well within the uncertainty associated with our logK 

correlations. Thus, these correlations may be used estimate metal-glycinate and metal-

diglycolate ΔS° values when no such measurements may be present. These estimations 

have been made using the third law entropy for over 60 cations in Supplementary Table 

2. 
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  Fig 37. Estimating metal-ligand complexation entropy for the proxy ligands 
glycinate and diglycolate. 
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Fig 38. Estimating metal-ligand complexation entropy for amino acids. 
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Fig 39. Estimating metal-ligand complexation entropy for 

dicarboxylates. 
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Like their logK analogues, the glycinate entropy correlations worked for all amino 

acids with different functional groups (Fig. 38). This included amino acids with neutral 

polar groups (serinate and glutaminate), amino acids with ionizable side chains (lysine 

and aspartate) and amino acids with aromatic side groups (tryptophanate and 

phenylalaninate). Similar correlations for 16 other amino acids are given in Fig. A2 of 

Appendix A. The “H+” on these correlations is the sum of the protonation entropy of only 

the core amino and carboxylic groups. Creation of 2-parameter correlations (variable 

slope and intercept) led to estimation equations with unreasonably high or low slopes and 

intercepts due to the limited number of ΔS° measurements. We thus resorted to creating 

1-parameter correlations (intercept set to zero) to avoid errors resulting from skewing of 

data. While this decreased the correlation coefficient slightly, the experimental values 

were still constrained within an error of ±2 cal/mol/K. The high accuracy of these 

correlations predicts stability constants within ±0.2 log units over the biologically 

relevant range of 0-120°C. Similar strategy was employed in estimating dicarboxylate 

entropy of association for malate, oxalate and succinate (Fig. 39). 

3.6 van’t Hoff plots 

The Van’t Hoff equation (Eqn. 5) is routinely used in thermodynamics to get the 

temperature dependence of stability constants from 0 to 125°C using enthalpy and 

entropy at reference temperature (298K) 
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While not suitable at higher temperature, this relationship holds true from 0 to 

125°C as the effects on enthalpy and entropy due to heat capacity are minimal in this 

temperature range. Since enthalpy (ΔH°), entropy (ΔS°) and Gibbs energy (ΔG°) of a 

reaction are related (ΔG°= ΔH°-T ΔS°), and the stability constant and Gibbs energy of 

reaction are related (ΔG°=-2.303RTlogK), knowing both the logK and entropy of 

reaction yields the enthalpy of the complexation reaction. These three properties were 

used to obtain the temperature dependence of logK for amino acids and dicarboxylates 

using the van’t Hoff equation in Fig. 40 and 41 respectively.  

While such logK extrapolations may be performed for over 45 cations (listed in 

Supplementary Table 2), we have chosen 8 diverse and biologically relevant metal ions to 

illustrate the temperature dependence of stability constants- Th+4, Fe+3, Cu+2, Lu+3, La+3, 

Zn+2, Fe+2 and Ca+2. These calculations include cases where both logK & ΔS° were 

obtained from the literature (solid curves), logK was obtained from the literature and ΔS° 

obtained from our correlations (dashed curves) and both logK and ΔS° were obtained 

from our correlations (dotted curves). The uncertainty in the solid curves corresponds to 

the experimental uncertainty (~ ±0.2 log units), while those of the dashed and dotted 

curves corresponds to ±0.5 log units and ±1.0 log units respectively. 

Fig. 40 presents the temperature dependence of metal stability constants for 9 

select amino acids with diverse functional groups. Similar figures have been created for 

18 other amino acids in Fig. A3 of Appendix A. The overall decreasing trend of these 

stability constants suggests that metal-amino acid bonding gets weaker as temperature 

raises from 0 to 125°C.  
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Additionally, the trend for the dashed and dotted lines matches the trend for the 

solid lines, thereby indicating that our logK and ΔS° estimations are quite sensible. 

Moreover, the trend is similar for different amino acid complexes of the same metal ion 

(except Ca+2). Clearly, stability constants decrease more significantly for some metal ions 

(like Fe+3) and to a lesser degree for other metal ions. It is also worth noting that the 

range of logK for the 8 metal ions of interest ranges from approximately 0 to 7 for 

nicotinate and approximately 2 to 14 for aspartate.  

Similar plots have been made for four dicarboxylates- diglycolate, malate, oxalate 

and succinate (Fig. 41). The overall trend for these ligands is quite different from that of 

the amino acids. Here, stability constants mostly remain constant over the temperature 

range of 0 to 125°C with slight increase or decrease. Here again, the dashed and dotted 

curves closely resemble the solid curves adding to the validity of our logK and ΔS° 

estimates. The logK coverage of all ligands seem to fall within the range of 

approximately 2 to 10. It is likely that metal stability constants for other dicarboxylates 

will fall within this range.  

3.7 Conclusion 

Using a very simple chemical approach, we have estimated metal-ligand stability 

constants for 41 diverse and biologically relevant chelators including amino acids,  
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Fig 40. van’t Hoff plots for metal-ligand complexes over biologically relevant 

temperature range using experimental values obtained from the literature or 
obtained from glycinate correlations. Solid curves represent van’t Hoff calculations 

generated from experimental logK & ΔS, dashed curves represent van’t Hoff 
calculations from experimental logK and estimated ΔS while dotted curves 

represent van’t Hoff calculations from estimated logK & ΔS. (contd.) 
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 (contd.) Fig 40. van’t Hoff plots for metal-ligand complexes over biologically 
relevant temperature range using experimental values obtained from the literature 

or obtained from glycinate correlations. Solid curves represent van’t Hoff 
calculations generated from experimental logK & ΔS, dashed curves represent 
van’t Hoff calculations from experimental logK and estimated ΔS while dotted 

curves represent van’t Hoff calculations from estimated logK & ΔS. 
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Fig 41. van’t Hoff plots for metal-ligand complexes over biologically relevant 
temperature range using experimental values obtained from the literature or obtained 

from diglycolate and hydroxide correlations. Solid curves represent van’t Hoff 
calculations generated from experimental logK & ΔS, dashed curves represent van’t 

Hoff calculations from experimental logK and estimated ΔS while dotted curves 
represent van’t Hoff calculations from estimated logK & ΔS. 
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dicarboxylic acids, proteins and inorganic molecules. From a collection of 853 critically 

evaluated stability constants published over the past century, we have expanded the 

dataset to 1878 logK values. Additionally, we have estimated entropy of association of 

1456 metal-ligand complexes for 32 chelators using 165 experimental measurements, 

thereby increasing current knowledge over 8-fold. These estimates facilitate logK 

calculation over the entire biologically relevant temperature range and can help drive 

metal-related research across the biosphere from human bodily fluids to hot-spring 

microbiology. We have utilized these estimates to speciate blood (Prasad & Shock 

2019d) and correlate metal-speciation with microbial bioavailability (Prasad & Shock 

2019c). We hope these estimates and strategies prove to be useful to other scientists 

performing research in the related disciplines.  

While these theoretical predictions are indeed useful, there is still considerable 

scope to fill in the gaps in the experimental literature. In particular, further experimental 

measurements of metal-albumin stability constants can be extremely valuable to metal 

speciation research. As mentioned in the previous section, our regression of metal-protein 

stability constants has revealed that these values are exceptionally dependent on the 

stability constants of the ‘competing ligands’ like NTA and EDTA. The logK reports for 

these metal-complexes are known to vary by 2-3 units that can significantly affect the 

accuracy of metal-protein stability constants. Moreover, additional forms of these metal-

ligand complexes (protonated or hydroxylated) may dominate the metal speciation and 

need to be accounted for. Besides, many reports of metal-protein stability constants are 

devoid of ionic strength measurements that severely diminishes their validity. Thus, 
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careful consideration needs to be given to the measurement of metal-protein stability 

constants. 

In the contemporary world of metal-based research, metals are being investigated 

both for therapeutic purposes as gallium-based anticancer drugs (Enyedy et al. 2015) but 

also for neurological damage in Alzheimer’s Disease (Adlard & Bush 2018). This is 

clearly an exciting time for metal-speciation research and given its past success with iron-

overloading and chelation therapy (Templeton 2015), it is likely to reap enormous 

rewards if pursued further. As this research is deeply rooted in the laws of 

thermodynamics, it is a great tool to bridge the gap between in the inanimate world of 

metal-ligand chemistry to the animate world of biological fluids. We hope this work 

proves to be a step in that direction. 
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CHAPTER 4 

METAL SPECIATION AND BIOAVAILABILITY IN MICROBIAL GROWTH 
MEDIA 

4.1 Introduction 

Ever since the seminal works of Sunda & Guillard 1976, it has been known that 

all chemical forms of a metal are not bioavailable. This knowledge is of key importance 

as many metals like iron and copper are essential at low concentration but toxic at higher 

abundance. Some of the earlier research on this topic suggested that perhaps only the free 

metal ion is taken up by life which gave birth to the free ion activity model (FIAM) 

(Morel et al. 1978). However, numerous exceptions to this model have emerged over the 

years (Poldoski et al. 1979,  Pärt & Wikmark 1984 and Daly et al. 1990). The present 

scientific consensus is that in addition to the free metal ion, metal-ligand complexes are 

also taken up by living cells (Levina et al. 2017).  

Owing to their strong interaction, metal-ligand complexes have been a topic of 

scientific interest for over a hundred years (Werner & Guber 1901). Many ligands like 

EDTA (ethylene diamine tetraacetate) and NTA (nitrilotriacetate) are regularly used as 

‘chelators’ to control the bioavailability of metals in microbial growth media. 

Additionally, microbes have evolved to synthesize proteins called siderophores and 

chalkophores that selectively chelate metal ions that are essential to their biological 

function. The predominance of ligands in the metal distribution in these biological 

systems can be attributed to the high equilibrium constant for the association reaction 

(stability constant) between metal ions and the afore-mentioned ligands. However, this 
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predominance is not likely to uphold for all ligands, especially at low concentration. For 

example, the aqueous distribution of trivalent cations like gallium and bismuth is heavily 

dominated by hydroxide complexes even in the presence of metal-chelators (Harris & 

Pecoraro 1983 and Sun et al. 2001). The metal distribution in a system is a complex 

function of all possible reactions with the metal ion and the associated stability constant 

and concentration.  

In lieu of the complicated nature of metal-ligand interaction and metal-

bioavailability, it is crucial to obtain accurate chemical distribution of metals (metal 

speciation) in biological systems to assess their toxicity and requirement. Direct 

measurement of metal speciation via analytical techniques in systems of low metal 

concentration with multiple ligands has not proved to be reliable (Kiss et al. 2017). 

