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Abstract 

 Utilizing the unique and varied properties of metals, such as their redox activity, lability, 

and net charge, metal-based prodrugs can be designed and optimized for numerous applications. 

The most prominent usage of metal-based prodrugs has historically been anti-cancer agents, though 

there have been more recent efforts in the development of theranostic and antimicrobial agents as 

well. Gallium has promise for extending the scope of metal-based prodrugs, as it has been FDA 

approved for the treatment of tumors and hypercalcemia. Epinephrine is a compelling target for a 

gallium-based prodrug as conventional prodrugs are not suitable for the treatment of anaphylactic 

shock. This is because the prodrugs are inactive during their long half-lives. Additionally, as should 

mitigate drug degradation from high pH, light, and heat. The development of a novel gallium 

prodrug of epinephrine establishes the first prodrug treatment of anaphylactic shock and extends 

the chemical space of metal-based prodrugs. 
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1. Introduction 

1.1       Metal Based Prodrugs 

Prodrugs are bio-reversible derivatives of drug molecules that undergo an 

enzymatic or chemical transformation within the body to release the active drug. Prodrugs 

can have different properties than their parent compound, such as changed pharmacokinetic 

properties, increased water solubility, better bioavailability, improved drug delivery, 

decreased toxicity, a more favorable formulation, or improved compound stability.1 

Though most prodrugs are organic in nature, the sub-set discussed herein will utilize metals 

as a means to change chemical and pharmaceutical properties. 

1.1.1 Platinum Prodrugs 

Although metals have been used in medicinal applications for nearly 5000 years, 

their common use in modern medicine can be attributed to the discovery of the first metal-

based prodrug developed over 50 years ago.2-3 Originally used for their ability to inhibit 

the growth of Gram-negative bacteria, multiple platinum complexes were studied for their 

anti-tumor activity against sarcoma 180 and leukemia L1210.4-7 In 1978 the compound 

now known as cisplatin was FDA approved for clinical use. This discovery was one of the 

main driving forces for the advancement of medicinal inorganic chemistry, which has 

resulted in the development of numerous metal-based prodrugs. 

 Upon discovery of its anti-neoplastic activity, the mechanism of action (MOA) was 

not well understood. Preliminary studies showed that the platinum complex was aquated 

intracellularly to form a highly reactive positively charged ionic species that was 

speculated to be easily attacked by nucleophiles.8 Ligand exchange is occurs inside the cell 
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cytoplasm due to 13 times higher concentration of chloride extracellularly.9 Additionally, 

the exchange of chloride over ammonia is favored as the chlorides are relatively labile and 

prone to substitution. This is because ammonia forms more thermodynamically stable 

bonds with platinum.10 As a square planar 16 electron species, the aquation occurs through 

an associative ligand exchange mechanism that results in the retention of stereochemistry. 

This is crucial as transplatin, the trans isomer of cisplatin, is non-toxic. The ligand 

exchange transformation, which formally classifies cisplatin as a prodrug, is shown in 

Scheme 1.1. 

 

Scheme 1.1: Diaquation of cisplatin to the active species. 

The ligand exchange from chlorides to water is important as the platinum complex becomes 

positively charged. Research has shown that neutral cisplatin predominantly enters cells 

via passive diffusion. However, the positively charge aqua derivative becomes trapped 

within the cell as it can no longer permeate the cell membrane.11 Choice in metal also plays 

an influential role in ligand exchange. Platinum, as a 3rd row transition metal, is the most 

inert group 10 metal with the largest crystal field splitting. Palladium, while still considered 

inert, is more labile than platinum. Nickel is significantly more labile than palladium or 

platinum and undergoes ligand exchange reactions at a moderate rate.12 Platinum is 

therefore the metal of choice for creating a prodrug that is stable until it reaches its desired 

target area.  

Purines and pyrimidines of deoxyribose nucleic acid (DNA) inside the cell contain 

a plethora of nucleophiles. Many studies have confirmed binding of cisplatin to DNA 
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through the use of ultraviolet (UV) visible spectroscopy, radioisotope labeling, Raman 

difference spectrophotometry, and various chromatography techniques.13-18 Specifically, 

the N(7) sites of guanine and adenosine and the N(3) site of cytosine are prone to binding 

the platinum.17, 19-20 Platinum binding to DNA can occur in different ways: as DNA-protein 

crosslinks, as intrastrand crosslinks, or as interstrand crosslinks.21-23 DNA-protein 

crosslinks were noted to occur in bacteriophages, but they were not toxic.24 Interstrand 

crosslinks were initially correlated with cell toxicity,25 though other experiments indicated 

that interstrand crosslinks were not solely responsible for all platinum binding to DNA – 

indicating that intrastrand crosslinks existed as well.26-27 First hypothesized after Stone et 

al. demonstrated that the guanine/cytosine content of DNA was proportional to the 

platination of the DNA, intrastrand crosslinking was first clearly identified with the 

confirmation of intrastrand crosslinked oligonucleotide fragments isolated from salmon 

sperm in 1985.28 The same adducts were found in Chinese hamster ovary cells treated with 

cisplatin, indicating that the same DNA crosslinks form in cells as in vitro.29 

With evidence of both interstrand and intrastrand crosslinking being caused by 

cisplatin, further studies investigated the relative occurrence and toxicity of each type of 

crosslinking. It was found that interstrand crosslinking only happens at concentrations 

above the mean lethal dose and occurs infrequently, which means that it cannot be the 

cause of cell death.30-31 This indicated that intrastrand crosslinking was the likely cause of 

cell death. This agrees with the findings that 85-96% of platinum bound to DNA is bound 

via intrastrand crosslinks and which explains why transplatin, which mainly forms mono-
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adducts with DNA, is non-toxic.32-33 Additional work also showed that there was a linear 

correlation between the amount of platinum bound to DNA and cytotoxicity.34 

After forming adducts with DNA, a multitude of events occur that led to cell death. 

The first and foremost is that DNA synthesis is inhibited, however it has been shown that 

this inhibition is not the critical step in cisplatin toxicity.35 Cisplatin crosslinks also cause 

DNA unwinding, which is recognized by many different proteins.36 Some of these proteins 

promote cytotoxicity, for instance high mobility group (HMG)-domain protein HMG1 

which binds to the DNA-cisplatin adduct, preventing repair.37 Another effect of cisplatin 

on the cell is the activation of cell cycle checkpoints, which allows the cell to stop the cell 

cycle and examine itself for problems such as DNA damage.38 This effect likely does not 

increase toxicity as halting of the cell cycle generally leads to the inhibition of cell death, 

as quickening the cell cycle in cisplatin treated Chinese hamster ovary cells sped up 

apoptosis.39 Perhaps the most important consequence of cisplatin crosslinking is the 

activation of tumor protein P53 (p53), which functions as a tumor suppressor.40 After 

activation, p53 is bound to DNA with the help of HMG1 and HMG2.41 With extensive 

damage caused to the DNA through the crosslinks, apoptosis is triggered.23 

To this day, cisplatin is one of the most common chemotherapeutics for testicular 

cancer, however it was nearly discarded when phase 1 trials showed gastrointestinal and 

renal toxicities.42 In phase 1 trials renal toxicity, toxicity to the kidneys, affected up to 36% 

of patients and was thought to be the major dose-limiting toxicity of cisplatin.43 It was 

found that a single dose of more than 1.95 mg/kg was likely to cause renal impairment and 

in one case led to patient death through the death of kidney tubule, acute tubular necrosis.44 
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However, renal toxicity was mitigated through slow intravenous infusion of cisplatin with 

various methods of maintaining patient hydration which limited renal toxicity to less than 

5% of patients.42, 45-47 In addition to the moderate to severe nausea and vomiting that occurs 

after administration of cisplatin, gastrointestinal toxicity was also prominent in patients. In 

phase II studies, incidence of gastrointestinal toxicity was found in all patients treated with 

cisplatin at doses between 30 and 100 mg/m2.48 Other negative side-effects of cisplatin 

treatment include but are not limited to myelosuppression, which is decrease in bone 

marrow activity, ototoxicity, which is toxicity to the ear, and neurotoxicity.44, 47, 49-50 

An additional limitation of cisplatin is that many patients are intrinsically resistant 

to cisplatin treatment and some originally treatable tumors develop resistance to the 

prodrug over time.51 Resistance to cisplatin can occur at many different stages: before 

binding to DNA, on-target resistance at the DNA crosslinks, post-target resistance on the 

cascade of events between DNA crosslinking and cell death, or even off-target effects. 

Mechanisms that occur before cisplatin binds to DNA include reduced uptake,52-55 

increased efflux out of cells,56-64 and increased inactivation by reduced glutathione or 

metallothioneins.65-68 Cisplatin lesions on DNA can be removed by the Nucleotide 

Excision Repair (NER) system and can be detected by but not repaired by mismatch repair 

(MMR) proteins.69-72 Additionally, DNA double-strand breaks can be repaired by 

homologous recombination (HR) machinery.73-74 Post-target resistance to cisplatin can be 

attributed to inactivation of p53,75 as well as other factors that facilitate apoptosis such as 

death receptors,76 cytoplasmic adaptors, BCL-2 proteins,77-81 caspases,82 and calpains.83-84 

Off-target resistance mechanisms are pathway alterations that do not directly interact with 
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cisplatin but their effects counteract the signaling cascade that induces apoptosis. Such 

mechanisms include upregulation of autophagy,85-87 overexpression or hyperactivation of 

conserved kinases,88-91 and upregulation of specific chaperones.92-95 

Work has been done to circumvent problems with toxicity and resistance with the 

development of alternatives to cisplatin. In addition to cisplatin, carboplatin and oxaliplatin 

have been approved for worldwide usage, while nedaplatin, lobaplatin, and heptaplatin 

have been approved in various countries (Figure 1.1).96 

 

Figure 1.1: Chemical structures of platinum ethylene diamine dichloride and clinically used alternatives to 

cisplatin. 

One of the main reasons for the lack of alternatives to cisplatin can be exemplified by 

platinum ethylenediamine dichloride (1-1). Because the ethylene diamine ligand forces the 

chlorides to remain in the cis conformation, it could be hypothesized that it would have 

equal or greater biological activity when compared to cisplatin, as the cis conformation is 

required for biological activity. However, the biological activity of platinum ethylene 

diamine dichloride is less than cisplatin.97-98 

 Carboplatin (1-2) began clinical trials in 1981 as a prodrug analogue to cisplatin.99 

It was noted that carboplatin was significantly less nephrotoxic, ototoxic, and neurotoxic 
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than cisplatin.100 However, toxicity to bone marrow in the form of thrombocytopenia, that 

is having a low blood platelet count, was still present. Despite having different toxicity 

profiles, carboplatin was shown to have the same MOA as cisplatin. The prodrug is 

activated upon entering the cell, as the 1,1-cyclobutanedicarboxylic acid ligand is released 

upon hydration which is required for interaction with DNA.101 At this point, the active 

released drug is identical to that of cisplatin, which is corroborated by carboplatin having 

similar activity in ovarian cancer, small cell carcinoma in lungs, head and neck cancer, and 

testicular cancer.102 The likely reason for the difference of noted off-target toxicity is likely 

explained by the difference in kinetics of their aquation, and therefore their interaction with 

DNA. The monodentate chlorides of cisplatin have similar rates of aquation, which is about 

100 times slower than the first aquation step of carboplatin, which is rate limiting.103 Under 

the name Paraplatin®, carboplatin currently is most commonly administered for ovarian 

cancer, lung cancer, and head and neck cancer. 

 In the search for prodrugs related to cisplatin, it was determined that platinum 

compounds with a 1,2-diaminocyclohexane (DACH) ligand have similar therapeutic 

indexes to that of cisplatin.104 Later studies found that oxaliplatin (1-3) was effective 

against many cisplatin-resistant cells lines, which led to clinical trials beginning in 1984.105 

Similarly to cisplatin and carboplatin, the activation of the oxaliplatin prodrug begins with 

aquation of the metal complex with loss of oxalate. However, the platinum complex formed 

after aquation remains different, due to the DACH ligand which remains attached to the 

platinum ion. After aquation, oxaliplatin forms intrastrand and interstrand crosslinks with 

DNA at locations similar to that of cisplatin.106-109 Despite these similarities, there are still 
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some crucial differences between oxaliplatin and cisplatin with regards to their targets and 

biological activity. The most obvious difference stems from the DACH ligand remaining 

attached upon forming a DNA adduct. The DACH ligand creates a bulkier and more 

hydrophobic DNA adduct, which has been shown to be more effective at inhibiting DNA 

synthesis, as well as being more cytotoxic than the DNA adducts of cisplatin.110-111 

However, recent research has shown that oxaliplatin does not kill cells via the DNA 

damage response. Instead, oxaliplatin induces ribosome biogenesis stress which leads to 

cell death.112 This was confirmed by modulating the cellular DNA damage response, which 

increased sensitivity to cisplatin but not oxaliplatin. Additionally, the synthesis of 

ribosomal ribonucleic acid (rRNA) was decreased by nearly 50% after treatment with 

oxaliplatin. Like carboplatin, oxaliplatin showed no nephrotoxicity. The most common 

acute side effect was peripherical neuropathy in the form of paresthesia, or tingling and 

numbness, and dysesthesia, or burning and aching, of the hands and feet.105 Under the name 

EloxatinTM, the most common usage of oxaliplatin is in the treatment of colorectal cancer. 