Alternatively, metal speciation may be obtained theoretically under the equilibrium 

assumption using law of mass action and law of mass-balance. As metal-ligand 

complexation is quite rapid (reaching equilibrium within seconds), this is a reasonable 

assumption to make. These laws have been incorporated in several equilibrium speciation 

programs like EQ3/6 (Wolery 2010) that are routinely used to obtain elemental speciation 

in geochemical systems. However, these theoretical alternatives generally suffer from a 

lack of thermodynamic data (Kiss et al. 2017). Recently, considerable progress has been 

made in supplementing experimental measurements of metal-ligand thermodynamic 

properties with estimates of stability constant and entropy (Prasad & Shock 2019a and 

Prasad & Shock 2019b). This database and the estimation techniques therein permit metal 

speciation calculations for a large set of metal-ligand complexes from 0°C to 125°C.  
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In this work, we have performed metal-speciation calculations for ligands in 

bacterial and algal growth media and made correlations with published research on metal 

bioavailability. In the following section, we have defined the terms ‘metal speciation’ and 

‘metal bioavailability’ with examples and briefly explained their relationship. In the 

subsequent section, we have performed speciation calculations for a metal-toxicity study 

on an algal strain that did not report any speciation measurements or calculations. A 

similar enterprise was performed on another bioavailability study reporting copper 

toxicity for a marine amphipod that made erroneous assumptions regarding copper 

speciation. In the succeeding section, we have performed speciation calculations for a 

bacterial medium used to make food products that reported different requirements for 

manganese and zinc. Lastly, we have reported speciation calculations for all 

defined/mineral growth media listed on the DSMZ website and how minor alterations in 

these media affects metal speciation.  

4.2 Metal speciation and metal bioavailability: definitions and relationship 

Metal speciation is defined as the chemical distribution of the total metal in 

different chemical forms. For example, if 1 millimole salt ZnCl2(cr) is dissolved in 1 liter 

of pure water at 25°C and 1 bar, its speciation is given as 99.65% Zn+2(aq) while the 

remaining 0.35 % of the total zinc is as Zn(OH)+(aq), Zn(OH)2, ZnCl+ and ZnCl2(aq). 

Comparatively, in a 1mM aqueous solution of Zn(Oxine)2, 98.92% of the total zinc is as 

Zn(Oxine)2(aq), 1.06% as Zn(Oxine)+ and the remaining as the afore-mentioned species. 

Thus, metal speciation is heavily dependent on the ligands present in the system. 

 



107 
 

 

Fig 42. Schematic of relationship between speciation and bioavailability. 
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Metal bioavailability is a much more loosely defined concept. This term is 

generally used to describe the metal species that can be transported across the lipid 

bilayer from the bulk solution via any transport pathway. Its usage may be contradictory- 

for example, metal precipitates are not considered to be bioavailable while small  

insoluble metal complexes are (Schwarzenbach et al. 2003 vis a vis Levina et al. 2017). 

Additionally, some metal-ligand complexes like EDTA are not considered bioavailable 

(Campbell 1995) while others like oxine complexes are (Ahsanullah & Florence 1984).  

The relationship between metal speciation and bioavailability has now been 

observed for a diverse set of organisms like prokaryotic microorganisms (Sunda & 

Gillespie 1979, Sunda & Ferguson 1983 and Morton et al. 2000), eukaryotic 

microorganisms (Sunda & Guillard 1976, Anderson & Morel 1978, Sunda & Huntsman 

1986, Sunda & Huntsman 1992 and Canterford & Canterford 1980), animals (Sunda et al. 

1978 and Daly et al. 1990) and human cell cultures (Zhu et al. 2006, Scheers et al. 2014, 

Peng et al. 2014, Pereira et al. 2014, Nday et al. 2012 and Hart et al. 2015). While all 

these studies report a qualitative difference in biological response to changes in metal 

speciation, very few have attempted to establish quantitative relationships between metal 

speciation and bioavailability. Most of these studies (like Sunda & Guillard 1976 and 

Engel et al. 1981) report a trend like the schematic demonstrated in Fig. 42 where the 

biological response (like metal-toxicity) has no correlation with total metal concentration 

but mimics a smooth mathematical function when plotted against the concentration of the 

perceived bioavailable species. Such a mathematical relationship is quite desirable as not 

only is it founded in theory (Morel et al. 1979), it may also inform which metal species 
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may be bioavailable and which species are unlikely bioavailable candidates. An 

established quantitative model of metal speciation and bioavailability can simulate 

experiments and predict the conditions where the presence or absence of metals has 

significant biological impact. While it is understood that this relationship is likely to get 

more complicated in more complex systems (multiple bioavailable species and multiple 

transport pathways), efforts are nevertheless warranted owing to the enormous power that 

such correlations might bring. We have tried to make these correlations in the following 

sections after replicating some of the well-received studies on metal speciation and 

bioavailability (Appendix B). 

4.3 Simulation of a bioavailability study without speciation analysis 

In 1980, Laube et al. published a study of metal toxicity on the blue-green alga 

(Cyanobacterium) Anabaena, strain 7120. In the study, Laube et al. examined the 

differences in the growth of the alga (with optical density measurements) over a wide 

range of cadmium, copper and lead concentrations (10-8 to 10-3 M) with and without 

equimolar concentrations of NTA in a defined growth medium over 15-20 days. Quite 

remarkably, Laube et al. 1980 reported that NTA ‘did not reduce, and in some cases 

increased, metal toxicity to Anabaena 7120’ and suggested that ‘these metals do not act 

on this alga only in the ionic form’, thereby against the free ion activity model. However, 

no speciation calculations were reported, nor any attempts made subsequently by studies 

citing the paper. One study deemed it ‘problematic’ and suggested that increased toxicity 

with high NTA concentrations might still be caused by appreciable concentrations of the 
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free ions due to competition with metals like Fe or due to volumetric errors (Campbell, 

1995). 

To obtain a clearer understanding of this study, we performed speciation calculations for 

the growth media used by Laube et al. 1980 using critically evaluated thermodynamic 

data from the literature and estimates of metal-ligand stability constants for the 

unmeasured complexes (Prasad & Shock 2019a and Prasad & Shock 2019b). The 

calculations were performed using the software EQ3/6 (Wolery 2010) at 25°C and 1 bar 

as that was similar to the experimental conditions reported in the paper (20°C and 

supposedly 1 atm) and happen to be the conditions where most experimental 

thermodynamic data is reported. To investigate whether these experiments were indeed in 

disagreement with the free ion activity model, we obtained the activity (molality*activity 

coefficient) of the free metal ion for both set of experiments- with and without chelator. 

The calculated logarithm of the free cadmium activity (log aCd+2) is given next to the 

respective experiments in Fig. 43a. As may be seen from the figure, log aCd+2 is almost 

identical for both set of experiments (with and without NTA) for the sub-micromolar 

experiments and the millimolar experiments (i.e 10-3M, 10-6 M, 10-7 M and 10-8M total 

cadmium). The similarity of the growth curves for these set of experiments along with 

our calculated activity of the free metal suggests that the algal growth agreed with the 

free ion activity model, in stark contrast to the conclusions reached by the authors of the 

original study. The higher growth for the experiments done without NTA at 10-5M CdT in 

comparison to 10-6M CdT belies explanation and perhaps is due to volumetric errors as 

suggested by Campbell 1995. The negligible growth for experiments performed at 10-4  
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Fig 43 (a-c). Cadmium speciation in Laube et al. 1980. (contd.) 
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(contd.) Fig 43 (a-c). Cadmium speciation in Laube et al. 1980.  
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CdT may be explained by the excessively high levels of free cadmium for both set of 

experiments (corresponding to high micromolar values) and thus is still not in 

disagreement with the free ion activity model. This example clearly illustrates how 

erroneous conclusions about metal bioavailability may be reached without the knowledge 

of metal speciation.  

Perhaps the reason for the conclusions reached by Laube et al. stems from the 

common assumption that a chelator always dominates the metal speciation in all 

conditions for all metals. Our speciation calculations for cadmium (Fig. 43b) demonstrate  

that this is clearly not the case in these experiments. Our calculations show that for 

experiments with NTA, the Cd-NTA complex only dominates the speciation for the 

experiments carried out at 10-4 CdT and 10-5 CdT. This is because cadmium speciation at 

sub-micromolar cadmium concentration (10-6M, 10-7M and 10-8M CdT) is dominated by 

EDTA that is present in the default growth medium. As EDTA has octahedral 

coordination and is known to completely envelope the metal ion, the metal ion cannot 

interact with membrane proteins and cross the cell membrane.  

While the addition of NTA in the manner of original administration does not seem 

to affect the free cadmium concentration, we found that this is liable to change at higher 

pH (Fig. 43c). For the super-micromolar concentrations of cadmium (10-5M, 10-4M and 

10-3M CdT), the free cadmium concentration decreased by 1-3 orders of magnitude from 

pH 7-9. We predict that under these conditions, the addition of NTA is likely to cause a 

change in cadmium toxicity under the default assumption of free ion activity model. 

Additionally, we have presented the free cadmium concentration if these experiments are 
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carried out in the absence of the other chelators including EDTA and citrate. As can be 

seen from the figure, these curves closely mimic the original curves with the chelators 

without being identical. In this way, speciation calculations can be used to predict 

bioavailability and choose the right set of conditions to verify such predictions with 

experiments. 

Similar explanations can be given for the lead toxicity experiments made in the 

study. The growth curves were largely similar for experiments performed with or without 

NTA. However, these experiments were marred by precipitation and no account was 

reported of the lead lost in these precipitates. Thus, speciation calculations could not be 

made for these experiments to verify the compliance with the free ion activity model.  

While addition of NTA did not largely affect growth for cadmium and lead 

experiments, it certainly decreased algal growth in the case of copper. Expectedly, the 

free copper activity (aCu+2) could not explain the growth curves. Nevertheless, we also 

found that these growth curves could not be explained with the combination of (aCu
+2) 

and (aCu-NTA) as suggested by Laube et al (data not shown). Thus, we could not prove that 

Cu-NTA complexes were bioavailable as no qualitative or quantitative relationship could 

be established between Cu-NTA abundance and algal growth. We believe that this may 

be due to a different uptake mechanism of copper as also suggested in the original study. 

Thus, these experiments warrant further investigation to lend a better understanding of 

metal bioavailability.  

4.4 Simulation of a bioavailability study with erroneous speciation calculations 
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As the cell membrane is largely hydrophobic in nature, molecules with 

hydrophobic moieties like benzyl groups have a high tendency to cross the lipid bilayer 

via passive diffusion. This ability to cross the lipid bilayer could perhaps also be 

extended to metal complexes of ligands like oxine that have two electron-bearing groups 

(phenol and pyridine) attached to a benzene ring. To investigate this, Ahsanullah & 

Florence (Ahsanullah & Florence 1984) conducted a toxicity study in artificial seawater 

on a marine amphipod Allorchestes compressa, in which they analyzed copper-induced 

mortality with and without oxine.  

Copper toxicity without oxine was carried out over a wide range of total copper 

concentration (black circles in Fig. 44a) in organic-free seawater (organics destroyed by 

ultraviolet radiation) over 96 hours. Copper toxicity experiments with oxine were carried 

out in the same medium with 0.5 μM, 1 μM and 2 μM oxine (black squares in Fig. 44a). 

Comparing the two sets of experiments, Ahsanullah and Florence concluded that copper-

oxine complexes (the assumed bioavailable metal species in experiments with oxine) 

were more toxic than free copper ion (the assumed bioavailable metal specimen in 

experiments without oxine) as lesser copper elicited the same or higher mortality with the 

addition of oxine.  