It has also been used in single agent therapy as well as dual agent therapy for ovarian and 

breast cancer.113 

 Nedaplatin (1-4) was developed in 1983 with the hopes of decreasing toxicities 

caused by cisplatin.114 Structurally, it is most similar to carboplatin, as aquation removes 

the bound glycolate to form the released drug identical to cisplatin and carboplatin. Thus, 

post-aquation, the MOA of nedaplatin is the same as cisplatin and carboplatin.115 

Unsurprisingly, toxicity profiles are similar to carboplatin, with nephrotoxicity and 

gastrointestinal toxicity no longer being dose-limiting. Like carboplatin, toxicity to bone 
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marrow production is dose-limiting as thrombocytopenia is the most common, followed by 

leucopenia, that is decreased white cell count, and anemia.116 Nedaplatin, marketed under 

the name Aqupla, is used solely in Japan mainly to treat esophageal cancer, cervical cancer, 

and head and neck cancer.114 

 Heptaplatin (1-5) was developed in South Korea in 1994 with the goal of 

circumventing cisplatin resistance while decreasing nephrotoxicity and gastrointestinal 

toxicity.117 Early studies showed that heptaplatin was indeed more effective than cisplatin 

against multiple cisplatin resistant cancer cell lines.118 Additionally, it was shown to be less 

toxic than cisplatin at similar doses, but toxicity remains as higher doses of heptaplatin 

have worse toxicity than low doses of cisplatin.119-120 Structurally, heptaplatin is most 

similar to oxaliplatin in that the di-amine ligand will remain attached after aquation of the 

malonic acid ligand. However, heptaplatin does not induce ribosome biogenesis stress like 

oxaliplatin. Instead, heptaplatin has been shown to interact less frequently with 

metallothioneins, which leads to its effectiveness against cisplatin-resistant cells.117 

Heptaplatin, marketed as SunPla, is used in South Korea for the treatment of gastric and 

lung cancer.121 

 Lobaplatin (1-6) was developed in Germany but has only been approved for use in 

China.96 Structurally, lobaplatin is most similar to heptaplatin, so similar toxicities and 

MOA is expected. Tested doses induced mild nausea and vomiting, mild leukocytopenia, 

and thrombocytopenia. No toxicity to the kidneys was found, however doses were well 

below the level where toxicity was found for heptaplatin.122 While some studies have found 

that lobaplatin is able to overcome cisplatin resistance,123-124 it is not quite certain how. 
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Lobaplatin is currently used in China for the treatment of leukemia, and inoperable breast 

and small cell lung cancers.125 

 Additional research has been put into further altering cisplatin to determine changes 

of efficacy, to create novel mechanisms of cell killing, and to make more targeted prodrugs. 

These changes were often achieved through the attachment of different biomolecules. 

Examples of such prodrugs can be seen in Figure 1.2. 

 
Figure 1.2: Chemical structures of targeted cisplatin analogues. 

As sugars have been shown to have enhanced uptake in cancer cells, they make promising 

biomolecules for attachment to platinum to make cisplatin derivatives. The sugar 

molecules are connected through a linker such as in PtCl2(2,3-diamino-2,3-dideoxy-D-

glucose) (1-7).126 Early studies showed that such platinum compounds were more effective 
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than cisplatin, likely due to increased uptake in cancer cells via the glucose receptor, and 

toxic effects were reduced likely though increased complex solubility in water.127-128 

Another subset of cisplatin derivatives have been created through the attachment of 

hormones such as cis-dichloro[N-(4-(17-ethynylestradiolyl)-benzyl)-

ethylenediamine]platinum(II) (1-8).129 With the hormone acting as a vector to bring the 

platinum-based prodrug to the desired tissues, researchers expected these compounds to be 

more effective and less toxic than cisplatin. Cisplatin-hormone derivatives were made that 

successfully bound estrogen receptor α (ERα) with high affinity, although they did not 

show any enhanced toxicity.130-132 Other derivatives activated their respective receptors at 

low concentrations, which resulted in increased cancer cell proliferation but caused cell 

death at higher concentrations.129 In an effort to target the liver, cisplatin derivatives were 

synthesized with bile acids such as hyodeoxycholate (1-9).133 Although these compounds 

had anti-neoplastic effect, they were less effective than cisplatin against cancer cells in 

vitro.134 Folate receptors have also been found to be overexpressed in different cancer cell 

lines, making folate an attractive vector for platinum prodrugs.135 Such prodrugs have been 

synthesized (1-10), however poor water solubility prohibited biological testing.136 Short 

peptides have also been attached to platinum through the use of solid-phase synthesis with 

the aim of altering DNA binding (1-11). Ability to bind to DNA was diminished, and this 

led to reduced potency of these conjugates.137-140 

In addition to the previously described 4-coordinate platinum(II) prodrugs, there 

has been recent interest in developing 6-coordinate platinum(IV) prodrugs. There are four 

platinum(IV) prodrugs that have been tested in clinical trials, however none of them have 
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been approved by the Food and Drug Administration (FDA) (Figure 1.3).141 Because of 

their octahedral structure and their d6 electronic configuration, it was hypothesized that 6-

coordinate platinum(IV) prodrugs will be considerably more stable outside of cancer 

cells.142 The low spin d6 electronic configuration in octahedral geometry completely fills 

the t2g orbitals, which results in a more negative crystal field stabilization energy. 

Platinum(IV) prodrugs are therefore expected to have higher activation energies for ligand 

exchange and be more inert.143 The increase in oxidation state also increases the charge of 

the platinum center, which increases the thermodynamic stability of the complexes. Once 

inside cancer cells, platinum(IV) prodrugs were hypothesized to undergo a 2-electron 

reduction by reacting with reducing agents such as ascorbic acid or glutathione. The 

reduction results in the release of the two axial ligands as well as a 4-coordinate 

platinum(II) cisplatin derivative. Thus, the axial ligands utilized are typically spectator 

ligands or ligands that are drugs, typically with a different MOA. Equatorial ligands are 

usally amine-based or chlorides, resulting in the released 4-coordinate platinum(II) 

derivative being similar to cisplatin.  

 
Figure 1.3: Chemical structures of platinum(IV) prodrugs that have been tested in clinical trials. 
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 There are three main areas of platinum(IV) prodrug research: altering ligands to aid 

in stability, altering ligands for targeted delivery, and dual action prodrugs. For improving 

drug stability over cisplatin, the axial ligands are prominently studied, as they are not 

required for drug activity after release. One such example is a series of prodrugs made by 

Dyson et al. utilizing axial benzoate ligands (1-17).144 Aromatic ligands were used, as they 

are known to improve drug uptake through increasing lipophilicity. Functionalization of 

the benzoate ligands was found to have a strong influence on uptake, and therefore efficacy 

of the complexes. As with platinum(II), peptide conjugates of platinum(IV) have been 

made with the hope of creating targeted complexes, as peptide receptors are overexpressed 

in tumor cells.145 Both linear and cyclic peptides have been used, with the most promising 

leads both containing cyclic peptides (1-17 and 1-18).146 In addition to attaching molecules 

that guide the platinum(IV) prodrug to the desired tissue, targeting has also been attempted 

by using photoactivatable ligands. Complexes with azido ligands have been frequently 

studied as photoactivation with 400 nm visible light can lead to similar antineoplastic 

activities as cisplatin (1-19).147 These compounds have been shown to be stable in the dark, 

even around cellular reducing agents, such as glutathione. 
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Figure 1.4: Chemical structures of platinum(IV) prodrugs with ligands that aid in stability, targeting, and 

treatment outcomes. 

 Dual action platinum(IV) prodrugs release additional antineoplastic agents, in 

addition to a classical platinum(II) drug. Attaching additional antineoplastic agents to a 

platinum(IV) prodrug that activates primarily inside cancer cells is expected to greatly 

improve the efficacy of the attached drug. The overall potency of the complex is also 

expected to improve. Typically, the additional drug’s MOA does not involve DNA in order 

to limit cross-resistance. For example, Mitaplatin contains two dichloroacetate ligands 

which inhibit glycolysis (1-20).148 Mitaplatin was shown to be more effective at killing 

lung carcinoma cells than normal cells, and this was attributed to the dual action of the 

platinum(II) drug and the dichloroacetate ligands.149 Different enzyme inhibitors, nucleus-

targeting cytotoxins, cyclooxygenase (COX) inhibitors, and drugs that target vital 

organelles have all been studied by numerous research groups.150-151 Additionally, with two 

axial positions, two different drugs can be attached, leading to triple-action prodrugs.152 
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 Several platinum(II) compounds have shown activity against at least one strain of 

bacteria.153  

 

Figure 1.5: Chemical structure of platinum(II) compounds showing promise as antibacterial prodrugs. 

These compounds are hypothesized to undergo ligand exchange reactions when exposed 

to solvent and media, resulting in the release of active compounds similar to cisplatin. This 

indicates that both platinum(II) and platinum(IV) complexes have potential as antibiotic 

prodrugs. 

1.1.2 Cobalt Prodrugs 

Solid tumors undergoing rapid growth require extensive amounts of oxygen and 

nutrients. One consequence of their growth is that they often outgrow their vasculature, 

resulting in hypoxia and malnutrition, which can lead to cell death at the center of the 

tumor.154 Solid tumor hypoxia plays a role in platinum(IV) prodrugs, as the lack of oxygen 

in tumor cells prevents the re-oxidation of the newly 4-coordinate platinum(II) drugs 

released by the 6-coordinate platinum(IV) prodrug. This allows selective release of the 

axial ligands of platinum(IV) prodrug in hypoxic tumor environments. Tumor hypoxia 

preventing metal oxidation has been a main focus of a multitude of metal-based prodrug 

research, much of it involving the first-row transition metal cobalt.155-172 

The emergence of cobalt-based prodrugs began with the study of the oxidation of 

mononuclear cobalt(II) to cobalt(III) by dioxygen in 1987, though the reaction had been 
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well known for many years prior.173 Ligand exchange for d7 cobalt(II) occurs rapidly, as 

the metal center is labile.174 However, cobalt(III) complexes primarily exist in a low spin 

d6 electron configuration state, meaning ligand exchange happens much more slowly.175 It 

is hypothesized that cobalt prodrugs can be made with cytotoxic ligands that are inactivated 

through coordination. The prodrug that enters the body will remain as an inert cobalt(III) 

species, as long as it stays in oxygen rich environments. Once the cobalt prodrug reaches 

its desired target, the hypoxic tumor, the reduction potential of the cell is no longer 

sufficient to keep the cobalt prodrug oxidized. Inside the tumor cells, the cobalt(II) species 

will begin to form through reactions with enzymes, or other metabolites. This is expected 

to cause the loss of the cytotoxic drug ligands, specifically in the hypoxic tumor. In this 

fashion, cobalt-based prodrugs are expected to be activated specifically in hypoxic tumors. 

Another draw of cobalt-based prodrugs is that some complexes have been found to be 

radiosensitizers, or compounds that increase the effectiveness of radiation therapy.176 

Oxygen is extremely electrophilic and is a potent radiosensitizer, since it reacts with free 

radicals that are generated during radiation therapy. These reactions lead to DNA damage, 

which cause cell death.177-178 However, hypoxic tumor cells have lower concentrations of 

oxygen, which makes them significantly more resistant to radiation therapy than tumor 

cells in an oxygenated environment.179 Introducing electrophilic radiosensitizers, that serve 

the same function as oxygen by binding with DNA free radicals, can help reverse hypoxia 

induced radiation therapy resistance.180  

The first cobalt(III) prodrug was synthesized in 1990 with the alkylating mustard 

bis(2-chloroethyl)amine (1-24).175 Mammary tumor cells EMT6 were forced into a 



17 

 

hypoxic state by putting these cells under a flow of 95% nitrogen and 5% CO2. While the 

prodrugs were efficacious against the tumor cells, it was noted that efficacy decreased in 

the hypoxic environment. No explanation was provided as to why this experiment did not 

match the initial hypothesis, that the prodrug would be more effective in a hypoxic 

environment. A series of cobalt(III) nitrogen mustard complexes were then made and tested 

in oxygenated and hypoxic environments using either the nitrogen mustards N,N'-bis(2-

chloroethyl)ethylenediamine (BCE) or N,N-bis(2-chloroethyl)ethylenediamine (DCE).181 

All four synthesized complexes had toxicity profiles that matched their respective free 

ligands, which indicated that toxicity was due to release of said ligands. One complex, like 

the first cobalt(III) prodrug, was more toxic under aerobic conditions, which was attributed 

to its more facile reduction, with a reduction potential of just -0.13 V. The most promising 

complex (1-25) showed hypoxic selectivity in all tested cell lines, and thus was proven to 

be the first metal complex that selectively released cytotoxic ligands under hypoxic 

environments. Further study of this compound was able to describe the relationship 

between oxygen concentration and cell death, which showed a 25-fold change in potency 

between hypoxic and oxygenated cells.182 
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Figure 1.6: Chemical structures of cobalt(III) prodrugs with nitrogen mustard cytotoxins. 

Work has been done to extend the spectrum of ancillary ligands, beyond that of 

derivatives of acetylacetone (acac). One study replaced the acac ligands with tropolonate 

ligands in the hopes of clarifying the mechanism of selectivity (1-26).183 The tropolonate 

ligand was chosen because, like acac, it is a bidentate ligand that binds to cobalt through 

two oxygen atoms, but is more bulky and electron withdrawing. This leads to a more 

sterically hindered complex with a more positive redox potential. All of the tested 

complexes showed similar profiles to their mustard ligands, however hypoxic selectivity 

was lost. Another study replaced the acac ligands with dithiocarbamato ligands (1-27).184 

The dithiocarbamato ligands are also bidentate and singly anionic, like the acac ligands. 

The dithiocarbamato ligands are less sterically hindering than the tropolonate groups, and 

it was hypothesized that the sulfur donors would increase the rate of electron transfer 

between cobalt(III) and cobalt(II). Additionally, it was expected that the electrochemistry 

would be more reversible, allowing for better measurement of redox potentials. Greater 

reversibility and faster electron transfer were confirmed by cyclic voltammetry.184 
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However, cytotoxicity studies suggested that the dithiocarbamato ligands were responsible 

for cell death, rather than the release of the nitrogen mustards. The effect of net charge was 

studied with the synthesis of cobalt(III) complexes with oxalato (1-28) and carbonato 

ligands.185 Cytotoxicity studies suggested that the nitrogen mustard ligand was responsible 

for cell death and that the complexes were hypoxia selective. In order to study chelate 

effects on complex cytotoxicity, a tridentate nitrogen mustard cobalt(III) complex was 

analyzed (1-29).186 The tridentate mustard, N,N-bis(2-chloroethyl)diethylenetriamine 

(DCD), by itself is less toxic than DCE. The tridentate cobalt(III) complex of DCD was 

less toxic than free DCD, indicating inactivation through coordination, and the toxicity of 

the complex was shown to be caused by DCD release. Additionally, the tridentate 

cobalt(III) complex was 5 times more efficacious in hypoxic conditions. 