However, the authors of the original study did not directly compare the mortality 

curves with the free copper and copper-oxine abundance as they had not performed 

speciation measurements or calculations for experiments performed without oxine. While 

they correctly obtained copper speciation for experiments with 2 μM oxine, they wrongly 

assumed that this speciation would hold for experiments performed at lower oxine  
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Fig 44(a-c). Speciaton calculations of Ahsanullah & Florence 1984. (contd.) 
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(contd.) Fig 44(a-c). Speciaton calculations of Ahsanullah & Florence 1984.  
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concentration (Fig. 43b). We performed the speciation calculations for all experiments 

using critically evaluated metal-ligand stability constant data from the literature or using 

analogous estimates obtained via linear free energy relationships (Prasad & Shock 2019a 

and Prasad & Shock 2019b). We subsequently compared the copper-induced mortality to 

the abundance of actual bioavailable species- free copper ion for experiments without 

oxine (red circles) vs. both free copper ion and copper-oxine complexes for experiments 

with oxine (red squares). This assessment revealed that the biological response for free 

copper ion is very similar to that of copper-oxine species, in clear disagreement with the 

conclusion reached by the authors of the original study. Even more glaringly, free copper 

ion elicits a higher mortality at lower concentrations in comparison to the 0.5 μM oxine 

experiment.  

The reason for the difference between the free copper (Cu+2) concentration and the total 

metal concentration can be seen in Fig. 44b. Only about 5-7% of the total copper is as 

Cu+2, which is perhaps why Cu+2 (red circles) and CuT (black circles) are separated by 

about 1.5 log units in Fig. 44a. Also, while our speciation calculations of copper with 2 

μM oxine (Fig. 44b) matched those of Ahsanullah & Florence 1984, we found that the 

speciation was different at other oxine concentrations, particularly in 0.5 μM oxine where 

CuCO3 (aq) is the predominant copper species. 

To predict copper toxicity in diverse environments, we performed speciation 

calculations in different conditions and found that copper speciation was extremely 

sensitive to pH (Fig. 44c). While copper-oxine complexes (green) dominate at high pH, 

free copper dominates the copper speciation at pH lower than 4.8 even at micromolar 
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concentration of oxine. This may be due to the complete protonation of oxine as the pKa 

values associated with the two ionizable groups of oxine are 9.82 and 4.92.  

4.5 Speciation in a bacterial growth media with contrasting transition metal 

requirements 

Leuconostoc mesenteroides is a fermentative bacterium employed in several foods 

like kimchi and sauerkraut. In 2012, a study was published presenting an optimal growth 

medium for the strain ATCC8293 using the single omission technique (Kim et al. 2012). 

In this technique, growth is monitored as single nutrients are systematically removed 

from the medium. If the growth rate with the removal of a nutrient is less than 50% of the 

maximum growth rate, the nutrient is classified as ‘essential’. The nutrient was termed 

‘stimulatory’ if the omission led to a growth rate between 50-90% and ‘non-essential’ if 

the growth rate was greater than 90%. Along with amino acids and vitamins, the impact 

of transition metals on growth was also assessed and manganese was found to stimulate 

growth unlike iron (II), zinc, cobalt and copper. 

This led us to speculate if metal speciation could be playing a role in the 

differential bioavailability of transition metals. We obtained equilibrium constants from 

the literature or made estimates (Prasad & Shock 2019a and Prasad & Shock 2019b) for 

all protonation and metal-complexation reactions that could take place in the medium. 

Equilibrium speciation calculations were made using EQ3/6 for the composition and 

conditions given in the study. As manganese was a ‘stimulatory’ nutrient, it was included 

in the composition as a sulfate salt while the other transition metals were not part of the 

chemically defined minimal medium. We performed speciation calculations for the  
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Fig 45(a-c). Manganese speciation in media employed by Kim et al. 2012. 
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Fig 45(a-c). Manganese speciation in media employed by Kim et al. 2012. 
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composition reported in the study and exchanged manganese with the other transition 

metals to simulate the respective omission experiments.  

The speciation for all ligands was governed by their respective pKa values as their 

concentration was much higher than the transition metal concentration. The speciation of 

the divalent transition metals in the respective omission experiment simulations was 

found to be case dependent. While manganese speciation was dominated by citrate, zinc 

and copper speciation was dominated by arginine while cobalt and iron (II) speciation 

was dominated by phosphate and hydroxide respectively (Fig. 45a). More specifically, 

manganese speciation was dominated by Mn(Citrate)-, zinc speciation by Zn(Arginine)+2, 

copper speciation by Cu(Arginine)+2, cobalt speciation by Co2(OH)3
+ while iron (II) 

speciation was dominated by aqueous FeHPO4
0. As small molecule transport across the 

cell membrane is heavily dependent on charge, it is perhaps worth deliberation if the 

unique requirement of manganese in the medium is because it is predominantly 

distributed as a negatively charged species. We additionally found that decreasing the  

arginine concentration by a factor of 10 substantially increased the predominance of 

citrate complexes for most metals. As a substantial fraction of all these metals (except 

iron) is present as the negatively charged citrate complex, perhaps they would have 

similar bioavailability. Further experimental investigation on this topic can shed more 

light on the speciation-bioavailability relationship and on transport of small molecules 

across biological membranes. 

To illustrate the effect of pH on the ‘stimulatory’ nutrient manganese, we 

performed speciation calculations from pH of 2 to 10 (Fig. 45c). Greater than 1% of 
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manganese was found to be distributed across 15 species. Expectedly, free manganese 

and protonated citrate complexes dominated the speciation at low pH while carbonate and 

hydroxylated citrate complexes dominated at higher pH. The diversity of species suggests 

that manganese bioavailability is likely to be heavily influenced by pH. We hope such 

calculations are performed in conjunction of experiments and can help guide and 

optimize the creation of chemically defined media in the future. 

4.6 Metal speciation of defined growth media listed on the DSMZ website 

The German Collection of Microorganisms and Cell Cultures (generally referred 

as DSMZ for their German name- Deutsche Sammlung von Mikroorganismen und 

Zellkulturen) is one of the most comprehensive resources for microbiology. They acquire 

and maintain a large collection of cell lines of all taxonomical variety and their website 

(https://www.dsmz.de/) contains a large list of standardized growth media that are often 

used to grow microorganisms (Zhang et al. 2018, Zhu et al. 2018, Ghavipanjeh et al. 

2018, Haddad et al. 2014). As a service to future scientists that may be interested in the 

impact of metals in microbial growth, we performed speciation calculations in all 

chemically defined growth media listed on the DSMZ website. Since the exact chemical 

compositions of growth media with tryptone, beef extract and yeast extract are not 

known, speciation calculations could not be performed for these cases.  

Out of the 1703 media listed on the DSMZ website, we only found 26 that had 

exact chemical compositions (chemically defined media). Many of these were variants of 

a common set of chemicals with minor variations. We obtained metal speciation for six 

representative media using experimental equilibrium constants reported in the literature  
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Fig 46a. Metal speciaton of defined growth media at DSMZ website. 



125 
 

 

(contd.) Fig 46a. Metal speciaton of defined growth media at DSMZ website.(contd.) 
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(contd.) Fig 46a. Metal speciaton of defined growth media at DSMZ website. 
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Fig 46b. Metal speciaton in DSMZ 457a with minor variations in 
composition (contd.) 
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Fig 46b. Metal speciaton in DSMZ 457a with minor variations in composition 
(contd.) 
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Fig 46b. Metal speciaton in DSMZ 457a with minor variations in composition (contd.) 
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or estimated metal-ligand stability constants (Prasad & Shock 2019a, Prasad & Shock 

2019b). Speciation for all metals present in these media is shown in Fig. 46a.  

As may be seen from the figure, speciation may be similar or drastically different 

for metals in the same media. As an illustration, nickel and zinc have similar distribution 

in the fructose mineral media while cobalt and copper are speciated completely 

differently. It may be worth noting that all the metals above are divalent transition metals. 

Other speciation observations of significance are that EDTA dominates the transition 

metal speciation in DSMZ 457, 465 & 1007 unlike other transition metals and that 

chloride dominates zinc speciation in DSMZ 1240. 

Many of the above chemically defined media like DSMZ 457 and 465, have 

variants with minor additions to the original composition. For example, DSMZ 457a can 

be synthesized by adding ~5mM 2-chlorobenzoate that may be used as a sole carbon and 

energy source. As 2- chlorobenzoate has a metallophilic carboxylate group, we suspected 

if this ligand would disrupt the metal speciation in the medium. To theoretically test this, 

we performed metal speciation in DSMZ 457a using stability constants for metal 

complexes of 2- chlorobenzoate estimated by Prasad & Shock 2019a. These estimations 

were made using numerous linear free energy relationships as no stability constant 

measurements were available for any metal ion. As may be seen from Fig. 46b, the metal 

speciation in DSMZ 457a is almost identical to DSMZ 457. To investigate the impact of 

composition on the metal speciation in the medium, we performed these calculations with 

minor modifications. The metal speciation was largely similar when pH was decreased 

and increased by 1 unit. Raising the concentration of 2-chlorobenzoate by 10 times 
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changed the speciation of calcium, potassium, magnesium and sodium by a few percent 

but no change was made to the transition metal speciation. However, reducing EDTA 

concentration by a factor of 10 significantly changed the speciation of the transition 

metals iron (II) and manganese. These metals were predominantly distributed as 

phosphate complexes (mainly HPO4
-2) in this composition with EDTA complexes 

accounting for less than 6% of the total metal. Speciation for cobalt and zinc was minorly 

affected as more than 60% of these metals were distributed as their EDTA complexes. On 

the other hand, copper and nickel distribution was completely unaffected with EDTA 

chelates predominating the respective speciation. This speciation was largely preserved 

when the concentration of 2-chlorobenzoate was additionally increased by a factor of 10. 

Thus, decreasing micromolar EDTA concentration has a bigger impact on metal 

speciation than increasing millimolar 2-chlorobenzoate concentration. Similar 

calculations can be performed for many chemically defined growth media using stability 

constant values estimated in Prasad & Shock 2019a and Prasad & Shock 2019b. 

4.7 Conclusion 

We have obtained metal speciation in some commonly used microbial growth 

media employing an updated thermodynamic database. We have evaluated how metal 

speciation changes with variations in medium composition. Our results suggest that the 

slightest modifications in pH and chelator concentration can significantly alter metal 

speciation. Such calculations are only limited by the availability of metal-ligand stability 

constants. When experimental values for such stability constants were not present in the 

literature, estimation methods were utilized to fulfill this requirement. We have 
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additionally made correlations of metal speciation with experimental measurements of 

biological response. These correlations informed us about the metal species taken up by 

different life forms and the associated uptake mechanisms. We evaluated the applicability 

of the free ion activity model in two case-studies and critiqued the findings of the original 

authors. 

While a relationship between metal speciation and metal bioavailability was first 

proposed over 40 years ago, there is still a lot to learn on this topic. A deep understanding 

of this subject is needed to assess the degree of metal-requirement and the dangers of 

metal-toxicity to microbes and human cells alike. We hope future microbial growth 

experiments are performed in conjunction with these speciation calculations that are free 

of cost and easy to obtain.  
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CHAPTER 5 

METAL SPECIATION IN BLOOD PLASMA 

5.1 Introduction 

Metals are indispensable to life. They serve as cofactors in numerous enzymatic 

reactions, help stabilize protein conformations, and may also be used as sources of energy 

via redox transformations. Different metals are present at multiple levels of abundance- 

while potassium is needed in millimolar concentration in an organism, nickel may be 

present only at nanomolar levels. Evidently, metal requirements are essential for human 

life too, iron in hemoglobin of red blood cells being a common example. Over the past 40 

years, a mountain of evidence has emerged demonstrating that not all forms of metal are 

bioavailable (Sunda & Guillard 1976, Anderson & Morel 1978, Sunda & Gillespie 1979, 

Daly et al. 1990, Canterford & Canterford 1992, Morton et al. 2000, Zhu et al. 2006, 

Scheers et al. 2014, Peng et al. 2014, Pereira et al. 2014, Nday et al. 2012 and Hart et al. 