Secondary ligand release methods have also been explored through the attachment 

of a photo-activator (1-30).187 Ruthenium bipyridyl complexes had been extensively 

studied for their electrochemical and photophysical properties, which makes them ideal 

candidates for the creation of a photoactivatable cobalt(III) nitrogen mustard 

heterodinuclear complex.188-189 Once irradiated, the ruthenium(II) atom is expected to 

transfer an electron to the cobalt(III) metal center, reducing it to cobalt(II). As with the 

previous cobalt complexes, this reduction is expected to cause ligand release. The 

photoactivation studies confirmed that both ethylenediamine and tris(2-aminoethyl)amine 

were able to be released from the cobalt center, upon irradiation of the heterodinuclear 

complex. Ligand release was dependent on oxygen concentration, likely due to reoxidation 

of cobalt(II) to cobalt(III). 
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Each of the previously mentioned cobalt(III) prodrugs contains a nitrogen mustard 

as the active drug compound. Nitrogen mustards, or amines with halogenoalkyl groups, 

have been known to be cytotoxic since their usage in the first world war.190 After initial 

studies noted the effect of nitrogen mustards on lymphoid tissue, bone marrow, and 

epithelial cells in the gastrointestinal tract, Dr. Thomas Dougherty became interested in 

converting these agents of war into agents of medicine.191 Nitrogen mustards were first 

hypothesized to cause DNA crosslinks in 1948 after a study of their reaction with various 

nucleic acids.192-193 Further research confirmed that bifunctional nitrogen mustards can 

form covalent DNA crosslinks, typically on the N(7) site of guanine.194-195 The mechanism 

of formation of DNA crosslinks is shown in Scheme 1.2. These DNA crosslinks prevent 

the separation of DNA strands, preventing DNA replication which leads to cell death.196 

 
Scheme 1.2: Mechanism of nucleoside binding of nitrogen mustards. Cyclization (Step 1) and guanine 

attack (Step 2) are repeated for completion of a DNA crosslink. 

 Cobalt(III) prodrugs have also been made with other DNA alkylating agents, 

namely DNA minor groove alkylators. In addition to tumor hypoxia preventing re-

oxidation, these prodrugs were designed with an alternative method of cytotoxic drug 
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release. Radiation generates strongly reducing aquated electrons, and the lack of oxygen 

promotes their longevity. This allows for the radiation activated reduction of cobalt(III) 

prodrugs, resulting in prodrugs that can be spatially targeted based on the location of 

radiation therapy. The studied compound (1-31) was found to be reduced under hypoxic 

conditions by ionizing radiation and inside tumor cells, which resulted in the release of the 

attached DNA minor groove alkylator.197 

 
Figure 1.7: Chemical structures of cobalt(III) prodrugs with minor groove DNA intercalators. *A series of 

compounds was made by changing these methyl groups to alkyl phosphates, alkyl sulfates, and alkyl 

carbonates. 

Later research aimed to elucidate the effect of varying net charge on the biological activity 

of this cobalt(III) prodrug (1-32).198 The goal was to lower overall lipophilicity, decrease 

cellular uptake, and therefore decrease off-target cytotoxicity of the metal prodrugs. The 

different charged complexes showed similar solubilities and stabilities when compared to 

the parent compound, but unfortunately had slightly worse toxicity profiles, which 

indicated that cellular uptake was likely uninhibited. 

 Another class of cobalt(III) prodrugs has been made with inhibitor molecules that 

target various proteins. Overexpression of Model Matrix Metalloproteinase (MMP) has 

been shown to be highly correlated with tumor aggressiveness and metastasis, therefore 

MMP inhibitors have been studied as potential chemotherapeutic agents.199 Marimastat is 
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an MMP inhibitor that reached phase III clinical trials, however results indicated that its 

addition did not produce results significantly better than existing therapies, so further 

development was stopped. By attaching marimastat to a cobalt(III) center, researchers 

hoped to improve the efficacy of the drug by providing a vector to cancer cells as well as 

selective release at cancer cells (1-33).200 The study found that marimastat’s IC50 was 

greatly increased while bound to the cobalt center. The cobalt(III) complex showed higher 

growth inhibition than the drug alone, however the complex and marimastat both gave rise 

to higher levels of tumor metastasis compared to the control. 

 
Figure 1.8: Chemical structures of cobalt(III) prodrugs with 1-33) an MMP inhibitor and 1-34) an EGFR 

inhibitor. 

 Epidermal Growth Factor Receptor (EGFR) is a protein that has been found to be 

overexpressed in a variety of cancers and is correlated with poor prognosis.201 EGFR 

inhibitors have been developed and approved for treatment against non-small-cell lung 

carcinomas with activating mutations in EGFR and metastatic pancreatic cancer. Work has 

been done to develop an EGFR inhibitor to be used in a cobalt(III) prodrug (1-34).202 The 

cobalt(III) complex with EGFR inhibitor was found to be inactive while in an oxygenated 

environment, and activity was significantly increased under hypoxic conditions as 
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expected. Additionally, it was shown that the cobalt(III) prodrug was distinctly worse than 

the free ligand at inhibiting EGFR activity, confirming drug inactivation through binding 

to cobalt(III). 

 Further research was done to study the attaching of naproxen, a nonsteroidal anti-

inflammatory drug (NSAID), to cobalt(III) (1-35).203 As an inhibitor of COX-2, which has 

been shown to be overexpressed in cancer stem cells, naproxen was an attractive candidate 

for making a cobalt(III) prodrug.204 It had also been recently shown that NSAID 

accumulation suppressed cancer stem cell proliferation.205 Studies showed that the 

cobalt(III) complex was capable of selectively killing breast cancer stem cells over bulk 

breast cancer cells. Additionally, the potency of the cobalt(III) prodrug was enhanced under 

hypoxia-mimicking conditions, and tcytotoxicity was caused by DNA damage, as well as 

COX-2 inhibition. 

 Recent attention has been given to developing cobalt(III) prodrugs with Schiff base 

ligands. Cobalt(III) Schiff base complexes have been shown to inhibit histidine-containing 

proteins and enzymes. Inhibition occurs through dissociation of axial ligands, which are 

replaced with the imidazole nitrogens of histidines.206-207 A series of complexes was made 

in order to investigate ligand exchange and complex stability (1-36).208 It was found that 

NH3 and imidazoles were readily displaced by peptides that contained two histidines, 

meaning they would be displaced by most target proteins which contain multi-histidine 

sites. Further work went into synthesizing cobalt(III) complexes with fluorine-containing 

equatorial ligands (1-37).209 These studies confirmed that ligand exchange is dissociative 

in nature and the rate of ligand exchange correlates with the reduction potential of the 
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complexes. Other studies were published on cobalt(III) prodrugs with Schiff base ligands 

that were successfully able to release the intended ligand upon reduction and prove 

cytotoxic.210-211 This includes a series of prodrugs that were targeted at topoisomerase I 

and II, which are enzymes that play essential functions in DNA repair, replication, and 

transcription (1-38).212 

 
Figure 1.9: Chemical structures of cobalt(III) prodrugs with 1-35) naproxen and 1-35-1-37) Schiff bases. 

Experiments showed that the prodrugs were able to bind to DNA as well as inhibit both 

enzymes. Cytotoxicity experiments were not performed on these complexes. 
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 Recent work has also gone into developing cobalt(III) prodrugs with fluorescent 

coumarins. Coumarins are naturally occurring fluorescent organic compounds found in a 

variety of plants, from essential oils such as cinnamon bark oil and lavender oil, to other 

plant products, including fruits, berries, and green tea.213 Coumarins have been implicated 

in the treatment of high protein edema, chronic infection, blood coagulation and 

anticoagulation, inflammation, and cancer.214 Preliminary studies of coumarins showed 

that not only did coumarins treat cancer but also helped attenuate the side effects of 

radiation therapy. Esculetin, a coumarin derivative found in traditional Chinese medicine, 

has been shown to be active against different cancer cell types, including breast cancer and 

colon cancer.215-218 Researchers synthesized a cobalt(III) prodrug with esculetin in the 

hopes of producing a redox-sensitive prodrug that releases the fluorescent coumarin upon 

being activated in cancer cells (1-39). Fluorescent studies confirmed that esculetin’s 

fluorescence was quenched upon coordination to the cobalt(III) center. As the cobalt(III) 

was reduced to cobalt(II) through the introduction of a hypoxic environment, fluorescence 

steadily increased with the subsequent dissociation of esculetin. No biological studies were 

performed with this complex. 
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Figure 1.10: Chemical structures of cobalt(III) prodrugs with fluorescent coumarins. 

Biological studies have been performed on other cobalt(III) prodrugs with fluorescent 

coumarins. In one such study, both the cobalt(III) and cobalt(II) complexes were 

synthesized with a coumarin-β-keto ester hybrid (1-40).219 Both complexes were found to 

be cytotoxic to tumor cells and the cobalt(III) complex was found to be significantly more 

selective against tumor cells. However, cytotoxicity was considerably reduced in both 

complexes from that of the native ligand, which was attributed to the binding of the 

coumarin-β-keto ester hybrid to the cobalt centers. 

1.1.3 Ruthenium Prodrugs 

In addition to the chemical stimuli above, metal-based prodrugs have been achieved 

with physical stimuli as well.220 Photocaging is a technique that has recently been applied 

to metal-based prodrugs, mainly ruthenium. In general, there are three types of photocaged 

metal prodrugs: prodrugs in which the released ligands are cytotoxic, prodrugs in which 

the remaining metal is cytotoxic, and dual action prodrugs in which both the ligands and 

metal are cytotoxic.150 Ruthenium complexes with non-toxic ligands, such as amino acids, 

have been shown to be slightly cytotoxic – meaning ruthenium photocages generally 
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belong to the latter two categories.221 The ligands, which can be chosen for either their 

cytotoxic effect or their ability to stabilize and deactivate the ruthenium metal center, 

remain attached in the bloodstream and their target tissues, but are released upon irradiation 

with light. This light usually has a wavelength between 350 and 900 nm. UV-visible light 

between 350 nm and 650 nm has been shown to work for topical treatments of various 

conditions and diseases.222-224 However, this wavelength of light does not penetrate into 

tissues due to strong scattering, absorption by water, and absorption by other tissue 

chromophores such as hemoglobin and melanin.220, 225-226 On the other hand, visible and 

near infrared light (NIR) with wavelengths from 650 to 900 nm, is able to penetrate less 

than 10 cm into tissues.226-228 Compared to shorter wavelength UV-visible light, NIR 

photons are relatively low in energy meaning they might not provide enough energy to 

break chemical bonds. Irradiation has been shown to cause a π* → d ligand to metal charge 

transfer (LMCT), which transitions to a lower energy d-d energy state.229 This energy decay 

is important as the d-d transition is Laporte forbidden, meaning direct excitation is difficult 

due to a small extinction coefficient. The d-d excited state weakens the bond between the 

ruthenium and the attached ligand(s) of interest, allowing for ligand release.230 

Photocaged prodrugs have two main benefits: spatial targeting and temporal 

control. Greater spatial targeting is achieved through location-specific irradiation, which 

allows for specific release or activation of the drugs at the intended site, while preventing 

release or activation at off-target locations.231-232 Changing light intensity and duration 

allows for control over the amount of prodrug that is activated and how long the prodrug 

is activated for.233 Although not applicable to all ruthenium photocages, the lower pH 
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environment of cancer cells can also improve ligand release. This provides additional 

selectivity towards cancer cells, leading to fewer off-target effects.234-235 There are also 

downsides to photocaging. Phototoxicity can occur with usage of UV-visible light, 

including, but not limited to, DNA damage, sunburn, premature aging, and 

immunosuppression.236 Efforts are being made to reduce these limitations by converting 

from NIR light to UV-visible in vivo through optical upconversion, allowing for the 

photons to penetrate the necessary tissue and to be energetic enough to photocleave the 

necessary bonds.228, 237-238 Light penetration into tissue is also a disadvantage for 

photocaged prodrugs. This is not a limitation for the treatment of surface cancers, as light 

penetration is not required in those cases. For treatments that are not on the surface, there 

is an additional option beyond the previously mentioned conversion of NIR light to UV-

visible in vivo. Endoscopes and optical fibers can guide the desired UV-visible light 

directly to its intended site of action, allowing for a more direct irradiation at a controllable 

depth.239-240 

 The first published example of a ruthenium photocage prodrug is shown below (1-

41). The neurochemical, 4-aminopyridine, was coordinated to a ruthenium metal center 

with two 2,2'-bipyridine (bpy) ligands which act as antennae for the irradiated light. The 

study showed that the prodrug successfully released 4-aminopyridine after irradiation with 

473 nm light, and was efficacious in activating neurons, as expected.241 Subsequently, 

ruthenium photocage prodrugs were made with a variety of known compounds. This 

includes neurotransmitters, such as γ-amino butyric acid (GABA) (1-42), and anticancer 

agents such as 5-cyanouracil (1-43), an analogue of the neoplastic agent 5-fluorouracil.242-
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243 While the GABA prodrug was not tested for its effects on DNA, the 5-cyanouracil 

prodrug was found to be a potent dual-action anticancer agent, as 5-cyanouracil has been 

shown to inhibit catabolism, and the remaining ruthenium complex was found to bind 

DNA.244  

 
Figure 1.11: Chemical structures of ruthenium photocages with 4-amino pyridine, GABA, and 5-

cyanouracil. 

 Ruthenium photocages have also been made with various DNA intercalators 

(Figure 1.12). A series of complexes were synthesized with increasing structural distortion 

through methylation of the ligands, with the base compound shown below (1-44). It was 

found that increased methylation resulted in increased rate of ligand ejection, as well as 

increased light-induced cytotoxicity.245 This was corroborated by a later study which found 

that if the complexes were too strained, the complexes were toxic without the need of light 

irradiation.246 Tetradentate tris(2-pyridylmethyl)amine (TPA) has been used in a variety of 

ruthenium photocages as an alternate antenna to bpy.247-248 A series of bidentate DNA 

intercalators were tested in combination with TPA to synthesize different ruthenium 

photocages (1-45).249 The study found that the surface area of the bidentate ligand 

correlated with DNA binding, the larger the ligand the stronger the complex bound to 

DNA. There are other mechanisms of ruthenium photocages with DNA intercalators. By 
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attaching a bipyridyl ligand with a photocleavable ester (1-46), researchers were able to 

create a substitutionally inert ruthenium photocage. Instead of complete ligand release, the 

ester is cleaved, allowing for the release of 3-(4,5-Dimethoxy-2-nitrophenyl)-2-butyl ester. 