2015). The organisms investigated in these studies comprise prokaryotes and eukaryotes 

including human beings. Therefore, quantifying metal distribution (or metal speciation) 

in a living system can be of enormous benefit, as evidenced by the application of iron 

speciation in the treatment of iron-overloading (Temraz et al. 2014 and Templeton 2015). 

However, obtaining metal speciation in complex aqueous systems like human bodily 

fluids presents extreme experimental difficulties (Levina et al. 2017). Theoretical 

modeling offers a promising alternative but is generally limited by lack of 

thermodynamic data (Wilke et al. 2017 and Kiss et al. 2017). Existing models of metal 

speciation suffer from exclusion of large molecules like albumin and rarely include 
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comparisons with experimental measurements, which inhibits their applicability (May et 

al. 1976 and Konigsberger et al. 2015).  

In this work, our aim is to overcome such limitations by creating models of metal 

speciation, including proteins and peptides, and comparing our calculations with metal 

speciation measurements in simple systems. Our thermodynamic model was created 

using critically evaluated experimental stability constant data measured over the past 100 

years and includes stability constant estimates made using linear free energy relationships 

(Prasad & Shock 2019a and Prasad & Shock 2019b). In previous work, we obtained 

metal speciation in microbial growth media and made correlations with biological 

response to evaluate metal bioavailability (Prasad & Shock 2019c). Here, we predict 

metal speciation in blood plasma for several naturally occurring metals and those that 

may be present as therapeutic agents (metal-based antacid, anti-diabetes and anticancer 

drugs) or as toxic agents (copper and manganese toxicity). As the medium that transports 

nutrients and waste products across most human cells, blood plasma is arguably the most 

crucial biofluid in the human body. Our model replicates the speciation of metals for 

which elemental distribution in blood plasma is well known and provides metal 

speciation for cases with extremely limited information on biologically relevant metal-

ligand systems. We encourage future experimentalists to test the theoretical predictions 

made in this work and hope this endeavor furthers research on metal-ligand 

thermodynamics and metal bioavailability in the human body. 

5.2 Calculating speciation 
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Elemental speciation in any system at equilibrium can be obtained by solving the 

law of mass-action for all reactions that may happen in the system. So, for the chemical 

reaction: bB + cC = dD + eE, the law of mass-action is given as: 

    � = 
67

8 ⋅6:
;

6<
= ⋅6>

?                                        (1) 

where ‘K’ is the equilibrium constant of the reaction; ‘B’, ‘C’, ‘D’ & ‘E’ are the chemical 

entities involved in the reaction; ‘a’ is the activity of these entities (also known as 

‘corrected concentration’) and ‘b’, ‘c’, ‘d’ & ‘e’ are the stoichiometric constants. As most 

metal-ligand reactions are complexation reactions, ‘d’ or ‘e’ is 0 and the equilibrium 

constants are referred to as stability constants. As metal-ligand complexation reactions do 

not have large kinetic barriers (completing on the order of seconds), the assumption of 

equilibrium is valid. If the analytical composition (or total composition) of a system is 

additionally known, the law of mass action can be combined with mass-balance and 

charge-balance constraints to obtain the chemical distribution of elements occurring in 

different forms (like calcium as Ca+2 or CaOH+, CaCl+, etc.).  

Such speciation calculations can be performed using numerous programs like 

PHREEQC (Parkhurst 2013) and JESS (May 2015). We have used the software EQ3/6 

(Wolery 2010) as it is freely available, and the thermodynamic databases can be easily 

modified. The composition of blood was obtained from the compilation in the Geigy 

Tables (Lentner 1981). This composition represents the average blood plasma 

composition of a healthy human adult and is given in Table 1. As ligand abundance plays 

a major role in determining metal speciation, we did not include ligands present at  
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Metal Component  Concentration (mM) 

Sodium 142 

Potassium 4.03 

Calcium 2.50 

Magnesium 0.74 

Iron 0.018 

Copper 0.015 

Zinc 0.014 

 

  

Table 1. Default composition of blood plasma used in this study. 
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Fig 47. Flowchart for obtaining metal-speciation. 
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concentration < 1µM. The metal-ligand complexes for which experimental equilibrium 

constants were absent in the literature, were estimated using linear free energy 

relationships (Prasad & Shock 2019a and Prasad & Shock 2019b). These include metal 

complexes of albumin, transferrin, glutathione, several amino acids, lactate and 

ascorbate. A schematic for the flow of information in the procurement of metal-ligand 

speciation is presented in Fig. 47. 

5.3 Speciation of predominant metals in default blood plasma composition 

As documented in Table 1, potassium, sodium, calcium and magnesium in an 

average, healthy human are present at millimolar concentrations while iron, copper and 

zinc are present at micromolar levels. Owing to their high abundance, the predominant 

forms of these metals are well established; potassium and sodium are mostly present as 

free cations, 45% of calcium and magnesium is bound to serum proteins (Peters 1996), 

almost all of the iron is bound to transferrin (Levina et al. 2017), copper is mostly bound 

to ceruloplasmin (Hellman & Gitlin 2002) and the majority of zinc is bound to albumin 

(Kiss et al. 2009). Our speciation calculations reproduce these results and additionally, 

provide the distribution of these metals in the lesser dominant forms. The speciations for 

metals present at millimolar and micromolar concentrations are given in Fig. 48a and Fig. 

48b, respectively. 

Among these seven dominant metals, potassium and sodium are the only ones 

unaffected by protein complexation. This is understandable due to their low charge and 

high ionic radii that limit coordination at ‘metal-binding sites’ of proteins. There have 

been multiple contradictory reports of calcium-albumin stability constants in the literature 
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(McLean & Hastings 1935, Pedersen 1971, Fogh-Andersen 1977 and Kragh-Hansen & 

Vorum 1993). We found that stability constant values (K=102.7) and number of binding 

sites (5) reported by Vorum et al. (1995) gave results consistent with the established 

calcium partitioning in albumin of ~45 % (Peters 1996). While the albumin-fraction 

obtained using the thermodynamic data provided by some studies (Pedersen 1971, Fogh-

Andersen 1977 and Kragh-Hansen & Vorum 1993) was slightly lower (by 10-20%), it 

was extremely low with the data provided by McLean & Hastings 1935 (by ~40%). 

Among the remaining calcium, 41% is distributed as the free ion and ~9% is complexed 

with bicarbonate, phosphate and citrate, all of which agrees with the overall speciation of 

calcium (Peters 1996). As magnesium is known to share calcium-binding sites (Peters 

1996), we used an identical set of thermodynamic information (same sites and same 

stability constant values as Ca-albumin) for the magnesium-albumin interaction that 

produced the accepted magnesium distribution in blood plasma (Peters 1996). These 

results illustrate how speciation calculations may be used to critically evaluate ambiguous 

or limited thermodynamic data. 

As can be seen from Fig. 48(b), transferrin dominates iron speciation in blood 

plasma. Iron(III)-transferrin interaction has been well-studied and the stoichiometric 

constants (reaction quotient expressed with concentration) reported by Aisen et al. (1978) 

are frequently used in the literature. However, these values vary with pH and do not 

qualify as thermodynamic equilibrium constants (reaction quotient expressed with 

activity). Additionally, the investigation precluded acid association constants (pKa) of 

amino acids at the metal-binding site. Subsequent research (Sun et al. 2004) shows that  
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Fig 48(a-b). Speciation of metals present at an abundance of (a) 1mM or higher 
(b) 1µM or higher. 
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the pKa of one tyrosine at the site (Tyr188) is considerably lower (7.2) than the pKa of the 

free tyrosine sidechain (10.2). The pKa of the histidine at the site (His249) was found to 

be comparable to imidazole pKa (Woodworth et al. 1987, Valcour & Woodworth 1987 

and Kubal et al. 1994) and those of the other amino acids (Tyr95 and Asp63) were 

assumed to be same as the corresponding sidechain pKa. As transferrin has two metal-

binding sites, the same considerations were made for the other site (Tyr517, His585, 

Tyr426 and Asp392). These pKa values were incorporated in our database along with the 

corresponding thermodynamic data associated with the competitive ligand citrate which 

allowed us to obtain thermodynamic stability constant values for Fe(III)-transferrin by 

regression of experimental data reported by Aisen et al. (1978) (see Appendix C).  While 

the use of these thermodynamic stability constants does not change the iron speciation at 

the pH of blood plasma (Fig. 48b), it has substantial effect on iron speciation at lower pH 

(see below). 

While most investigations into copper speciation agree that the protein 

ceruloplasmin dominates copper speciation in blood plasma, the fraction of copper as 

ceruloplasmin ranges from 65% (Linder et al. 1996) to 95% (Hellman & Gitlin 2002). 

Additionally, the thermodynamic information for metal-ceruloplasmin complexes is very 

limited. While it is well agreed upon that ceruloplasmin has six primary sites for copper 

(Hellman & Gitlin 2002), data on stability constants are obscure at best. Speciation 

calculations with data reported by Zgirski & Frieden (1990) underestimate copper-

ceruloplasmin abundance by several orders of magnitude. Subsequent X-ray 

crystallography investigations revealed a preponderance of cysteine and histidine groups 



142 
 

in the three ‘types’ of copper sites in the protein (Hellman & Gitlin 2002) suggesting that 

stability constant values are much larger than the reported values (K~107). Additionally, 

as ceruloplasmin dominates copper speciation despite the higher concentration of serum 

albumin, Cu-ceruloplasmin stability constants should be larger than Cu-albumin stability 

constants that are known to be ~ 1012-1013 for the N-terminus site (NTS). We adopted an 

average stability constant of 1014 for the six Cu-ceruloplasmin sites that results in the 

speciation shown in Fig. 48(b). Cu-ceruloplasmin constitutes ~84% of the total copper 

while ~15% is distributed as Cu-albumin. Copper speciation is extremely sensitive to this 

stability constant value as chancing K from 1013.5 to 1014.5 resulted in Cu-ceruloplasmin 

varying across the established speciation range of 65% to 95%.  

Through modeling calculations, it is largely established that almost all zinc in 

blood plasma (~98%) is bound to the serum proteins albumin, α2-microglobulin (α2M) 

and transferrin (Kiss et al. 2017). However, the ratio of zinc distribution among these 

proteins is still ambiguous. To resolve this issue, we simulated zinc speciation 

measurements associated with these proteins using stability constants reported in the 

literature while obtaining  stability constants by regression. Zn-albumin stability 

constants reported by Lu et al. (2012) for the Multi-Binding Site and for Site B by 

Ohyoshi et al. (1999) agree closely with the experimental measurements reported by 

Bytzek et al. (2009) (see Appendix). Zn-transferrin stability constants were obtained 

using a procedure similar to the method used to obtain values for Fe(III)-transferrin based 

on experimental measurements reported by Harris & Stenback (1988) (see Appendix), 

while stability constants reported by Adham et al. (1977) were used for Zn-α2M 
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complexes. Using the above set of data and the stability constants for other ligands 

mentioned previously, we predict that ~95% of zinc in blood plasma is bound to serum 

proteins (Fig. 48b). While this agrees with the value of Zn-protein fraction established in 

the literature (Bytzek et al. 2009, Lu et al. 2012 and Kiss et al. 2017 ), we found that 

transferrin takes up ~40% of the total zinc, which is much higher than the conventional 

values (Bytzek et al. 2009). Most papers in the literature report that albumin takes up 70-

85% of zinc while α2M constitutes ~10-30% of total zinc (Falchuk et al. 1977, 

Charlswood 1979, Kiilerich & Christiansen 1986, Boyett & Sullivan 1970, and Foote & 

Delves 1984). However, these studies were performed before the experiments of Harris & 

Stenback (1988), which was the first study that carefully evaluated Zn-transferrin 

association. Additionally, none of these studies evaluated zinc distribution in the presence 

of all three proteins. Moreover, while the stability constants for Zn-transferrin and Zn-

α2M are comparable, transferrin is more abundant than α2M in blood plasma by a factor 

of 6 (Table 1). For these reasons, we  predict that our calculated  speciation is closer to 

the in vivo zinc speciation and encourage future researchers to investigate this subject via 

experimentation. Our fraction of Zn-albumin (~53%) is closer to the values reported by 

Peters (1996) and Vallee & Falchuk (1993) (65-70%). 

While the metals mentioned above are evidently needed, major changes in their 

abundance and distribution can severely affect human health either profitably or 

adversely. In the subsequent sections, we describe several cases where metals are 

investigated for their therapeutic potential or their toxicity. We have predicted the 
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speciations of these metal-based drugs and explored their dependence on pH, ligand 

concentration, and metal abundance. 

5.4 Metal speciation in therapeutic or toxic scenarios 

5.4.1 Gallium-based anticancer drugs 

Gallium-based compounds have been a topic of interest in anticancer research for 

almost 50 years (Hart & Adamson 1971, Foster et al. 1986, Chitambar & Sax 1992, Chen 

et al. 2007 and Cao et al. 2019). Besides being agents of cytotoxicity, they are also used 

in cancer research for tumor-imaging owing to the radioactive properties of isotopes 67Ga 

and 68Ga (Edwards & Hayes 1969, Jackson & Byrne 1996, Shuhmacher et al. 2001, 

McInnes et al. 2017 and Yaxley et al. 2019). While it is generally accepted that lipophilic 

complexes of gallium increase its cellular uptake in comparison to inorganic salts (Kiss et 

al. 2017 and Levina et al. 2017), there is limited work establishing the dependence of 

gallium bioavailability on its speciation and dosage in bodily fluids. Speciation is of 

direct relevance because metal-based anticancer drugs are known to produce long-lasting 

anticancer immune responses (Englinger et al. 2019). Here, we report predicted gallium 

speciation in blood upon addition as Ga(Maltol)3 and compare our calculations with 

experimental results and models from the literature.  

The antineoplastic effects of Ga(Maltol)3 were first reported in 2000 (Bernstein et al. 

2000) and even reached Phase I-II of clinical trials in United States in 2005 

(https://clinicaltrials.gov/ct2/show/study/NCT00050687). Even though the results of the 

clinical trials have not been published, subsequent research on Ga(Maltol)3 cytotoxicity  
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Fig 49(a-b). Speciation and bioavailability of gallium-based anticancer drugs (contd.) 
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Fig 49(a-b). (contd.) Speciation and bioavailability of gallium-based anticancer 
drugs. 
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has generally produced favorable results (Chua et al. 2006, Chitambar et al. 2007, Merli 

et al. 2018 and Chitambar et al. 2018). Perhaps one of the reasons for the continued 

interest in Ga(Maltol)3 research is its high oral bioavailability. Due to its relatively high 

lipophilicity (neutral overall charge and aromatic chelate rings), it has the tendency to 

cross the lipid barrier via passive diffusion. This phenomenon seems to be ligand 

dependent as maltol complexes of aluminum and iron are also known to have high 

bioavailability (Finnegan et al. 1986, Finnegan et al. 1987, Reffitt et al. 2000, Murukami 

et al. 2006, Pereita et al. 2014 and Stallmach & Buning 2015). The mechanism of action 

of Ga(III)-based anticancer drugs has largely been attributed to its Fe(III)-like properties. 

As cancer cells have a high iron dependence, this leads to the disruption of several iron-

dependent processes in the cell like iron homeostasis, iron-dependent ribonucleotide 

reductase activity and the activation of Bax protein that triggers apoptosis through the 

mitochondrial release of cytochrome c and caspase-3 (McInnes et al. 2017, Chitambar 

2017 and Englinger et al. 2019). For these reasons, Ga(Maltol)3 is still a sought-after drug 

in anticancer research. 

Despite the large body of research on Ga(Maltol)3, we found only one study that 

investigated its speciation. Enyedy et al. (2015) evaluated the interaction between 

Ga(Maltol)3 and the two predominant serum proteins albumin and transferrin using 

multiple techniques. They also reported conditional thermodynamic constants for drug-

protein binding (Kiss et al. 2009) and computed gallium distribution as a function of 

Ga(Maltol)3 concentration (Enyedy et al. 2015). However, this distribution was reported 

for a relatively simple system comprising of only four ligands (maltol, albumin, 
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transferrin and hydroxide). To investigate if other common ligands in blood like citrate, 

lactate and amino acids affect gallium distribution, we performed gallium speciation 

calculations for the default composition of blood reported in Table 1. We found that our 

results for gallium distribution closely mirrored the speciation reported by Enyedy et al. 

(2015)  as illustrated in Fig. 49a. This suggests that the LMM (low molecular mass) 

ligands do not significantly impact gallium speciation at the physiological pH of 7.4. 

However, we found that gallium speciation was completely different at lower pH as 

shown in Fig. 49b. For example, for 100µM Ga(Maltol)3 at a pH of 4, which is close to 

the pH of endosomes, only about 45% of gallium is bound to transferrin whereas 

Ga(Maltol)3
0 takes up only ~9% gallium. The rest of the gallium is predominantly 

distributed as Ga(Maltol)2
+ and citrate complexes that may have a different biological 

fate in comparison to the lipophilic Ga(Maltol)3
0 and the transferrin-bound gallium. At 

pH>7.4, gallium is predominantly distributed as Ga(OH)4
-, which is consistent with 

results found in the literature (Harris & Pecoraro 1983). 

The results discussed above show how thermodynamic models of metal-based drugs can 

provide useful information on their distribution and bioavailability in the human body. 

Such models can also be made for the next generation of gallium-based anticancer drugs 

currently under preclinical trial like corroles, azoles and thiolates (Chitambar 2017). As 

speciation calculations are rapid and inexpensive, they are an excellent means to selecting 

metal-based drugs with high bioavailability. Experimental research performed in 

conjunction with these calculations can constrain dosage levels for these anticancer drugs 
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that elicit cytotoxic tumor response without causing long-lasting anticancer immune 

responses.  

5.4.2 Copper dysregulation and Wilson Disease 

Owing to its redox nature and high crustal abundance, all living cells use copper 

as a source and acceptor of electrons at the active sites of many enzymes like cytochrome 

c oxidase and superoxide dismutase. Therefore, copper is an essential trace metal, vitally 

important for human health and well-being. Copper deficiency (hypocupremia) in 

humans is known to cause myelopathy that is known to be associated with Vitamin B12 

deficiency (Kumar et al. 2004, Prodan et al. 2007) while excess of copper 

(hypercupremia) may lead to cancer (Buchwald & Hudson 1944, Margalioth et al. 1983, 

Gupte & Mumper 2009). The plasma copper concentration associated with these diseases 

ranges from 1.5µM in hypocupremia to 50 µM in hypercupremia (Lentner 1981). Our 

predicted speciation for copper in blood plasma under these conditions is shown in Fig. 

50a. Note that the majority of copper is distributed between the proteins ceruloplasmin 

and albumin (specifically the NTS). As the concentration of albumin (0.63mM) is much 

higher than that of ceruloplasmin (3µM), the Cu-albumin fraction increases as total 

copper in blood plasma increases. As the established role of the NTS on albumin is to 

transfer copper from the intestine to liver (Bal et al. 2013), this may have implications on 

hepatotoxicity. As albumin is regarded as a primary component of the exchangeable 

copper in the plasma (Linder & Hazegh-Azam 1996), the high Cu-albumin fraction could 

explain why copper is toxic despite being completely distributed among plasma proteins.   
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Fig 50(a-c). Copper(II) speciation in blood plasma under different conditions 

(contd). 
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Fig 50(a-c). Copper(II) speciation in blood plasma under different conditions (contd). 
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Copper dysregulation in humans may also occur due to genetic reasons. Mutations 

in the gene encoding for the ATP7A protein causes Menkes Disease that leads to 

impaired copper absorption in the blood (Prohaska 2008). On the other hand, Wilson 

Disease (or Wilson’s Disease) is caused by disabling mutations in both copies of the gene 

encoding for the ATP7B protein, which leads to copper excess mainly in the liver and 

brain (Bull et al. 1993, Prohaska 2008). As Wilson Disease is about ten times more 

prevalent than Menkes Disease (de Bie et al. 2007), we have focused our attention on 

Wilson Disease in this work. 

One of the key characteristics of Wilson Disease (WD) is a deficiency of 

ceruloplasmin in blood plasma (Scheinberg & Gitlin 1952, Hellman & Gitlin 2002). The 

low ceruloplasmin concentration in patients suffering with WD is a consequence of the 

lack of functional ATP7B in hepatocytes, resulting in the secretion of a rapidly degraded 

apoprotein (Gitlin 2003). Generally, individuals suffering from WD have ceruloplasmin 

concentration lower than 1.3µM, which is about 30% of normal levels (Gitlin 2003). The 

predicted dependence of plasma ceruloplasmin abundance on copper speciation is 

demonstrated in Fig. 50b. Note that throughout this range of ceruloplasmin concentration, 

the Cu-albumin fraction dominates over the Cu-ceruloplasmin fraction, which may 

explain the copper toxicity associated with the disease. 

There are primarily two treatments for Wilson Disease- chelation therapy and zinc 

supplementation. For patients who are unresponsive to both treatments, liver 

transplantation is the only recourse. Zinc supplementation inhibits the absorption of 

copper in the gastrointestinal mucosa and stimulates metallothionein synthesis in the 
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enterocytes that have a higher capacity to chelate dietary copper (Patil et al. 2013, 

Delangle & Mitz 2012, Brewer 2009). While this strategy has limited side-effects, its 

relative slow response makes it a suitable method of treatment at the presymptomatic 

stage (Huster 2009, Linn et al. 2009). Chelation therapy is the preferred form of treatment 

in the clinical stages of Wilson Disease. Several copper-chelators have been investigated 

as putative WD drugs such as penicillamine, triethylenetetramine and tetrathiomolybdate 

(Delangle & Mitz 2009). Recently, the naturally produced chalkophore methanobactin 

was used as a chelator to reverse liver failure in Wilson Disease (Lichtmannegger et al. 