The native complex was found to be non-toxic at concentrations up to 100 µM, with a 

significant decrease in IC50 upon irradiation with 350 nm light.250 

 
Figure 1.12: Chemical structures of ruthenium photocages with various DNA intercalators. 

 Another class of ruthenium photocages involve the coordination of protein and 

enzyme inhibitors that have been implicated in cancer. These compounds were initially 

studied with nitrile ligands, such as the aforementioned 5-cyanouracil prodrug, as nitrile 

ligands can be exchanged more efficiently than other monodentate ligands upon 

irradiation.251 One of the first examples of this are the two ruthenium(II) complexes with 

attached cysteine protease inhibitors (Figure 1.13).252-253 Both bpy and TPA ligands were 

used in separate studies, and each antennae resulted in complexes that were significantly 

less active than the prodrug without irradiation. Upon irradiation, inhibition of the target 

cysteine protease was largely restored. 
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Figure 1.13: Chemical structures of ruthenium photocages with cysteine protease inhibitor. 

Inhibitors of cytochrome P450s are also attractive prospects for ruthenium photocage 

prodrugs. Cytochrome P450s are enzymes that catalyze the degradation of foreign 

synthetic chemicals, such as drugs.254 Additionally, studies have shown that P450s are over 

expressed in various cancer cell lines and induce resistance to DNA damaging 

chemotherapeutics.255 The synergistic activity of the DNA intercalating ruthenium 

complex and the cytochrome P450 inhibitor Metyrapone proved potent, with a 136-fold 

increase in protein inhibition and an IC50 of 0.05 µM upon activation with 470 nm light (1-

49).256 A ruthenium photocage has also been made with an inhibitor of the enzyme 

Nicotinamide Phosphoribosyltransferase (NAMPT) named CHS-828 (1-50). NAMPT is 

responsible for the regulation of intracellular nicotinamide adenine dinucleotide (NAD) 

and is overexpressed in a number of cancers.257-258 Clinical trials showed that CHS-828 

was active against a number of solid tumors, however, it displayed a number of dose-

limiting side effects, had low bioavailability, and had large variation in its 

pharmacokinetics.259-260 Thus, CHS-828 was an attractive candidate for incorporating into 

a ruthenium prodrug. As expected, cytotoxicity of the complex in the dark was diminished 
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compared to the active drug, and upon irradiation with blue light, the complex displayed a 

10-fold increase in toxicity.261  

 
Figure 1.14: Chemical structures of ruthenium photocages with A) Metyrapone and B) a NAMPT inhibitor. 

 A ruthenium photocage with turn-off luminescent properties has also been 

developed for theranostic applications (Figure 1.15).262 The complex was made with the 

potential anti-cancer drug econazole, which is currently approved to treat fungal skin 

infections.263 With two equivalents of econazole attached, the ruthenium complex has an 

intense emission peak at 636 nm. However, once irradiated with 520 nm green light the 

econazole ligands are released. The di-aqua complex is formed, which is not luminescent. 

Toxicity studies showed that the complex exhibited low to moderate toxicity in the dark, 

however, irradiation with green light caused the IC50 values to fall into the nanomolar 

range. Additional benefits of coordinating econazole to ruthenium included increased 

solubility and stability. 
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Figure 1.15: Chemical structure of a ruthenium theranostic agent. 

 Ruthenium prodrugs have also been investigated for their antimicrobial properties. 

Early studies demonstrated their activity against Gram-positive and Gram-negative 

bacteria.264-265 Generally, ruthenium prodrug antibiotics fall into two categories: kinetically 

inert and kinetically labile. Kinetically inert ruthenium prodrugs (1-52) are unlike 

previously described prodrugs, in that they do not release their ligands. Instead, the optical 

excitation leads to either an electron transfer reaction or an energy transfer reaction.266 

Electron transfer reactions result in the generation of reactive oxygen species (ROS). 

Energy transfer reactions lead to the formation of singlet oxygen. Both of these activation 

mechanisms result in DNA damage and cytoplasmic membrane damage resulting in 

bacterial death. Kinetically labile ruthenium prodrugs (1-53) require steric strain in order 

to undergo ligand exchange after optical excitation. The ruthenium complex can then 

covalently bind to DNA and the released ligand can also have antibiotic properties. 
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Figure 1.16: Chemical structures of 1-52) a kinetically inert ruthenium prodrug and 1-53) a kinetically labile 

ruthenium prodrug. 

1.1.4 Other Metal Prodrugs 

Beyond platinum, cobalt, and ruthenium, a few other metals have been utilized for 

metal-based prodrugs. There are surprisingly few iron-based prodrugs, seeing as iron is the 

most abundant transition metal in the human body. One such prodrug was included in the 

assembly of a photo-responsive polymer nanoparticle (1-54).267 Upon irradiation with UV 

light, the iron prodrug is released from the nanoparticle and generates ROS which damages 

the mitochondria of cancer cells. Another study produced two series of iron complexes (1-

55 and 1-56), which were shown to cleave DNA under the reducing conditions of cancer 

cells. The exact mechanism of action is unknown.268 Copper is also an attractive metal for 

taking advantage of the hypoxic environment of cancer cells. Nitrogen mustards were 

attached to copper through various macrocycles, though only 1,3,7,10-

tetraazacyclododecane (cyclen) showed promise, as the other complexes released their 

ligands independent of O2 concentration (1-57).269 Other first row transition metals include 

vanadium, which has been used as an antidiabetic, and manganese, which has been used as 

a delivery system for carbon monoxide.270-271 
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Figure 1.17: Chemical structures of iron, copper, rhodium, osmium, and iridium-based metal prodrugs. 

Like ruthenium, a series of rhodium(III) complex were synthesized with the aim of 

utilizing photo-activation (1-58). The study found that, upon irradiation, the complexes 

bound DNA more strongly and also cleaved DNA with a high specificity for base-pair 

mismatch regions.272 Several osmium half-sandwich prodrugs have been synthesized (1-

59). Bidentate O,O, N,N, and O,N anticancer agents are coordinated and are hydrolyzed in 

aqueous media.273 A series of iridium complexes have been made as pH activated 

radiosensitizers (1-60). Once inside the mildly acidic environment of cancer cells, the 

quenching moiety is cleaved, and the prodrug is activated. Irradiation with x-rays produces 

ROS in mitochondria which was found to cause DNA damage.274 

Reviewing the uses of metal-based prodrugs, one thing is obvious – cell death is a 

common goal. This is logical, as many transition metal ions are toxic to the human body. 

Platinum, which has been shown to be non-toxic in the form of nanoparticles,275 has an 

LD50 of roughly 30 mg/kg as K2PtCl4 in rats.276 Cobalt also shows variability in toxicity as 
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insoluble Co3O4 has an LD50 of 3.7 g cobalt/kg, but CoCl2 has an LD50 of just 42.4 

mg/kg.277 The same trend is seen with ruthenium as well; RuO2 has an LD50 of 4.6 g/kg in 

rats, whereas RuCl3 has an LD50 of 3.2 mg/kg.278 These values show that solubility, 

oxidation state, and ligands all play important roles in the toxicity of transition metals. 

Designing a vector to target desired tissues, sequestering the metal in a stabilizing ligand 

framework, and utilizing changes in oxidation state, are all essential tools in limiting the 

toxicity of metal-based prodrugs.  

1.2       Gallium in Medicine 

Gallium is a group 13 p-block metal. With an oxidation state of +3, gallium’s 

electronic configuration becomes [Ar]3d10. Having a full valence shell of electrons, gallium 

is not redox active.279 Gallium(III) has an octahedral ionic radius of 0.620 Å.280 This value 

closely matches the most abundant metal in the human body, iron. Iron(III) has an 

octahedral ionic radius of 0.645 Å when high spin and 0.55 Å when low spin.281 Iron(III) 

and gallium(III) also have matching net charge values and are both hard Lewis acids. 

Altogether, this makes gallium(III) an excellent mimic of iron(III), while the lack of redox 

activity and an oral LD50 value of 0.48 g/kg make it an attractive candidate for usage in 

medicine.282 

1.2.1 Radioactive Gallium: 67Ga and 68Ga 

Gallium exists in two natural stable isotopes: 69Ga and 71Ga. The unstable 67Ga and 

68Ga are both radioisotopes with medicinal uses. 67Ga has a half-life of three days and 

decays through electron capture, which is a process in which the nucleus absorbs an 
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electron which converts a proton to a neutron and emits an electron neutrino as well as a 

gamma ray (Scheme 1.3). 

 
Scheme 1.3: Electron capture radioactive decay. 

Gallium was first studied as a radioemitter in 1950, in which a study found that 72Ga was 

deposited in bones and proliferating tissues.283 This led to the first study of 67Ga in 1969, 

in which the ability of [67Ga]gallium citrate to image cancerous tumors was first tested on 

a patient with stage IV Hodgkin’s lymphoma.284 This study was corroborated by additional 

studies that vastly increased case number and proved its usefulness in the identification and 

management of Hodgkin’s disease.285-287 Since then, [67Ga]gallium citrate has also shown 

to be effective at imaging inflammatory and septic lesions.288-289 

 Gallium scanning is a fairly simple process. Once radioactive 67Ga is injected into 

the patient, time is required for the isotope to localize in the cancerous tissue. Radioactivity 

is measured by a gamma camera, usually in the form of single-photon-emission computer 

tomography (SPECT). The images generated by SPECT show the localization of 67Ga in 

the patient’s body. Gallium scanning was not widely adopted and has recently been 

replaced by positron emission tomography (PET) imaging due to the long wait times after 

67Ga injection, poor spatial resolution, lack of specificity between cancer and 

inflammation, and poor sensitivity to slow-growing lymphomas.290 

The first PET agents utilized 18F and 11C, two positron emitting radioisotopes.291-

292 While 18F is still the most commonly used isotope for PET, both 18F and 11C have the 

drawback of having half-lives of 110 minutes and 20 minutes respectively and are only 

able to be generated at cyclotrons. 68Ga has a similar half-life of 68 minutes but is able to 
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be generated through the decay of 68Ge. 68Ge can be produced at particle accelerators and 

with its half-life of 271 days, can be safely transported wherever 68Ga is needed.293 

However, 68Ga generators are expensive and their yield decreases considerably over 

time.294 68Ga PET agents are taken orally or injected into the patient’s body, where they 

are directed to tissue of interest, usually cancerous tumors, by aid of an attached vector. 

After 30-60 minutes, the agent has been absorbed into the tissue of interest. 68Ga usually 

decays through β+ decay, or the emission of a positron and an electron neutrino (Scheme 

1.4).  

 
Scheme 1.4: β+ decay of 68Ga to 68Zn. 

During the emission of positrons, gamma rays are also emitted which, like in SPECT 

imaging, are measured through the use of gamma cameras.295 Much work has gone into 

designing appropriate ligands for 68Ga. The ligand can provide a vector for the 68Ga to be 

delivered to the tissue of interest, however, it needs to bind 68Ga strongly enough so that 

the complex is stable. Diethylenetriaminepentaacetate (DTPA) is a commonly used 

chelator for radiopharmaceuticals that is sufficiently stable with other radioisotopes, but 

not stable enough with gallium for in vivo work.296 Therefore, desferrioxamine-B (DFO) 

was proposed as an alternative which was shown to be significantly more stable in human 

serum (Figure 1.18).297 DFO also has a terminal amine, on which various biological vectors 

can be attached, making it an attractive chelating agent for radioactive metals. However, 

DFO bound gallium(III) is not stable enough to prevent leaching in vivo.298 
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Figure 1.18: Chemical structure of desferrioxamine-B. 

Many additional linear chelators have been studied, such as HBED and THP, and when 

combined with different vectors such as folate, provide specificity to the 

radiopharmaceutical agents.299-302 

 Recent studies have focused on macrocyclic ligands due to their significantly 

increased stability. Of particular interest for 68Ga are 1,4,7-triazacyclononane-N,N',N''-

triacetate (NOTA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) 

(Figure 1.19). 

 
Figure 1.19: Chemical structures of NOTA and DOTA chelating agents. 

Both of these ligands form complexes with gallium with extremely high stability constants 

– where log[KML] is 30.98 for Ga-NOTA and 26.05 for Ga-DOTA.303-304 Many derivatives 

of NOTA have been synthesized, tested, and have shown promise as PET agents, but have 

yet to be FDA approved.305-310 This is possibly due to the increased difficulty of the 

synthesis of NOTA analogues, as each carboxylate coordinates to the gallium center. 

Functionalization of DOTA is significantly more facile, as only two of the four available 
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carboxylates coordinate to the gallium center, leaving the remaining two available for the 

attachment of biological vectors. Many derivatives of DOTA have been synthesized and 

tested, and have shown promise as PET agents.311-314 Since 2019, the FDA approved the 

first 69Ga radiopharmaceutical [68Ga]Ga-DOTA-TOC and the second [68Ga]Ga-DOTA-

TATE, both being Ga-DOTA conjugates with targeting peptides.315-316 Since their 

approval, both radiopharmaceuticals have proved their worth in the identification and 

imaging of various cancers. In addition to NOTA and DOTA derivatives, many other cyclic 

chelating agents have been studied, such as PCTA.302, 317 

 68Ga PET has recently been extended to imaging fungal and bacterial infections. 