2016, Summer et al. 2011). Methanobactin (Mb) is a 1154 Da post-translationally 

modified peptide produced by the methanotroph Myethylosinus trichosporium OB3b to 

accumulate copper that is essential for the activity of the methane monooxygenase 

enzymes (Morton et al. 2000, Knapp et al. 2007, Semrau et al. 2010, Kenney & 

Rosenzweig 2013). It chelates copper with a 1:1 stoichiometry with an extremely large 

stability constant (K= 1020.8, Ghazouani et al. 2011). While other metals like cobalt, 

nickel and zinc can also be chelated by Mb (Choi et al. 2006), the nitrogen-sulfur N2S2 

coordination imparts a strong selectivity for copper consistent with its Cu detoxifying 

ability. The predicted effect of methanobactin on copper speciation in an extreme case of 

WD is illustrated in Fig. 50c. The values for methanobactin protonation constants (pKa) 

were taken from Pesch et al. (2012). Using a total plasma copper concentration of 50 µM 

and total plasma ceruloplasmin concentration of 0.5 µM, our model predicts that ~ 60 µM 

(~0.07g) methanobactin can restore the exchangeable copper abundance on albumin to 

normal levels. Similar models can be made for specific cases of copper and 

ceruloplasmin abundance in plasma of WD patients. Evidently, similar models need to be 
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made for bile, intracellular hepatocyte composition and urine to obtain a deeper 

understanding of copper distribution in this disease. We hope these results encourage 

future researchers to conduct further experimental investigations on this topic in 

conjunction with models of copper speciation. 

5.4.3 Zinc-based antidiabetics 

The role of zinc in diabetes is a topic of considerable interest in the current 

scientific community with over 50 studies published in the last year exploring the 

associated physiology, molecular machinery and genetics (including: Lee et al. 2019, 

Nazem et al. 2019, Bosma et al. 2019, Jonsdottir et al. 2019, Adulcikas et al. 2019, 

Sobczak et al. 2019, Patel et al. 2019). While many researchers agree that zinc 

supplementation has a beneficial effect on diabetes patients (Wang et al. 2019, Nazem et 

al. 2019), others are more skeptical of the benefits of additional zinc intake (Fernandez-

Cao et al. 2019, Perez et al. 2018). Some reports suggest that diabetic physiochemistry is 

associated with dysregulation of zinc homeostasis rather than total zinc levels (Fukunaka 

& Fujitani 2018, Chu et al. 2017, Fernandez-Cao et al. 2018). Thus, while there is a 

general cognizance of the relationship between zinc and diabetes, perhaps understanding 

may improve by investigating zinc speciation.  

Some studies have obtained zinc speciation with multiple putative carrier-ligands 

that might increase zinc-bioavailability and hence elicit high anti-diabetic activity 

(Enyedy et al. 2008, 2012, Kiss et al. 2009, 2012, Bytzek et al. 2009). However, these 

studies were performed in simple aqueous solutions containing of only 5-6 ligands. We 

realized that obtaining zinc speciation in a composition more reflective of blood plasma  
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Fig 51(a-b). Speciation and bioavailability of zinc-based antidiabetics. 
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would enhance the current state of knowledge for prospective zinc-based antidiabetic 

drugs. Therefore, we predicted zinc-speciation in blood plasma including the ligand 

oxine, a commonly used carrier-ligand. 

Zn-oxine stability constants were taken from Nasanen & Penttinen (1952) and 

Fresco & Freiser (1964), while the oxine-albumin stability constant was taken from 

Enyedy et al. (2015). Stability constants for other complexes were taken from the 

literature or estimated using linear free energy relationships, as summarized by Prasad & 

Shock (2019b). These stability constants along with the composition described in Table 1 

were used to obtain the speciation of zinc as a function of the total Zn(Oxine)2 in blood 

plasma shown in Fig. 51a. As can be seen in the figure, the abundance of the neutral 

aqueous complex Zn(Oxine)2
0 changes in a non-linear manner with increasing 

concentration of total Zn(Oxine)2 in blood plasma. Additionally, note that Zn(Oxine)2
0 

dominates zinc speciation above 450µM, which is quite high. Adjudicating a suitable 

dose for this prospective drug is enabled by investigating the bioavailability of zinc in 

solutions of Zn(Oxine)2.  

The bioavailability of many metal-based drugs depend on the form in which they 

are administered. For example, iron administered as a maltol complex is known to be 

highly bioavailable in human cells (Stallmach & Buning 2015, Pereita et al. 2014, 

Murukami et al. 2006, Reffitt et al. 2000). Choosing ligands like oxine and maltol as 

carrier-ligands enhances the lipophilic/hydrophobic nature of the molecules. As an 

example, Zn(Oxine)2
0 consists of a polar nucleus consisting of the zinc ion and polar 

functional groups of the two oxine molecules (oxygen and nitrogen). The outer regions of 
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this binary complex are two aromatic rings that have high lipophilicity. This type of 

structure allows such molecules to pass though the hydrophobic lipid bilayer via passive 

diffusion. This phenomenon was demonstrated in an amphipod copper toxicity study 

(Ahsanullah & Florence 1984), for which we obtained the bioavailability curve Fig. 51b 

consisting of free copper and copper-oxine complexes (Prasad & Shock, 2019c). As can 

be seen from the figure, the biological response was extremely low when the 

concentration of the bioavailable metal was 0-0.3 µM but increased considerably 

thereafter. Given the similar behavior of Cu+2 and Zn+2, we propose that a similar 

response can be expected with the administration of zinc-oxine complexes. 

One way of determining the anti-diabetic activity of a drug is by measuring the 

inhibition of free fatty acid (FFA) release in adipocytes upon addition of epinephrine 

(Nakai et al. 1995). This property was measured by Sakurai et al. (2002) for a variety of 

metal ions including Zn+2 in the presence of insulin from mice that had been administered 

zinc-based compounds (3mg per kg of mouse weight) for two weeks. The inhibition of 

free fatty acid release for Zn+2 was measured to be ~23%, that was only slightly lower 

than the corresponding values for V+3 and VO+2 compounds that have been antidiabetic 

candidates for several decades. The zinc-based compounds investigated included 

Zn(Maltol)2, Zn(Picolinate)2 and Zn(6-methyl picolinate)2, all of which can pass through 

the lipid bilayer via passive diffusion like Zn(Oxine)2. Given that the lipid bilayer is 

universal to life, it may be postulated that bioavailability of lipophilic complexes will be 

similar in amphipods and human cells. Combining this assumption with the information 

provided by Sakurai et al. (2002), we obtain that 60 µM of total Zn(Oxine)2 in blood 
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plasma is enough to elicit the maximum possible anti-diabetic zinc activity as it is present 

at > 1 µM abundance., This dosage is more  moderate in comparison to the recommended 

dose of Nazem et al. (2019).Arriving at a suitable dosage could be attained by combining 

experiments and speciation calculations across the digestive system to account for the 

change in Zn(Oxine)2 speciation from the concentration in mouth to the concentration in 

blood.   

5.4.4 Bismuth-based antacids 

For over 200 years, bismuth-based compounds have been used worldwide to treat 

gastrointestinal complaints like dyspepsia and diarrhea (Chambers 1875, Bierer 1990). 

However, bismuth-based drugs are also known to cause nephrotoxicity with earliest 

reports dating back to 1802 (Leonard 1926, Gryboski & Gotoff 1961, Czerwinski & Ginn 

1964, Cengiz et al. 2005, Liu et al. 2018). Additionally, bismuth compounds are known 

to cause neurotoxicity and brain encephalopathy as demonstrated by the bismuth 

epidemic of the 1970s that killed over 100 people in France and Australia (Morrow 1973, 

Burns et al. 1974, Martin-Bouyer et al. 1981). Despite its toxic history, bismuth 

compounds continue to attract attention for therapeutic purposes such as eradication of 

the stomach-infesting bacteria Heliobacter pylori (Gisbert 2011, Fallone et al. 2016, Gu 

et al. 2019), as broad-spectrum inhibitors of antibiotic resistant enzymes like metallo-β-

lactamase (Wang et al. 2018), as non-steroidal anti-inflammatory drugs (Hawksworth et 

al. 2014), and as anticancer agents (Sathekge et al. 2017, Cheng et al. 2018, Ahamed et 

al. 2019, Chan et al. 2019). Thus, owing to the dual nature of bismuth, regulating its  
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Fig 52(a-e). Speciation and bioavailability of bismuth in human bodily fluids (contd). 
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Fig 52(a-e). Speciation and bioavailability of bismuth in human bodily fluids (contd). 
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Fig 52(a-e). Speciation and bioavailability of bismuth in human bodily fluids. 
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dosage should help to maximize the beneficial effects while minimizing the toxic side-

effects.  

While the bioavailability of bismuth-based compounds has been discussed for 

many years, limited research exists on bismuth speciation in human bodily fluids (Bierer 

1990, Tillman et al. 1996, Michalke et al. 2009). We found only one study in which the 

investigators demonstrated that transferrin controls bismuth speciation in blood plasma 

(Montavon et al. 2012). We found no results on bismuth speciation in cerebrospinal fluid 

(CSF) despite its direct implications to neurotoxicity and brain encephalopathy. In order 

to bridge this gap, we predicted bismuth speciation in the two bodily fluids and the 

endosome that transfers bismuth across the blood-brain barrier via receptor-mediated 

endocytosis. Implications on bismuth bioavailability and neurotoxicity are discussed 

below.  

As six recent studies reported cases of bismuth-induced encephalopathy due to the 

intake of the commercially available form of bismuth subsalicylate (Reynolds et al. 2012, 

Masannat et al. 2013, Siram et al. 2017, Ali et al. 2017, Hogan et al. 2018, Borbinha et al. 

2019), we performed speciation calculations reflecting increasing concentrations of this 

drug. Bismuth-transferrin stability constants were obtained by regressing stoichiometric 

constants reported by Li et al. (1996) in conjunction with subsequently measured 

transferrin pKa values (Appendix). Since no measurements for bismuth-salicylate 

stability constants exist in the literature, these values were estimated using linear free 

energy relationships reported by Prasad & Shock (2019b) and Shock & Koretsky (1995). 

Stability constants for other metal-ligand complexes were obtained from compilation or 
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estimates reported in Prasad & Shock (2019b). It should be noted that for most ligands 

present in blood plasma, stability constants for bismuth complexes were estimated due to 

the scarcity of experimental measurements.  

Predicted speciations of bismuth from nanomolar to millimolar concentration in 

blood and cerebrospinal fluid are shown in Fig. 52a and 62b, respectively. Comparison of 

these plots shows that bismuth speciation is completely different in the two bodily fluids- 

while transferrin dominates the speciation in blood, Bi(OH)3 is the predominant form of 

bismuth in cerebrospinal fluid. A major contributing factor is the substantially lower 

concentration of transferrin in cerebrospinal fluid (~0.17 µM) compared to the 

corresponding concentration in blood (~ 37 µM). As neutral LMM complexes tend to 

pass through the lipid bilayer via passive diffusion (Levina et al. 2017), Bi(OH)3 may be 

more readily bioavailable than other forms of bismuth. Recently, Bi(OH)3 nanoparticles 

were found to possess high toxicity against malignant cancer cells (Bogusz et al. 2018). It 

is therefore likely that the corresponding aqueous form is also cytotoxic, which may also 

help explain the neurological dysfunction associated with this metal. We suggest that 

additional studies of the influence of  Bi(OH)3 are warranted. 