Taking advantage of the previously mentioned similarities between Ga3+ and Fe3+, 

researchers utilized siderophores, small molecules synthesized by fungi and bacteria in 

order to sequester iron, to target fungal and bacterial infection. This was first demonstrated 

by radiolabeling the siderophores of the fungus Aspergillus fumigatus, desferri-

triacetylfusarine C and desferri-ferricrocin, and then using them to image A. fumigatus in 

vitro and in vivo.318 A similar study was performed on the siderophore pyoverdine, which 

is native to the bacteria Pseudomonas aeruginosa.319 However, the limitation of both of 

these studies is that the natural siderophores produced by A. fumigatus and P. aeruginosa 

both lack a chemical handle onto which a targeting vector can be attached. This was done 

in a recent study by the Pierre group, in which synthetic mimics of the natural 

Enterobacteriaceae siderophore enterobactin were made with pendant carboxylic acids, 

onto which targeting vectors could be attached (Figure 1.20).320 The thermodynamic 

stabilities of the complexes were studied through competition titrations with DFO. The 
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lead compound, TREN-CAM (1-64), formed a complex that was significantly more stable 

than DFO and the other ligands. The observed pGa values also indicated that a smaller 

ligand cap since was preferred. Radiolabeling yields for were determined for the ligands 

with ten-minute reactions. All ligands, except 3,3-Glu-CAM (1-67), exhibited 

radiolabeling yields greater than or equal to 90%, which is typical for kinetically rapid 

chelators. Together, this demonstrates that catechol binding of gallium is kinetically labile 

while being thermodynamically stable. 

 
Figure 1.20: Chemical structures of enterobactin mimics used as gallium chelators.  

The synthetic mimics remained at least as stable as Ga-DFO in buffer and no de-chelation 

in human serum was observed for Ga-TREN-CAM and Ga-TREN-bis-GlyGluCAM (1-65) 

within 2 hours. The in vivo studies in mice indicated that the Ga-TREN-CAM radiotracer 

was cleared rapidly from mice in under 15 minutes. 
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1.2.2 Non-Radioactive Gallium  

In addition to imaging, gallium has also been utilized for its antineoplastic activity 

in the form of gallium nitrate. Initial studies showed that of the group 13 metals gallium 

was less toxic than indium and thallium, and was the most effective at suppressing tumor 

growth.321 Further studies showed that gallium was able to bind to the phosphate backbone 

of DNA, but no interaction was found between gallium and nucleotides.322 This binding 

led to the inhibition of DNA synthesis, with an IC50 of 120 µM for T cell lymphocytes.323 

Incubating cells in 300 µM gallium has also been associated with the disruption of protein 

synthesis, however overt cell injury was not identified.324 Additionally, it has been shown 

that gallium inhibits certain enzymes as well as tubulin polymerization, which has been 

largely attributed to its competition with magnesium.325-329 

Early clinical trials consisted of a gallium nitrate administered through intravenous 

infusion.330-331 Tumor regression and disease stabilization was observed, however renal 

toxicity was dose-limiting and was cumulative. Renal toxicity can be mitigated through 

extended infusion and hydration. Later clinical trials administered gallium chloride and 

gallium maltolate orally.332-334 Gallium chloride and gallium maltolate each showed 

promising results, warranting further study.282 

In 1984, researchers identified that two-thirds of patients who were receiving 

gallium nitrate as an anticancer drug were also developing hypocalcemia.335 As 

hypercalcemia is a common, life-threatening disorder that can be associated with cancer, 

treatment with gallium nitrate was compelling.336-337 Early clinical trials gave patients 

gallium nitrate at a dose of 700 mg/m2 by rapid intravenous infusion over a 15 to 30 minute 
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period.338 This high of a dose resulted in high peak plasma levels, which led to 

nephrotoxicity, which was dose-limiting. A second infusion schedule was tested at a dose 

of 200 to 400 mg/m2
 per day over the course of 5 to 7 days, which resulted in a greater 

amount of gallium nitrate infused, while being better tolerated by patients. Additional 

studies demonstrated that gallium nitrate was more effective than calcitonin, a hormone 

produced by humans that regulates the levels of calcium in the blood, for controlling 

hypercalcemia. Shortly after, gallium nitrate was FDA approved for the treatment of 

hypercalcemia.339-340 Hypocalcemia may also develop in patients with normal blood 

calcium levels, but this can be managed through oral supplementation of calcium 

carbonate.341 Gallium nitrate has since been withdrawn from sale for the treatment of 

hypercalcemia, however, the FDA states that the reasons were not due to safety or efficacy. 

Gallium has also been used in combination with siderophores as a modality for the 

creation of antimicrobial agents. One approach, known as the Trojan-horse approach, 

involves the attachment of a gallium chelating siderophore to an already known antibiotic 

agent. Since the siderophores are natural iron chelating agents produced by bacteria and 

fungi in order to scavenge for iron within their environment, increased uptake of the 

siderophore attached antibiotic is expected. This methodology has been shown to be 

effective in the creation of theranostic and therapeutic antibiotic compounds.342-344 The 

second approach to gallium-siderophore based antibiotics is through the trafficking of 

gallium to bacteria and fungi. Since Ga3+ and Fe3+ are so similar, the introduction of excess 

gallium to bacteria and fungi disrupts their iron metabolism, often leading to cell death. 

This methodology has also been shown to be effective in treating infections.345-349 Though 
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both methodologies have shown incredible promise, no gallium-based antibiotics have 

been FDA approved.   
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2. Method Development for Studying Catecholamine Degradation 

2.1      Synopsis 

 Catecholamines are important drugs that can be used to treat anaphylactic shock, 

Parkinson’s disease, and mitigate sepsis. Unfortunately, catecholamines are prone to 

degradation. Therefore, it is important to develop methods that are able to accurately 

monitor and identify this degradation. Current methods do exist but have been limited to 

the analysis of a singular catecholamine.  There is no consensus between current methods 

as they utilize multiple different solvent systems. Additionally, many current methods do 

not use internal standards which increase the accuracy of measurements and current 

methods do not use sample preparation methods that aim to ensure catecholamine solubility 

and sample stability. This is important as catecholamine solubility is variable in water 

depending on the pH, and catecholamines undergo degradation which can be exacerbated 

by pH, heat, and light. A method was developed that utilized a solvent system of 0.02 M 

pH 2.5 phosphate buffer with 0.25 g/L ethylenediaminetetraacetic acid (EDTA), and 0.06 

g/L sodium octyl sulfate with acetonitrile, an internal standard of phenol, and a sample 

preparation method that utilized the addition of 100 µL of 1 M HCl in order to lower sample 

pH. This method was able to successfully separate different catecholamines from each 

other and other UV-visible absorbing additives, accurately monitor catecholamine 

solubility and degradation, and increased sample solubility and stability. 

2.2      Background 

 Catecholamines are a group of neurotransmitters and hormones derived mainly 

from the amino acid tyrosine. Dopamine, norepinephrine, and epinephrine (Figure 2.1) are 
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primarily synthesized in the adrenal medulla and in adrenergic neurons in the central 

nervous system.350 Each of these catecholamines plays an important role in the sympathetic 

nervous system, specifically with the fight-or-flight response. 

 
Figure 2.1: Chemical structures of the most prominent catecholamines. 

Dopamine (2-1), the most prevalent catecholamine in the brain, is most commonly known 

as the chemical of pleasure, as it is released by environmental stimuli associated with 

reward. It has also been linked to motor and motivational functions, addiction, and other 

mental disorders.351-353 Norepinephrine (2-2) is associated with the brain’s response to 

stressful stimuli. It increases heart rate, blood pressure, and triggers the release of glucose 

in order to prepare the body to respond to said stimuli. It has also been linked to depression 

and post-traumatic stress disorder.354-355 Epinephrine (2-3) is associated most closely with 

strong emotions such as fear or anger. Once released, epinephrine causes increased heart 

rate, blood pressure, and triggers the release of glucose. 

2.2.1      Uses of Catechols in Medicine 

 In addition to their natural functions within the human body, catecholamines have 

been used in medicine. In 1960, dopamine deficiency in the striatum was first reported in 

connection with Parkinson’s disease. This led to the usage of levodopa (2-4), a natural 

precursor to dopamine, as a treatment for Parkinson’s disease (Figure 2.2).356 
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Figure 2.2: Chemical structures of Levodopa and Carbidopa. 

Research into improving the effectiveness of Parkinson’s treatment has included the 

synthesis of levodopa derivatives with the aim to increase treatment efficacy and searching 

for other analogues of dopamine that are more effective than levodopa.357-358 Other research 

has gone into the creation of additional formulations that increase the efficacy of levodopa 

and the development of novel delivery systems, such as inhalation and transdermal 

patches.359 Levodopa combined with carbidopa (2-5) is to this day the most frequently used 

treatment of Parkinson’s disease.360 Carbidopa is an aromatic amino acid decarboxylase 

inhibitor that helps prevent the decarboxylation of levodopa to dopamine outside the 

brain.361 The addition of carbidopa to levodopa reduces the infusion rate required to 

produce a clinical response, as well as the time required for plasma clearance of levodopa. 

Additionally, dopamine has been implicated in the pathology of dementia, however its 

exact role in Alzheimer’s disease remains unclear.362 Recent studies validated the positive 

effects of dopamine derivatives on indicators of Alzheimer’s disease such as metal ions, 

metal-free amyloid-β, metal-bound amyloid-β, and ROS.363 

 The most frequent usage of catecholamines in medicine is the utilization of 

epinephrine in the treatment of anaphylactic shock. First synthesized in 1906, it was 

primarily used in the treatment of asthma, croup, which is the infection of the upper airway, 
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and during surgery to prolong the duration of simultaneously administered local 

anesthetics.364-365 In the 1960s, syringes prefilled with epinephrine were introduced to 

counteract anaphylaxis triggered by foods, medication, and insect venoms. The first 

epinephrine auto-injectors were introduced in 1980. To this day, epinephrine is the first 

drug to be administered in the treatment of anaphylactic shock as it is able to completely 

reverse most if not all symptoms in a matter of seconds.366 

 High doses of dopamine, norepinephrine, and epinephrine have also been studied 

as vasopressors in the mitigation of sepsis. However, studies have been inconclusive as 

some studies showed catecholamines caused no increase of blood flow in the desired 

locations, whereas other studies showed that catecholamines caused increased or decreased 

blood flow in the desired locations. No greater effect of metabolism, function, or survival 

rate was found.367-369 

2.2.2      Catechol Degradation 

 Drug stability and degradation is an important part of ensuring the quality, efficacy, 

and safety of formulated drug products. Research has been done to study the effect of light 

and heat on drugs such as lovastatin, riboflavin, aztreonam, and chloroquine.370-371 Studies 

have also implicated drug formulation, specifically comparing aqueous and solid state, and 

drug concentration in water also plays a role in drug decomposition.372-373 The stability of 

catecholamines before their usage in the human body is therefore of concern. 

Understanding drug degradation is especially important in the treatment of life-threatening 

conditions, such as anaphylaxis, where catecholamines are stored in aqueous solution. The 

degradation mechanism of catecholamines has been extensively studied under pulse-
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radiolysis and in the presence of enzymes such as superoxide dismutase.374-376 

Catecholamines were found to undergo single electron oxidation that formed semi-

quinones, which then underwent an additional single electron oxidation to form quinones 

(Scheme 2.1). The initial oxidation from catechol to semi-quinones could be caused by 

both hydroxyl radical and superoxide, whereas the second oxidation from semi-quinone to 

quinone can only occur with the assistance of superoxide. 

 
Scheme 2.1: a) Scheme of the degradation of a catecholamine to a semi-quinone in the presence of hydroxyl 

radical. b) Scheme of the degradation of a catecholamine to a semi-quinone in the presence of superoxide. c) 

Scheme of the degradation of a semi-quinone to a quinone in the presence of superoxide. 

A variety of external factors can increase the rate of auto-oxidation of catecholamines. The 

most obvious factor is the pH of the surrounding solution, as the first mechanistic step of 

the oxidation of catecholamines is the deprotonation of a single hydroxyl group. It is 

therefore unsurprising that studies have found that the rate of catecholamine degradation 

increases as pH increases.377-378 Another factor is light, especially UV-visible light, which 

can photoactivate catecholamines in order to induce oxidation.379-380 The absorbance of 

light causes a π → π* transition, which in turn can lead to the generation of a free radical 
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intermediate.379 This intermediate has been hypothesized to then react with oxygen in order 

to form adrenochrome and H2O2. The last major external promoter of catecholamine 

degradation is heat. Studies have found that temperatures below room temperature aid in 

preventing degradation of catecholamines.381-382 It follows that temperatures above room 

temperature would increase the rate of degradation of catecholamines. 

2.2.3      Methods of Studying Catechol Degradation 

 Many methods have been utilized in the past to study the degradation of 

catecholamines. Early studies utilized UV-visible spectroscopy to determine the rate and 

amount of degradation occuring.379-380, 383 This is done by monitoring the change in optical 

density or absorbance at wavelengths corresponding to the starting catecholamines and the 

expected degradation products. UV-visible spectroscopic analysis is the most facile 

method but typically does not work for more complex systems, where the catecholamine 

and any degradant may absorb in the same range of wavelengths. Liquid chromatography 

with tandem mass spectrometry (LC-MS/MS) is another powerful technique that has been 

used to analyze catecholamines and various metabolites.384-385 Different catecholamine 

degradants are separated and quantified through the use of liquid chromatography and are 

then analyzed and identified through the attached tandem mass spectrometer. The most 

commonly used tool for analyzing catecholamine degradation is high-pressure liquid 

chromatography (HPLC) in tandem with either UV-visible spectroscopy or 

electrochemical detectors.381, 386-389 Reverse phase chromatography separate 

catecholamines and their degradants, and the attached spectrometer or detector identifies 

or quantifies each compound. This separation is the major benefit of LC-MS/MS and 
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HPLC over conventional UV-visible analysis. The separation of analytes allows for clearer 

quantification and identification. However, this usually involves much optimization and 

troubleshooting in order to prevent coelution. 

 Each analytical method and catecholamine have different conditions for running 

and analyzing samples. Work has been done by the Sogorb group to make an analytical 

method for the simultaneous determination of multiple catecholamines, however this 

method was not tested on samples that underwent forced degradation.390 To the best of my 

knowledge, no report has been made of a method that is able to analytically determine the 

amount of every catecholamine and its corresponding degradation. In order to do so, a 

starting point must be established. Current epinephrine analytical methods are an attractive 

starting point, as epinephrine is used in expensive auto-injectors which experience 

degradation and need to be replaced. However, even amongst methods solely for the 

purpose of analyzing epinephrine, there is no consensus. For instance, solvent systems used 

to analyze epinephrine vary from single solvent systems consisting of aqueous buffers, to 

mixed solvent systems with water and acidified organic solvents, to single solvent systems 

consisting of methanol with dilute aqueous acid.386, 390-397 Another drawback with most 

currently published methods is the choice of internal standard. The most frequently used 

internal standard, 3,4-dihydroxybenzylamine,394, 397-398 has the disadvantages of eluting 

closely to epinephrine and degrading through the same mechanisms as epinephrine.  

The final incompatibility with current methodologies of epinephrine degradation 

analysis, and what is required for this planned study, is that previous methodologies have 

no intentional control for epinephrine solubility and shelf stability of samples. This is 
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especially important for methods that use harsh conditions, as initial experiments 

performed indicated that not all compounds were soluble after forced degradation. 

Catecholamine solubility, including epinephrine, is highly dependent on the pH of the 

solution that it is in – with minimal solubility reported at pH 9.4.399 The pH of the solution 

also plays a role in catecholamine degradation, with higher pH values causing more 

degradation. This is important for this study, as samples will be sitting at room temperature 

for nearly 20 hours before analysis by HPLC, due to the large number of samples being 

analyzed in triplicate. Therefore, an ideal methodology would also ensure that the pH 

values of prepared samples were low in order to optimize the solubility of the samples as 

well as the stability of the samples. Herein, I describe the development of a sample 

preparation and analytical HPLC method to be used in the study of the degradation of any 

catecholamine, aiming to tackle the current limitations of existing methods. 

2.3      Results and Discussion 

 Epinephrine was chosen as the model compound for this study because it is a life-

saving drug and because epinephrine in auto-injectors undergo degradation and are 

expensive to replace. In order to successfully develop a complete analytical method to 

determine the degradation of any catecholamine, a set of experimental conditions must be 

determined. This includes determining a solvent system and HPLC method that adequately 

separates catecholamines from each other, determining an internal standard that is stable 

and elutes at a time that will not interfere with catecholamines nor their degradants, and a 

sample preparation method that ensures sample solubility and stability. These conditions 
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were first determined with epinephrine and were then extended to a number of other 

catecholamines in order to demonstrate the method’s versatility. 

 Additionally, the experiments performed to validate this method will utilize 

partially degraded epinephrine, to verify that the method will work for analyzing 

degradation of catecholamines, and gallium nitrate to confirm separation of analytes from 

UV-visible absorbing additives. 

2.3.1      Solvent Systems 

 The first step to developing the analytical method was to determine the solvent 

system. Identifying which solvents to use was critical for the separation of analytes in order 

to accurately identify total concentration and degradation. Typical HPLC mobile phases 

combine an aqueous mobile phase, typically water or a buffer solution, and a hydrophilic 

organic solvent, such as acetonitrile or methanol. Methods that have been previously 

utilized to study epinephrine degradation were then tested. Two HPLC methods were 

chosen. The first had been used to study the sulfonation and racemization pathways of 

epinephrine utilizing a flow rate of 0.7 mL/min and a mobile phase of 89.93% 5 mM pH 

7.0 ammonium acetate buffer, 10% acetonitrile, and 0.07% formic acid.392 The second 

method tested was previously used to study the thermal degradation of epinephrine auto-

injectors. This HPLC method utilized a flow rate of 0.5 mL/min and a mobile phase of 0.02 

M pH 2.5 phosphate buffer with 0.25 g/L EDTA and 0.06 g/L sodium octyl sulfate.386 

These two methods were then tested on samples of epinephrine that had been treated with 

10 equivalents of gallium nitrate and placed into 30 °C water baths for 7 days to induce 

degradation (Figure 2.3). 
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Figure 2.3: HPLC traces of heated epinephrine solutions with different mobile phases. T = 30 °C, t = 7 

days, λ = 220 nm, 10 equivalents of Ga(NO3)3. 

Both methods were able to separate epinephrine from other UV-visible absorbing species, 

however the ammonium acetate-based solvent system produced retention times of 2.7 

minutes for epinephrine and 2.1 minutes for other UV-visible absorbing species, which 

were too close together to prevent overlapping peaks. The phosphate-based mobile phase 

produced retention times of 17.6 minutes for epinephrine and 3.8 minutes for other UV-

visible absorbing species, which were far enough apart to prevent peak overlap. Therefore, 

the phosphate-based mobile phase was chosen for further study. 

2.3.2      Internal Standards 

 After selecting the solvent system to be used, the next step for developing the 

analytical method was to determine the optimal internal standard. Internal standards are 

utilized in order to correct analyte absorbance values for any errors in sample preparation, 

inconsistencies in sample injection volume, or errors in UV-visible absorption. Typically, 

HPLC internal standards are compounds that have similar structures and properties to the 
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analyte of interest, such as 3,4-dihydroxybenzylamine. To overcome the previously 

mentioned issues of degradation and similar retention times, different internal standards 

were tested. 2,3-Dihydroxybenzoic (2-6) acid was selected as a compound with a very 

similar structure to epinephrine, as it contains a catechol. Phenol (2-7), containing a 

singular aromatic hydroxyl group, was selected as a compound with a moderate similarity 

to epinephrine. Fluorescein was the final tested internal standard, which has the least 

similar chemical structure to epinephrine (2-8). 

 
Figure 2.4: Chemical structures of tested internal standards. 

Initial tests were performed with these internal standards using the phosphate-based 

method, but even with 60 minutes of elution time, the internal standards were never 

observed. Therefore, alterations to the original literature method were necessary in order 

to continue with these internal standards. The elution conditions were changed to include 

a linear gradient of acetonitrile, with final return to the phosphate-based mobile phase. 

These new elution conditions retained the ability to separate epinephrine from other UV-

visible absorbing species, while now eluting each of the prospective internal standards 

(Figure 2.5). Additionally, the retention time of epinephrine became 6.6 minutes. 
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Figure 2.5: a) HPLC trace of heated epinephrine solution with fluorescein internal standard. b) HPLC trace 

of heated epinephrine solution with 2,3-dihydroxybenzoic acid internal standard. c) HPLC trace of heated 

epinephrine solution with phenol internal standard. T = 60 °C, t = 6 days, λ = a) 354 nm b) 314 nm c) 270 

nm, 0 equivalents of Ga(NO3)3. 

The downsides to this new set of elution conditions includes the creation of a new solvent 

front peak in the UV-visible spectra, as well as an increase in the background absorbance. 

However, both issues are easily resolved through subtraction of a blank. The elution of 

fluorescein coincides with the solvent front peak at 27 minutes and the elution of 2,3-

dihydroxybenzoic acid occurs 29 minutes, which are both too close to the solvent front 

peak. On the other hand, phenol eluted at 31 minutes, which allowed for a clean integration 

of the peak. Therefore, phenol was selected as the internal standard for further study. 
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2.3.3      Sample Preparation 

 The final step of method development was optimizing HPLC sample preparation in 

order to ensure complete sample solubility as well as stability. This was necessary as 

sample degradation can create insolubilities, and samples that recently underwent 

degradation are unlikely to be stable. This was especially important when running 

experiments in triplicate, as the run time of one set of samples with 45-minute run times 

can last many hours. Two HPLC sample preparation methods were tested: a more 

traditional sample preparation method without pH adjustment and a novel method that 

utilized the addition of 100 µL of 1 M HCl to considerably reduce the pH in order to ensure 

sample solubility and stability. Both sets of HPLC samples were made immediately after 

thawing the previously frozen aliquots in order to prevent degradation before HPCL sample 

preparation. Additionally, both sample preparation methods were tested without (Figure 

2.6a) and with (Figure 2.6b) gallium nitrate at basic and acidic pHs to validate epinephrine 

sample solubility over a wide pH range. 
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Figure 2.6: Relative epinephrine values for epinephrine solutions with a) 0 equivalents of Ga(NO3)3 and b) 

1 equivalent of Ga(NO3)3 at various pH values tested with sample preparation method without pH 

adjustment or a new sample preparation method with pH adjustment. Error bars represent ± one standard 

deviation, n = 3. * Indicates a statistically significant difference (2 sample t-test, *: p < 0.05, **: p < 0.03, 

***: p < 0.01). 

Sample epinephrine (ES) values are found by taking the integrated absorbance of the 

epinephrine peak (AE) at 280 nm and dividing by the integrated absorbance of the internal 

standard peak (AIS) at 270 nm (Eq. 2.1). 

                        ES = (AE) / (AIS)                   (Eq. 2.1) 

The relative epinephrine (ER) of each sample is then calculated by dividing by the value of 

the sample at pH 7 (Eq. 2.2). 

                       ER = ES / (ES at pH7)                                         (Eq. 2.2)       

ER values for samples without gallium were unchanged for pH values more acidic than 7, 

which is unsurprising given that epinephrine is soluble at acidic pHs. However, for the two 

basic pH values of 7.8 and 8.2, there is a significant increase in ER between the sample 

preparation method without pH adjustment and the newer method that reduced pH values, 

indicating that the newer method was better at maintaining sample solubility. This benefit 

is lost in the samples with 1 equivalent of gallium nitrate, which is hypothesized to be due 
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to coordination between gallium and epinephrine (Figure 2.6b). This coordination complex 

would have a higher net charge, and therefore have better water solubility at basic pHs. 

Additionally, sample stability over time was measured. This was done by dividing 

the sample epinephrine values of the second and third replicate of each measurement by 

the sample epinephrine value of the first replicate (Figure 2.7). On average, the values of 

samples prepared with the new sample preparation method retained 1% more of their initial 

epinephrine concentration per 5 hours than the samples prepared without pH adjustment. 

This effect is greatly magnified in samples that are unstable, as relative epinephrine values 

dropped by 10% for samples without added HCl. Again, this effect is somewhat lost with 

the introduction of 1 equivalent of gallium nitrate, likely caused by the binding of 

epinephrine to gallium.  

Figure 2.7: Relative epinephrine values for epinephrine solutions with a) 0 equivalents of Ga(NO3)3 and b) 

1 equivalent of Ga(NO3)3. All values have been normalized to 1st replicate measurements and averages are 

for all pH values measured. 

2.3.4      Extension to Other Catecholamines 

 The solvent system, internal standard, and sample preparation method were then 

tested on levodopa and norepinephrine in order to confirm reproducibility with other 
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catecholamines. Levodopa and norepinephrine were chosen because they are both drugs 

that are used within the field of medicine and are prone to the same oxidative degradation 

as epinephrine. Under the chosen solvent system and elution method, levodopa had a 

retention time of 10.5 minutes and norepinephrine had a retention time of 4.7 minutes, 

which are both significantly separated from epinephrine at 6.6 minutes (Figure 2.8). 

 
Figure 2.8: Overlapping HPLC traces of epinephrine, norepinephrine, and levodopa. 

Sample solubility and stability was measured for levodopa and norepinephrine in the same 

manner as epinephrine. Both levodopa and norepinephrine exhibited increased sample 

solubility with the new sample preparation method at basic pHs without gallium nitrate 

(Figure 2.9). 
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Figure 2.9: a) Relative norepinephrine values of norepinephrine solution with 0 equivalents of Ga(NO3)3. 

b) Relative norepinephrine values of norepinephrine solution with 1 equivalent of Ga(NO3)3. c) Relative 

levodopa values of levodopa solution with 0 equivalents of Ga(NO3)3. d) Relative levodopa values of 

norepinephrine solution with 1 equivalent of Ga(NO3)3. Each sample was tested at various pH values with 

the sample preparation method without pH adjustment and the new sample preparation method with pH 

adjustment. Error bars represent ± one standard deviation, n = 3. * Indicates a statistically significant 

difference (2 sample t-test, *: p < 0.05, **: p < 0.03, ***: p < 0.01). 

With the addition of gallium nitrate, only the most basic sample of norepinephrine 

remained more soluble while both sample preparation methods were equivalent for the rest. 

Stability tests were less conclusive, with the only significant difference between the two 

sample preparation methods being norepinephrine with 1 equivalent of gallium at basic pH 

values. 
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2.4      Conclusions 

 A new method of analyzing catecholamine degradation was developed. Through 

the selection of a solvent system and the optimization of an elution method, the 

differentiation of epinephrine, levodopa, norepinephrine, and added UV-visible absorbing 

compounds was possible. The addition of an internal standard allowed for more accurate 

measurements of degradation and solubility. This in turn allowed for the improvement of 

sample preparation methods with regards to compound solubility and shelf stability. In 

combination, these improvements will allow for the study of catecholamines under any 

conditions that have undergone different types of forced degradation. 

2.5      Experimental 

2.5.1      General Considerations 

Unless otherwise noted, reagents were purchased from commercial suppliers and used 

without further purification. All water is distilled water that was further purified by a 

Millipore cartridge system (resistivity 18 MΩ). Analytical HPLC was performed with a 

Varian Prostar 210 HPLC instrument (Agilent, Santa Clara, CA) equipped with a Varian 

ProStar 335 diode array detector and an Agilent Zorbax Eclipse XDB-C18 column (5 µm 

pore size, 4.6 × 150 mm). All pH measurements were performed using a Thermo Scientific 

Ag /AgCl refillable probe and a Thermo Orion 3 Benchtop pH meter. 

2.5.2      Solvent Systems 

Water and Acetonitrile HPLC Two 5-dram scintillation vials were prepared with NaCl 

(60. mg, 1.0 mmol) and Na2S2O5 (17 mg, 0.089 mmol) in 9 mL of water. To one vial 

Ga(NO3)3 (14 mg, 0.055 mmol) was added. To each vial epinephrine (10. mg, 0.055 mmol) 
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in 1 mL of water was added. Each vial was then shaken thoroughly, and pH adjusted until 

the pH was between 2 and 5. The vials were then placed in a 30 °C bath for 48 hours. 

Samples were prepared for HPLC by mixing 170 µL of the sample with 30 µL of 

acetonitrile. The samples were then filtered through 0.2 µm polypropylene (PP) syringe 

filters and loaded onto the HPLC and analyzed with a flow rate of 1.0 mL/min with the 

following elution conditions: 15% CH3CN / 85% water from 0 to 2 minutes, a linear 

gradient to 100% CH3CN until 23 minutes, 100% CH3CN until 26 minutes, followed by a 

linear gradient back to 15% CH3CN / 85% water at 30 minutes which was held until 32 

minutes. 

Ammonium Acetate-Based Mobile Phase Formic acid (0.35 mL, 9.3 mmol) and 

ammonium acetate (190 mg, 2.5 mmol) were dissolved into 450 mL of water and 50 mL 

of acetonitrile. This solution was then pH titrated to a final volume of 500 mL and a pH of 

7.0. 