As a considerable amount of bismuth is present in blood as the transferrin 

complex, it is likely to be transported to cells via receptor-mediated endocytosis (Guo et 

al. 2000, Zhang et al. 2001). As the endosomal pH ranges from 3.5 to 6.5 (Diering & 

Numata 2014, Hu et al. 2015), bismuth speciation is likely to be considerably different 

under these conditions than its speciation in blood plasma. Since the chemical 

composition of the endosome is currently unknown, we performed speciation calculations 
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with blood and CSF compositions over the known pH range of the endosome. The results 

are shown in Figs. 52c and 52d, which both illustrate differences in bismuth speciation as 

functions of pH. At low pH, oxalate complexes constitute a considerable fraction of 

bismuth in either the blood or the CFS models of the endosome. In the case of CSF, Bi-

citrate complexes are also predicted to be relatively abundant at low pH as shown in Fig 

52d. In both cases, transferrin complexes dominate the speciation at pH >5, and it is 

rivaled in abundance by Bi(OH)3 at higher pH in the CSF model. These results are 

consistent with the reported release of metal (Fe+3 and Bi+3) from transferrin at pH 4.5-

2.0 (Guo et al. 2000, Zhang et al. 2001) and have direct implications for the 

bioavailability of bismuth.  

In addition to transferrin concentration and pH, we found that bismuth speciation 

also depends strongly on iron(III) abundance. As iron(III)-transferrin stability constants 

are larger than the corresponding bismuth stability constants, iron spontaneously 

displaces transferrin-bound bismuth, thereby increasing the bismuth-LMM fraction. The 

calculated dependence of total plasma iron(III) concentration on bismuth speciation is 

shown in Fig. 52e. Note that the transferrin fraction of bismuth maximizes at 74 µM 

iron(III), which corresponds to the maximum metal-carrying capacity of transferrin. 

Exceeding this maximum is likely to transpire in cases of genetic iron-overload 

(hemochromatosis). At a total iron(III) concentration of 80 µM, the non-transferrin bound 

iron (NTBI) concentration amounts to ~6 µM (Fig. 52f), which is commonly seen in 

patients suffering from some form of iron-overload (Brissot et al. 2012). At this 

concentration, our calculations reveal that about 14% of bismuth exists as the neutral 
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LMM complex Bi(OH)3, which may be bioavailable. Thus, iron-overload conditions may 

be associated with high bismuth cytotoxicity. 

In summary, we find that bismuth speciation depends strongly on transferrin, 

proton and iron(III) abundance in the biological system of interest. Bismuth speciation is 

considerably different in blood compared to cerebrospinal fluid, which may help explain 

the associated neuropathy of the metal. Our calculations of bismuth speciation as a 

function of pH are consistent with experimental measurements performed in simpler 

systems. It may be worth reiterating that estimates of stability constants for bismuth 

complexes with oxalate and salicylate were crucial in obtaining these simulations. We 

hope these models can drive further investigation on the exciting field of bismuth-based 

drugs. 

5.4.5 Rhodium-based anticancer drugs 

Rhodium-based drugs have been of interest to the anticancer community for over 

six decades (Taylor & Carmichael 1953, Giraldi et al. 1977, Rao et al. 1980, Kopf-Maier 

1994, Katsaros & Anagnostopoulou 2002, Junicke et al. 2003, Jungwirth et al. 2011, 

Domotor & Enyedy 2019). The predominant mode of action of rhodium and other 

platinum-group metals (like ruthenium, palladium, osmium and iridium) differs from that 

of gallium-based anticancer drugs. The platinum-based drugs appear to bend DNA by 

cross-linking adjacent guanines leading to adherence by DNA-binding proteins (Jamieson 

& Lippard 1999). Rhodium complexes have been found to interfere with oncogenic 

signaling and cancer-promoting or epigenetic regulatory processes (Leung et al. 2012, 

Kang et al. 2017). Most rhodium compounds eliciting anticancer activity are octahedral 
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complexes of polypyridine, polyquinoline and other aromatic chelates. Here we report 

rhodium speciation in blood plasma with two chelators- maltol and oxine that are known 

to increase metal bioavailability as discussed above. Additionally, we report rhodium 

speciation with the first rhodium complex known to have anti-tumor activity- RhCl3 

(Taylor & Carmichael 1953). 

Perhaps the extremely high cost of rhodium over the last century (Zientek et al. 

2017) has contributed to the limited thermodynamic data for rhodium complexes. In lieu 

of this, stability constants for rhodium complexes can be estimated to obtain rhodium 

speciation in any biological fluid system of interest. In this study, values were estimated 

using multiple linear free energy relationships for rhodium complexes of maltol and 

oxine, as well as the ligands listed in Table 1 including transferrin and albumin (MBS 

site) (Prasad & Shock 2019b). Additional stability constants for rhodium-chloride 

complexes were taken from Cozzi & Pantani (1958) while the solubility product of 

Rh(OH)3(s) was taken from Forrester & Ayres (1959).  

Predicted changes in the speciation of rhodium in blood with increasing 

concentration of RhCl3 is depicted in Fig. 53a. It can be seen that almost all of the 

rhodium is bound to the proteins transferrin and albumin. Transferrin dominates the 

speciation at low rhodium abundance as it has a higher stability constant but gets 

saturated at about 60 µM rhodium as its carrying capacity is reached. At this point, the 

albumin fraction of rhodium begins to increase with increasing total RhCl3 concentration 

and dominates the speciation at ≥ 120 µM rhodium. Note that at ~70 µM rhodium, 

Rh(OH)3(s) reaches saturation. 
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Fig 53(a-c). Rhodium speciation in blood plasma. (contd) 
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  Fig 53(a-c). Rhodium speciation in blood plasma. 
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Similar calculations with Rh(Maltol)3 and Rh(Oxine)3 are displayed in Fig. 53b 

and 53c, respectively. While rhodium speciation is virtually identical in both cases up to 

~50 µM rhodium, it differs considerably beyond this concentration. At 200 µM of total 

Rh(Maltol)3, about 58% of the rhodium exists as Rh(Maltol)3
0 while at the corresponding 

concentration of total Rh(Oxine)3, ~45% of rhodium exists as Rh(Oxine)3
0. However, at 

100 µM, the distribution of rhodium as the corresponding tris complexes (1:3 metal-

ligand complex) is about the same at ~20%, which corresponds to a considerable 

bioavailable fraction assuming no losses from precipitation.  

We hope these results outline the practical utility of performing speciation 

calculations for medical applications involving expensive metals like rhodium. Similar 

calculations can prove to be useful for other organometallic forms of rhodium that are 

being used for pharmaceutical applications (Öhrström 2006, Domotor et al. 2014, 

Domotor & Enyedy 2019). As these are mixed-ligand complexes, the strategy for 

stability constant estimation  is likely to differ from methods used in this study. We hope 

such theoretical endeavors are mutually assisted by progress in stability constant 

measurements and elucidation of rhodium-associated cytotoxic activity. As rhodium has 

several other applications including in catalytic converters of automobile exhaust and in 

the manufacture of nitric oxide that is the raw material for explosives, fertilizers, and 

nitric acid (Öhrström 2006 and Zientek et al. 2017), it is a relevant metal presently and is 

likely to stay pertinent in the near future (Jasinski et al. 2018). 

5.5 Conclusion 
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Previously, a shortcoming of metal speciation modeling in biological systems was 

the limited number of relevant metal complexes, especially involving organic compounds 

(Kiss et al. 2017, Wilke et al. 2017). We ameliorated this problem by estimating stability 

constants of over 18,000 metal-organic complexes including proteins, peptides, amino 

acids, carboxylates and phenols (Prasad & Shock 2019a and Prasad & Shock 2019b). In 

this work, we used those estimates to conduct metal speciation calculations of 10 metals 

in blood plasma, a biological system integral to human health. As a foundation, we 

predicted the speciation of the seven predominant metals in blood. In addition, we 

calculated the speciation of gallium and rhodium based anticancer drugs, copper in 

Wilson Disease, zinc-based antidiabetics and bismuth-based antacids. A special emphasis 

was placed on the implications of our speciation calculations for the bioavailability of 

these metals and the associated therapeutic or toxic potential. 

Our calculations reveal that proteins dominate the speciation of all metals and are 

therefore crucial for model construction of metal transport and distribution in the human 

body. Additionally, proteins have distinct functional groups that select for specific metals 

and mirror the selectivity seen for LMM ligands. Other predominant factors that 

significantly affect metal speciation are pH, chelator concentration and competition with 

other metal ions. In addition to blood plasma, we predicted metal speciation for 

cerebrospinal fluid and for associated vesicles at low pH. 

A major part of our focus was to limit errors in speciation models, which allows 

us to identify areas where improvements can be made. Based on our assessment, care is 

warranted while determining stability constants for metal-protein complexes. Currently, 
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these values are obtained via competition experiments with LMM ligands like EDTA and 

NTA. Consequently, metal-protein log K values are extremely sensitive to the 

corresponding property associated with the metal complexes of these competitive ligands. 

Thus, accurate stability constants of these complexes, including all multi-ligand and 

protonated/hydroxylated forms, are needed to obtain accurate values of metal-protein log 

K. Additionally, several studies on metal-protein equilibria do not report and may not 

monitor the ionic strength of the system. Improvements for metal-LMM complexes can 

also be made, especially for mixed ligands of biological relevance like compounds 

associated with platinum-based anticancer compounds. 

Besides the physiological conditions discussed in this paper, metals are involved 

in aging (Bredesen 2015), Alzheimer’s Disease (Adlard & Bush 2018), manganese 

toxicity (Michalke et al. 2017), lead toxicity (Yedju et al. 2010) and lithium-based 

antidepressants (Cipriani et al. 2013). Additionally, metals like gadolinium, cobalt and 

technetium are used in diagnostic medical imaging as radioisotopes or contrast agents 

(Jackson & Byrne 1996 and McInnes et al. 2017). In this work, we have tried to bridge 

the gap between the biotic and abiotic aspects of metal speciation using the foundational 

theory of thermodynamics. We hope this work helps induce a more symbiotic association 

between the fields of metal-speciation modeling and metal-based pharmacology. We 

firmly believe that both fields not only have a lot to offer each other but each can drive 

innovation in its counterpart.  
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CHAPTER-6 

CONCLUSION 

As the laws of thermodynamics are some of the most fundamental laws of nature, 

they are utilized by scientists everyday to solve a multitude of problems. These laws have 

been incorporated in geochemical systems to study elemental distribution and transport 

for over five decades (Garrels et al. 1961 and Sillen 1967). These efforts were soon 

followed by application of thermodynamic models in simple microbiological systems 

(Sunda & Guillard 1976 and Morel et al. 1978). However, such attempts have been 

largely missing from the microbiology literature since, perhaps due to the higher 

chemical complexity of these systems. Analogous attempts in biological fluids like blood 

plasma have been made for over 40 years (May et al. 1976) but these models are mostly 

incomplete- either omitting proteins (May et al. 1976) or excluding low molecular mass 

ligands (Enyedy et al. 2015). We have tried to ameliorate these issues in the present work 

and have additionally addressed metal-dependent toxicity, anticancer activity and 

antidiabetic activity. Indeed, there is a lot more to be investigated on the subject of metal 

speciation and bioavailability in biological systems. These pointers have been explained 

in more detail in the individual chapters and are summarized subsequently.  

While we have explained the slopes and intercepts of our linear free energy 

relationships on the basis of simple coordination chemistry concepts, perhaps more 

quantitative explanations may be given in the future. This would require a considerable 

amount of additional thermodynamic data from experiments for a spectrum of ligands 

orderly varying in their denticity, steric hindrance and nature of electron donating 
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functional groups. Theoretical calculations made using molecular dynamics simulations 

and density functional theory would indeed be useful in elucidating the intricacies of 

metal-ligand coordination. While this additional work may not be useful in systems 

composed of metal-ligand complexes with low stability constant values, it would 

certainly impact metal speciation calculations in systems composed of metal-ligand 

complexes with high values of stability constants. Additional emphasis should be given 

to metal chelators present in biological systems at high concentration like human serum 

albumin for which limited metal-binding equilibrium constants have been measured.  

Further investigation in conducting metal-bioavailability experiments in 

conjunction with metal-speciation calculations is also encouraged. Given the low cost and 

precedent of metal-bioavailability work on bacteria and algae, perhaps these living 

systems can serve as test organisms to drive research on this topic. In the past 15 years, 

there has been a growing interest in investigating the ‘metallome’ of organisms, akin to 

genomes and proteomes (Haraguchi 2017). Intracellular metal-speciation research can 

prove to be extremely useful in this respect as they could provide the distribution of cells 

in enzymes, proteins, receptors, chemically labile molecules and other cellular 

compartments.  

Thus, metal-speciation research is a research enterprise with enormous 

applications and with foundations in one of the most fundamental laws of nature. It 

therefore serves as a suitable candidate for future investment. We hope this dissertation 

helps to bridge the gap between the ‘inanimate’ world of metal-ligand coordination 

chemistry and the ‘animate’ world of cellular growth and toxicity.  
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APPENDIX A 

ESTIMATED STABILITY CONSTANT AND ENTROPY OF COMPLEXATION FOR 

ADDITIONAL METAL-AMINO ACID COMPLEXES PREVELANT IN 

BIOLOGICAL SYSTEMS 
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Stability constant and entropy of complexation for additional metal-ligand 

complexes of biological relevance were obtained using methods adopted in Chapter-2 

and Chapter 3. These values were used to calculate stability constant values for a diverse 

set of metal-ligand complexes from 0 to 125°C.  

In Fig. A1, estimates of amino acid stability constants were made using glycinate 

as the proxy ligand. As may be seen from the set of ligands, glycinate was a suitable 

proxy ligand for amino acids with aliphatic sidechains (2-aminopentanoate and 2-

aminohexanoate), polar sidechains (threoninate and citrullinate) and aromatic sidechains 

(phenylalaninate and tryptophanate). Equivalent estimates were made for entropy of 

complexation in Fig. A2. These correlations were able to constrain entropy of 

complexation within ±2 cal/mol/K for almost all ligands with minor variations. While 

some of these exceptions are likely to be an artifact of data collection from multiple 

laboratories using multiple techniques, the deviations for others like β-aminobutyrate 

may be explained by coordination chemistry principles such as different chelate-ring size. 

The intercept was set to zero to minimize estimation errors due to limited set of data.  

The above estimates along with those made in chapter 3 were used to calculate 

stability constants for additional amino acids inFig. A3- tyrosinate, phenylalaninate, 

valinate, leucinate, isoleucinate, 2-aminopentanoate, 2-aminohexanoate, β-alaninate, α-

aminobutyrate, β-aminobutyrate, γ-aminobutyrate, threoninate, asparaginate, 

methiononate, glutamate, argininate, citrullinate and ornithinate. 
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  Fig A1. Amino Acid LFERs. 
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Fig. A2. Amino Acid entropy correlations (contd.) 
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(contd.) Fig. A2. Amino Acid entropy correlations (contd.) 
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Fig A3. van’t Hoff plots for metal-ligand complexes over biologically relevant 
temperature range. Solid curves represent van’t Hoff calculations generated from 
experimental logK & ΔS, dashed curves represent van’t Hoff calculations from 
experimental logK and estimated ΔS while dotted curves represent van’t Hoff 

calculations from estimated logK & ΔS. (contd.) 
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(contd.) Fig A3. van’t Hoff plots for metal-ligand complexes over biologically relevant 
temperature range. Solid curves represent van’t Hoff calculations generated from 
experimental logK & ΔS, dashed curves represent van’t Hoff calculations from 
experimental logK and estimated ΔS while dotted curves represent van’t Hoff 

calculations from estimated logK & ΔS. (contd.) 
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(contd.) Fig A3. van’t Hoff plots for metal-ligand complexes over biologically relevant 
temperature range. Solid curves represent van’t Hoff calculations generated from 
experimental logK & ΔS, dashed curves represent van’t Hoff calculations from 
experimental logK and estimated ΔS while dotted curves represent van’t Hoff 

calculations from estimated logK & ΔS.  
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APPENDIX B 

COMPARISON OF OUR METAL SPECIATION CALCULATIONS WITH 

CORRESPONDING MEASUREMENTS FROM A SEMINAL MICROBIAL STUDY 
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In the 1976, Sunda & Guillard published the first study correlating metal 

speciation and bioavailability (Sunda & Guillard 1976) that eventually gave birth to the 

free ion activity model (Morel et al. 1978). In the study, the original authors performed 

copper toxicity experiments for a marine algae in a defined growth medium. They varied 

the free copper activity by primary altering pH and ligand concentration and measured 

algal growth rate. Owing to the compositional complexity of the growth medium, the free 

copper ion activity could not be measured using ion-selective electrodes and were instead 

obtained using equilibrium speciation calculations. They verified the validity of their 

calculations by comparing their calculated activity of free copper to copper activity 

measurements in a simple ‘test medium’ primarily composed of water, copper and the 

chelator Tris. We performed a similar comparison in Fig. B1 where the negative 

logarithm of free copper activity (pCu= -log aCu+2) was calculated using the equilibrium 

speciation software EQ3/6 (Wolery 2010). As may be seen from the figure, our 

simulations are in excellent agreement with the corresponding measurements performed 

using ion-selective electrodes. The agreement is greater for high free copper activity (low 

pCu value) compared to low free copper activity (high pCu value) that is understandable 

owing to higher experimental uncertainty at lower free copper concentration. These 

results encouraged us to simulate other studies using our thermodynamic database and 

software.  
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Fig. B1. Comparison of EQ3 calculation of pCu  (pCu= -log aCu+2) with experimental 
measurements made by Sunda & Guillard 1976. Copper-Tris complexes accounted for 
over 99% of copper’s speciation.  
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APPENDIX C 

PROCUREMENT OF METAL-PROTEIN STABILITY CONSTANTS VIA 

REGRESSION OF METAL SPECIATION MEASUREMENTS FROM METAL-

PROTEIN BINDING STUDIES 
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We validated our metal-protein stability constant data by regressing metal-

speciation measurements of studies reporting metal-protein binding constants. This was 

primarily performed for the proteins human serum transferrin (hTF) and human serum 

albumin (HSA) as these are the two predominant proteins found in blood plasma. This 

regression was crucial for transferrin as several studies report pH-dependent 

‘stoichiometric constants’ that deviates from pH-independent equilibrium constants used 

in our models. Additionally, many of these metal-binding studies for transferrin were 

performed before the measurement of the Tyr 188 pKa at the binding site that was 

subsequently found to be considerably different from the pKa of  free tyrosine side chain 

(Sun et al. 2004). Incorporation of this pKa value in our calculations enabled regression 

of experimental data with a pH-independent stability constant for several metals.  

Equilibrium dialysis experiments of Aisen et al. 1978 were simulated to obtain 

stability constants of Fe(III)-Transferrin. In these experiments, a semi permeable 

membrane was used to constrain the large protein molecule to the ‘protein compartment’ 

followed by measurement of total iron concentration in the ‘protein compartment’ and the 

‘buffer compartment’. As the free ferric ion (Fe+3) could move freely across this 

membrane, its concentration would be expected to be the same in ‘protein’ and ‘buffer’ 

compartments. As may be seen from Fig. C1, this was found to be the case for most 

experiments carried out at two different pH. The deviations from the 1:1 line occur at 

ferric ion molality which can be attributed to the higher measurement uncertainty 

associated with low concentration. A set of pH-independent stability constant values were 

obtained (logK1= 18.0, logK2= 16.7) that were different from the pH dependent values  
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Fig C1. Analysis of dialysis experiments by Aisen et al. 1978 using pH-independent 
logKFe(III)-transferrin and subsequently published results on Tyr 188 pKa by Sun et al. 2004. 
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reported in the original study (logK1
*= 19.5 & logK2

*= 17.4 at pH=6.7 and logK1
*= 20.7 

& logK2
*= 19.4 at pH=7.4). 

Analogous regression was performed for transferrin binding studies with Zn+2, 

Bi+3 and Ga+3 and are shown in Fig. C2. In these studies, a metal chelator was used as a 

competitive ligand to control the abundance of metal-transferrin complex that was 

measured using UV or NMR spectroscopy. The standard state stability constant obtained 

were slightly different from the stoichiometric constants dependent on pH and 

concentration of bicarbonate (logK1= 4.0, logK2= 3.0 vs. logK1
*= 7.9 & logK2

*= 6.5 for 

Zn+2; logK1= 17.2, logK2= 16.4 vs. logK1
*= 20.1 & logK2

*= 19.3 for Bi+3; logK1= 17.5, 

logK2= 16.2 vs. logK1
*= 20.4 & logK2

*= 19.4 for Ga+3). 

Unexpectedly, ligand competition studies for metal-albumin studies were 

extremely rare (Kiss et al. 2017). Out of the 10 metal ions studied in this work, we only 

found ligand competition studies for Zn(II)-albumin binding wherein dipicolinate was 

used as the competing ligand (Bytzek et al. 2009). Zinc speciation was measured using 

capillary zone electrophoresis- inductively coupled plasma- mass spectrometry (CZE-

ICP-MS). In this case, Zn-Albumin stability constants independently reported by Lu et al. 

2012 and other relevant stability constants measured by the group (Kiss et al. 2009 and 

Enyedy et al. 2008) replicated the original experiments within 10% of zinc at high Zn-

HSA concentration and within 15% zinc at low Zn-HSA abundance (Fig. C3). 

 



213 
 

 

  Fig C2. Analysis of UV and NMR spectroscopy measurements used to 
determine transferrin stability constants with zinc, bismuth and gallium 

performed by Harris & .Stenback 1988, Li et al. 1996 and Harris & Pecoraro 
1983.   
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Fig C3. Analysis of CZE-ICP-MS (capillary zone electrophoresis- inductively 
coupled plasma- mass spectrometry) experiments by Bytzek et al. 2009 in zinc-
human serum albumin-dipicolinate system with independently obtained stability 
constants. The logKZn-HSA used here was used in speciation calculations in this 

work. 