Phosphate-Based Mobile Phase Disodium EDTA (0.500 g, 1.49 mmol), sodium 

phosphate monobasic (5.52 g, 4.60 mmol), and sodium octyl sulfate (0.120g, 0.517 mmol) 

was dissolved in 1.95 L of water. This solution was then pH titrated to a final volume of 

2.00 L and a pH of 2.50. 

Ammonium Acetate and Phosphate HPLC Three 5-dram scintillation vials were 

prepared with NaCl (60. mg, 1.0 mmol). No Ga(NO3)3 was added to the first vial, 1 

equivalent of Ga(NO3)3 (14 mg, 0.055 mmol) was added to another, and 10 equivalents of 

Ga(NO3)3 (140 mg, 0.55 mmol) was added to the last. Epinephrine (10. mg, 0.055 mmol) 

and 10 mL of water were then added to each vial, which was then shaken and heated in a 
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water bath at 30 °C for 48 hours. HPLC samples of each vial were then prepared by filtering 

200 µL through 0.2 µm PP syringe filters. Each sample was then analyzed by both solvent 

systems, the ammonium acetate-based mobile phase and the phosphate-based mobile 

phase, with a flow rate of 0.5 mL/min from 0 to 30 minutes. 

2.5.3      Internal Standards 

Internal Standards Stock solutions of phenol, fluorescein, and 2,3 dihydroxybenzoic acid 

were prepared by dissolving 2 mg of each solid into 2 mL of water. 

Internal Standards HPLC Old Elution Method A 5-dram scintillation vial was prepared 

with NaCl (60. mg, 1.0 mmol) and epinephrine (10. mg, 0.055 mmol). The solids were then 

dissolved into 10 mL of water and heated in a water bath at 60 °C for 6 days. Three HPLC 

samples were prepared by taking 200 µL of the degraded epinephrine solution and mixing 

in 50 µL of each internal standard stock solution, one sample per internal standard. Each 

sample was then analyzed with a flow rate of 0.5 mL/min of the phosphate-based mobile 

phase from 0 to 30 minutes. 

Internal Standards HPLC New Elution Method A 5-dram scintillation vial was 

prepared with NaCl (60. mg, 1.0 mmol) and epinephrine (10. mg, 0.055 mmol). The solids 

were then dissolved into 10 mL of water and heated in a water bath at 60 °C for 6 days. 

Three HPLC samples were prepared by taking 200 µL of the degraded epinephrine solution 

and mixing in 50 µL of each internal standard stock solution, one sample per internal 

standard. Each sample was then analyzed with a flow rate of 0.5 mL/min with the following 

elution conditions: 100% of the phosphate-based mobile phase from 0 to 20 minutes, a 

linear gradient to 50% phosphate-based mobile phase and 50% CH3CN from 20 to 22.5 
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minutes, 50% phosphate-based mobile phase and 50% CH3CN from 22 to 32 minutes, a 

linear gradient to 100% phosphate-based mobile phase from 32.5 to 35 minutes, and 100% 

phosphate-based mobile phase from 35 to 45 minutes. 

2.5.4      Sample Preparation 

General Sample Preparation Procedure A 5-dram scintillation vial was prepared with 

NaCl (60. mg, 1.0 mmol), the catecholamine (epinephrine, 10. mg, 0.055 mmol; 

norepinephrine, 10. mg, 0.059 mmol; levodopa, 10. mg, 0.051 mmol), and Ga(NO3)3 (0 

equivalents, 0 mg, 0 mmol; 1 equivalent, 14 mg, 0.055 mmol). Then 9 mL of 250 mM pH 

7.0 tris(hydroxymethyl)aminomethane (Tris) buffer was added to the vial which was then 

sonicated to aid in the dissolution of epinephrine. The solution was then pH adjusted back 

to 7.0 and taken to a final volume of 10 mL with the addition of more 250 mM pH 7.0 Tris. 

A 500 µL aliquot of the sample was taken and then 20 µL of 6M HCl was added. The pH 

was measured, another 500 µL aliquot of the sample was taken for the first acidic sample, 

and then 20 µL of 6M HCl was added. The pH was measured again, another 500 µL aliquot 

was taken for the second acidic sample, and 40 µL of 50% NaOH was added. The pH was 

measured again, another 500 µL aliquot was taken for the first basic sample, and 20 µL of 

50% NaOH was added. The pH was measured and a final 500 µL aliquot was taken for the 

second basic sample. To prepare the HPLC samples without pH adjustment, 200 µL of 

each aliquot was mixed with 100 µL of internal standard. These mixtures were vortexed 

and then pushed through 0.22 µm nylon syringe filters before being loaded onto the HPLC. 

To make the HPLC samples with pH adjustment, 200 µL of each aliquot was mixed with 

100 µL of internal standard and 100 µL of 1M HCl. These mixtures were vortexed and 
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then pushed through 0.22 µm nylon syringe filters before being analyzed by the new elution 

method.  



67 

 

3. Gallium Mediated Prevention of Epinephrine Degradation 

3.1      Synopsis 

 Epinephrine auto-injectors are commonly used to treat anaphylactic shock. 

Epinephrine experiences degradation caused by high pH, heat, and light which can make 

the auto-injectors unsafe to use. Additionally, the formulation of epinephrine auto-injectors 

is quite acidic, which causes the injection to be more painful than it needs to be. The 

creation of an epinephrine prodrug could solve both of these problems; however, 

conventional prodrugs of epinephrine cannot be used to treat anaphylactic shock due to 

their long half-lives. A metal-based prodrug of gallium-bound epinephrine provides an 

attractive alternative. Gallium complexes with catecholamines are known to be stable and 

gallium is known to be kinetically labile, redox inactive, and non-toxic at concentrations 

necessary for an epinephrine auto-injector. Multiple forced degradation studies were 

performed on epinephrine solutions with varying equivalents of gallium which were then 

analyzed by the previously described analytical method. Optimal gallium concentration 

was found to be between 1 and 3 equivalents and stabilization of epinephrine solutions was 

seen in conditions up to 50 °C and under UV-visible light. 

3.2      Background 

 Epinephrine is a lifesaving catecholamine that is used in the treatment of 

anaphylactic shock. The most common method of administering epinephrine in response 

to anaphylactic shock is through the use of an auto-injector. Epinephrine auto-injectors 

contain a solution of epinephrine, usually at a concentration of 1 mg/mL, with added 

sodium chloride, sodium metabisulfite, and hydrochloric acid. For those that cannot afford 
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or do not have access to auto-injectors, epinephrine solutions are typically provided in an 

ampule or a prefilled syringe.400 These solutions are typically injected into the skin or 

muscle, where the epinephrine is then absorbed into the bloodstream.401 Once in the 

bloodstream, epinephrine is delivered throughout the body where it is able to counteract 

the effects of anaphylactic shock as an α- and β-adrenergic receptor agonist.402  

When an antigen enters the body, the body typically responds in one of two ways. 

The first is an antibody-antigen response, in which the immunoglobulin IgE is produced.403 

IgE attaches to mast cells, where it is able to recognize the antigen and facilitate the release 

of inflammatory mediators such as histamine. The second is the direct activation of mast 

cells without the aid of IgE, which typically occurs on the first encounter with an antigen. 

Both responses lead to anaphylactic shock, which is marked by a drop in blood pressure, 

vasodilation, bronchoconstriction, and general swelling caused by increased capillary 

permeability. As an α-adrenergic receptor agonist, epinephrine activates blood vessel 

constriction, resulting in increased blood pressure and decreased angioedema.402 As a β-

adrenergic receptor agonist, epinephrine induces faster and harder heartbeats and 

bronchodilation. The activation of β-adrenergic receptor also results in the increase of 

cyclic adenosine monophosphate in mast cells and basophiles, which inhibits the release 

of additional inflammatory mediator. These effects combined make epinephrine an 

excellent treatment for anaphylactic shock. 

Solutions of epinephrine have been shown to be prone to degradation which causes 

concentrations to go below recommended levels after just two years under optimal storage 

conditons.392 This is problematic as maintaining epinephrine concentration is critical for 
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ensuring the efficacy of injectable epinephrine. Another concern is the production of 

adrenochrome, one of the oxidative degradation products of epinephrine (3-3).404 At one 

point adrenochrome was thought to be a hallucinogenic, however it is now classified as a 

psychoactive substance – which would be detrimental to give to someone undergoing 

anaphylactic shock.405 Additionally, the replacement of an epinephrine auto-injector can 

cost over $300, which is a high cost for a lifesaving drug.406 In the current formulation of 

epinephrine auto-injectors, steps have been taken in the effort to prevent epinephrine 

degradation. Sodium metabisulfite (Na2S2O5) is an inorganic salt that is added to the 

formulation as an antioxidant and preservative.393, 407 In addition to increasing stability, the 

addition of Na2S2O5 also results in the formation of an additional sulfonated degradation 

product (3-4).392  

 
Figure 3.1: Degradation pathways of epinephrine and their respective products. 

 

Epinephrine auto-injectors have also been formulated at a pH of 2.2 to 5, which helps 

prevent the oxidation of epinephrine by ensuring the protonation of the catechol.408 It is 

also recommended to keep the epinephrine between 20 to 25 °C and protected from light, 
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as these exposures can lead to degradation. Even with these preventative measures, 

epinephrine degradation in auto-injectors still occurs at ambient temperatures.392 Another 

drawback to this formulation is that studies have found that pH values of solutions that are 

not close to physiological pH cause additional pain upon injection.409 Therefore, additional 

methods of stabilization that improve epinephrine stability and allow for a more neutral pH 

formulation are necessary. 

3.2.1      Prodrugs 

 One potential method to stabilize epinephrine is through the use of a prodrug. In 

order to be effective, the prodrug would need to be stable in solution and able to rapidly 

release the active drug, epinephrine, in the order of seconds upon entering a human body. 

This is critical, as immediate response to anaphylactic shock is necessary to prevent 

symptom progression and the need for multiple doses.410 Prodrugs of catecholamines have 

been studied since the late 1960’s, with the research of lipophilic derivatives of 

norepinephrine that were capable of crossing the blood-brain barrier.411 Subsequent work 

involved the synthesis of apomorphine diester prodrugs with the goal of prolonged 

biological activity,412-413 and methyldopa prodrugs with the goal of increased 

gastrointestinal uptake.414-416 Additionally, prodrugs of dopamine and levodopa have 

sparked interest for the treatment of Parkinson’s disease. Research has shown that the 

therapeutic response to levodopa depends on the efficiency of absorption, therefore initial 

ester-based prodrugs of levodopa aimed to increase bio-availability.417 By esterifying the 

catechol, the lipophilicity of the prodrugs can be increased up to 20,000 times that of the 

original drug, resulting in between 2.5 and 10 times greater concentration of the active drug 
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in the brain.418-422 Newer generations of catecholamine prodrugs have been synthesized and 

studied for their effect on absorptivity, lipophilicity, half-life, blood brain barrier 

penetration, and overall efficacy. These prodrugs included derivatives of the native 

catecholamines with added amide functional groups,423-425 amino acid functional 

groups,426-428 and various heterocycles.429-430 

 In contrast to levodopa and dopamine, there has been significantly less work done 

to investigate prodrugs of epinephrine. The first reported usage of an epinephrine derivative 

for medicinal usage was the study of the two mono-methoxy derivatives and the dimethoxy 

derivative of epinephrine for their catatonic effects, however there was no indication that 

these compounds acted as a prodrug.431 The first and only clinically used prodrug of 

epinephrine was first reported in 1976.432 In addition to its typical usage as a treatment for 

anaphylactic shock, epinephrine has also been FDA approved to treat glaucoma. A 

concentrated solution of epinephrine is instilled directly into the eye, but due to its high 

polarity, epinephrine is poorly absorbed through the eye’s lipoidal membrane. Therefore, 

a prodrug of epinephrine was necessary in order to improve lipoidal absorptivity, which 

was done through the addition of two pivaloyl groups to epinephrine to make dipivefrin (3-

5). 
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Figure 3.2: Chemical structure of dipivefrin. 

 

Improved lipoidal absorptivity was confirmed because dipivefrin was about 100 times 

more effective than epinephrine in the management of glaucoma. Additionally, the prodrug 

had fewer side effects than epinephrine as expected since the hydrolysis of the pivaloyl 

groups had a half-life of nearly 2 hours in rabbit eye homogenate. This led to the prodrug 

being 100 to 400 times less effective than epinephrine on the cardiovascular system of cats 

and dogs. While dipivefrin had success in the treatment of glaucoma in humans, the half-

life of nearly 2 hours would exclude dipivefrin from being efficacious in the treatment of 

anaphylactic shock. In order for a prodrug to be viable in the treatment of anaphylactic 

shock, the half-life would need to be in the order of seconds. The rate of most hydrolysis 

for esters is typically in the order of minutes, meaning that a non-covalent approach might 

be best for an epinephrine prodrug that is to be used for the treatment of anaphylactic 

shock.433-434 

3.2.2      Metal Based Prodrug Approach 

 One approach to the creation of an epinephrine prodrug that can be used for the 

treatment of anaphylactic shock is that of a metal-based prodrug. Similar to that of 

previously described metal-based prodrugs, the coordination of epinephrine to a metal 
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center would deactivate and stabilize epinephrine. Care must be given to the metal of 

choice, given the various constraints of the system. As the metal would be injected into the 

human body, it is of utmost importance that it is non-toxic at the required concentrations. 

Catecholamines have two hydroxylate groups that act as hard bases and can coordinate to 

a metal center in a bidentate fashion. Therefore, the ideal metal would be hard as well in 

order to promote effective binding. The binding between epinephrine and the metal of 

choice would need to be thermodynamically stable in order to ensure the longevity of 

epinephrine auto-injectors, but not too stable as to prevent the dissociation of epinephrine 

once inside the body. The ideal metal would also be redox inactive in order to deter the 

oxidation of bound epinephrine. Lastly, the metal of choice needs to be labile as 

epinephrine dissociation needs to be rapid once the complex has entered the human body. 

 Gallium(III) is an excellent choice for this metal-based prodrug since it fulfills all 

the above requirements. Gallium nitrate has been previously FDA approved for the 

treatment of hypercalcemia at concentrations that far exceed the concentration required for 

an epinephrine auto-injector.340 Gallium is a hard metal and has also been previously used 

to bind catechols, primarily in the form of siderophores and siderophore mimics.320, 343, 435 

Gallium(III) is unable to perform redox chemistry as it is a d10 metal.436 Additionally, 

gallium is regarded as a labile metal meaning that rapid decomplexation of epinephrine 

should be achievable.437 Once inside the body, gallium has been shown to hydrolyze to 

Ga(OH)3 and bind to phosphate to form HGaPO4
+ which has a Ksp of 10-21.438 With overall 

formation constants for binding gallium by tri-catecholate ligands being previously 

reported between 41.9 and 36.6, it is hypothesized that epinephrine will be released from 
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gallium upon entering the bloodstream.439 The equilibrium constant for the exchange of 

gallium(III) from epinephrine to phosphate can be estimated from these values as 2.3*1019, 

which heavily favors the formation of gallium phosphate. The coordination of epinephrine 

to gallium(III) has the added benefit of increasing the net charge on epinephrine (Figure 

3.3). 

 
Figure 3.3: Net charge change with binding of epinephrine to gallium(III). 

 

This is hypothesized to increase epinephrine’s solubility in neutral pH ranges, allowing for 

a formulation to be made at a neutral pH. Therefore, it is hypothesized that the usage of 

gallium nitrate to create a metal-based prodrug should improve epinephrine stability and 

allow for a more neutral pH formulation. Herein, I describe the results of forced 

degradation studies in order to determine the best formulation of a gallium-based prodrug 

for epinephrine and provide future directions for continued work. 

3.3      Results and Discussion 

 Gallium nitrate was chosen for the formation of a metal-based prodrug for 

epinephrine as it has been previously FDA approved for the treatment of hypercalcemia.339-

340 Gallium nitrate was administered through a continuous intravenous infusion at a dose 

of 200 mg/m2 per day at a concentration of 25 mg/mL.440 Renal toxicity was dose-limiting, 

with a maximum tolerated dose of 400 mg/m2 per day.330-331, 441 Additionally, the no-

observed-adverse-effect level for gallium nitrate was found to be 12.5 mg/kg with an oral 

LD50 of 1.75 g/kg and an intraperitoneal injection LD50 of 80 mg/kg per day in mice.282, 442 
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These values are all multiple orders of magnitude larger than the amount used in this study. 

In order to test the ability of gallium nitrate to stabilize and prevent the degradation of 

epinephrine, various forced degradation studies were performed. Forcing conditions used 

were heat and UV-visible light, which are common factors responsible for the degradation 

of epinephrine in auto-injectors. Optimizations of sample preparation were necessary in 

order to properly account for pH changes caused by both the addition of gallium nitrate 

and the degradation of epinephrine. These optimizations and the resulting forced 

degradation studies are discussed below. Additionally, ideal gallium concentration was 

determined by comparing the degradation of epinephrine solutions with 1/3 of an 

equivalent, 1 equivalent, and 3 equivalents of gallium nitrate. The 1/3 of an equivalent 

concentration was chosen because epinephrine is expected to coordinate to gallium in a 

bidentate manner, which would lead to the formation of a six-coordinate complex based on 

literature precedence. Concentrations of 1 and 3 equivalents were tested because higher 

concentrations would shift the binding equilibrium towards epinephrine being bound by 

gallium. 

3.3.1      Forced Degradation Studies 

 Forced degradation studies were performed on samples that contained the same 

concentration of epinephrine and salt as auto-injectors but were dissolved in 250 mM Tris 

buffer and pH adjusted back to 7.0 to determine gallium’s efficacy at neutral pH. Buffer 

was necessary to prevent epinephrine degradation from lowering the pH of the solution, as 

this prevents degradation. Additionally, pH adjustment was shown to be necessary as the 

pH of samples with 1 and 3 equivalents of gallium nitrate in previous experiments were 
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lowered to 6.0 and 2.5 respectively. Although gallium nitrate is a Lewis acid, the change 

in pH was surprising due to the high concentration of buffer used. The change in pH is 

likely caused by two factors. First, the conjugate acid of Tris has a pKa of 8.1 at 25 °C, 

which implies an effective buffer range of 7.1 to 9.1.443 The result of being outside the 

effective buffer range is that the epinephrine samples at pH 7.0 have disproportionate 

amounts of Tris and its conjugate acid. Through the use of the Henderson-Hasselbalch 

equation, the theoretical concentrations of Tris and its conjugate acid are 18.4 mM and 

231.6 mM respectively. The second factor is the dissolution of gallium nitrate. The samples 

with 1 and 3 equivalents of gallium nitrate contain 5 mM and 16 mM of gallium nitrate 

respectively. This is less than the concentration of basic Tris, which would suggest a 

minimal change in pH. However, previous studies have found that gallium(III) typically 

forms Ga(OH)3 in aqueous solution.444 This implies that the dissolution of Ga(NO3)3 into 

water could generate up to 3 protons per molecule of gallium nitrate. Therefore, the 

concentration of protons generated by gallium nitrate could be up to 16 mM and 49 mM 

for the samples with 1 and 3 equivalents of gallium nitrate respectively. The estimated pH 

value for the epinephrine solution with 1 equivalent of gallium nitrate, as calculated by the 

Henderson-Hasselbalch equation, is 6.08 which closely matches the experimental value. 

The samples with 3 equivalents of gallium nitrate would generate a higher concentration 

of protons than basic Tris, which corroborates the drastic changes in pH observed. The 

estimated pH value for the epinephrine solution with 3 equivalents of gallium nitrate is 1.5, 

which is significantly smaller than the experimental value of 2.5. This is likely caused by 

gallium nitrate generating fewer than 3 full equivalents of protons. An additional alteration 
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was that the antioxidant sodium metabisulfite, which is present in auto-injector 

formulations, was removed to allow increased epinephrine degradation. The degradation 

conditions tested were room temperature, heating at 30 °C, 40 °C, 50 °C, 60 °C, and room 

temperature under UV-visible light with a wavelength of 365 nm and 254 nm. Results from 

forced degradation studies can be seen below (Figure 3.4). 
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Figure 3.4: Relative epinephrine values for pH adjusted solutions of epinephrine in 250 mM pH 7.0 Tris 

buffer. Forced degradation conditions: a) room temperature, b) 30 °C, c) 40 °C, d) 50 °C, e) 60 °C, f) room 

temperature with exposure to 365 nm and 254 nm light. Error bars represent ± one standard deviation, n = 3. 

 

Statistical significance of relative epinephrine between samples was determined by a two 

samples t-test with p values less than 0.05.  
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At room temperature, the samples with 1/3, 1, and 3 equivalents of gallium nitrate 

experienced statistically equivalent epinephrine degradation until 24 hours. The sample 

with no gallium nitrate was an outlier with less degradation than the other samples up until 

24 hours. After 24 hours the samples with 1 equivalent and 3 equivalents of gallium nitrate 

were statistically equivalent, with 65% of the initial epinephrine concentration remaining 

after 72 hours. One third of an equivalent of gallium nitrate to epinephrine reduced 

degradation, as 42% of the initial concentration remained after 72 hours, as compared to 

22% in the control without gallium nitrate.  

At 30 °C, differentiation in epinephrine degradation between the samples with 0 

equivalents and 1 and 3 equivalents of gallium nitrate began at 12 hours. Statistically 

significant prevention of degradation was seen up until 72 hours where 0 and 1/3 of an 

equivalent of gallium nitrate retained 13% of their original epinephrine concentration and 

1 equivalent and 3 equivalents of gallium nitrate retained 35% and 43% of their original 

epinephrine concentration, respectively. The sample with 1/3 of an equivalent of gallium 

nitrate experienced more degradation than the control until 72 hours of degradation. 

 At 40 °C, the difference in epinephrine degradation between the samples with 0 and 

1/3 of an equivalent and the samples with 1 equivalent and 3 equivalents of gallium nitrate 

is most pronounced, especially after 24 and 48 hours. The difference in epinephrine 

degradation between the samples with 3 equivalents and 0 equivalents of gallium nitrate 

after 48 hours of 40 °C heating is 41%, whereas after the samples subject to 48 hours of 30 

°C heating had a difference in epinephrine degradation of only 20%. This difference is 

caused by increased degradation in the samples with no gallium nitrate, as the samples with 
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1 and 3 equivalents of gallium nitrate experience similar degradation at 30 °C and 40 °C. 

Additionally, the sample with 3 equivalents of gallium nitrate experienced statistically 

significantly less degradation of epinephrine than the sample with 1 equivalent at 48 and 

72 hours. 

At 50 °C, the rate of degradation of each sample increases drastically. The samples 

with 1 equivalent and 3 equivalents of gallium nitrate still experienced significantly less 

degradation of epinephrine than the samples with 1/3 of an equivalent and no equivalents 

of gallium nitrate up until 48 hours. After 48 hours of heating at 50 °C, only the sample 

with 3 equivalents of gallium nitrate has a statistically significantly higher relative 

epinephrine value than the control. After 72 hours, all samples have equivalent or lesser 

relative epinephrine values than the control. 

 At 60 °C, the measured relative epinephrine values for the samples with 0, 1, and 3 

equivalents of gallium nitrate are statistically equivalent for the entire experiment. These 

values being equivalent is likely due to the high temperatures causing the dissociation of 

epinephrine from gallium, preventing gallium from providing any stabilization to 

epinephrine in this experiment. The effect of temperature on epinephrine stabilization with 

gallium nitrate can also be seen by comparing the relative epinephrine values of samples 

with the same equivalents of gallium nitrate that have been heated at various temperatures 

(Figure 3.5). As the temperature increases, the amount of coordination that occurs between 

gallium(III) and epinephrine decreases, which in turn causes an increase in the degradation 

of epinephrine. 
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Figure 3.5: Relative epinephrine values for pH adjusted solutions of epinephrine with a) 0 equivalents, b) 

1/3 of an equivalent, c) 1 equivalent, and d) 3 equivalents of Ga(NO3)3 in 250 mM pH 7.0 Tris buffer. Error 

bars represent ± one standard deviation, n = 3. 

 

 In addition to temperature-based forced degradation studies, forced degradation 

studies with UV-visible light were also performed (Figure 3.4f). The epinephrine sample 

with 1/3 of an equivalent of gallium nitrate experienced no stabilization when compared to 

the control with no gallium nitrate. The samples with both 3 equivalents and 1 equivalent 

of gallium nitrate both were stabilized, as the amount of epinephrine remaining after 48 

hours of exposure to UV-visible light was 40% and 27% respectively. This was 

significantly more than that remaining in the samples with 1/3 of an equivalent and no 

equivalents of gallium nitrate, which had only 13% of their initial concentration of 

epinephrine remaining. 
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 The forced degradation data demonstrates that the addition of gallium nitrate to 

solutions of epinephrine was able to reduce the amount of degradation that epinephrine 

undergoes. This supports the initial hypothesis that a gallium-based prodrug of epinephrine 

will help prevent degradation. The data also suggests that gallium nitrate was able to reduce 

degradation caused by both heat and light. This is compelling, as reducing degradation 

from all sources will decrease the necessity of needing to replace an epinephrine auto-

injector. These results also suggest that a neutral formulation of an epinephrine auto-

injector might be possible, however no direct comparison was made between current 

epinephrine auto-injector formulation and the formulations presented here. Additionally, 

the scope of gallium nitrate as an epinephrine prodrug is limited by temperature, as 

stabilization of epinephrine by the presence of gallium nitrate was not detected at 60 °C. 

However, it is unlikely that an epinephrine auto-injector will experience the extreme heat 

of 60 °C for an extended period of time. 

3.4      Conclusions 

 The addition of gallium nitrate to solutions of epinephrine as a metal-based prodrug 

was successful at stabilizing solutions of epinephrine and preventing degradation. 

Prevention of degradation caused by the addition of gallium nitrate was maximized at 40 

°C. At 60 °C the addition of gallium nitrate no longer decreased epinephrine degradation, 

likely due to the high temperatures favoring the dissociation of epinephrine from gallium. 

Stabilization of epinephrine was also seen in samples exposed to UV-visible light. 

Epinephrine in the presence of 1/3 an equivalent of gallium nitrate typically experienced 

more degradation than the control and the samples with 1 or 3 equivalents of gallium 
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nitrate. This indicates that a gallium(III) bound to three molecules of epinephrine to form 

a six-coordinate complex is not likely the mechanism responsible for epinephrine 

stabilization. One possible explanation is the coordination of three epinephrine molecules 

to gallium increases the local concentration of epinephrine and therefore increases the rate 

of degradation. The samples with 1 equivalent and 3 equivalents of gallium nitrate were 

typically similar in their ability to prevent degradation, with 3 equivalents slightly 

outperforming those with only 1 equivalent. However, the samples with 3 equivalents 

typically contained a white precipitate, possibly gallium(III) hydroxide. The presence of 

an insolubility is not ideal for an epinephrine auto-injector. Therefore, the ideal 

concentration for usage in epinephrine auto-injectors is likely between 1 and 3 equivalents. 

3.5      Experimental 

3.5.1      General Considerations 

Unless otherwise noted, reagents were purchased from commercial suppliers and used 

without further purification. All water is distilled water that was further purified by a 

Millipore cartridge system (resistivity 18 MΩ). Analytical HPLC was performed with a 

Varian Prostar 210 HPLC instrument (Agilent, Santa Clara, CA) equipped with a Varian 

ProStar 335 diode array detector and an Agilent Zorbax Eclipse XDB-C18 column (5 µm 

pore size, 4.6 × 150 mm). Unless otherwise specified, HPLC measurements were 

performed at a flow rate of 0.5 ml/min with follow following elution conditions: 100% of 

the phosphate-based mobile phase from 0 to 20 minutes, a linear gradient to 50% 

phosphate-based mobile phase and 50% CH3CN from 20 to 22.5 minutes, 50% phosphate-

based mobile phase and 50% CH3CN from 22 to 32 minutes, a linear gradient to 100% 
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phosphate-based mobile phase from 32.5 to 35 minutes, and 100% phosphate-based mobile 

phase from 35 to 45 minutes. All pH measurements were performed using a Thermo 

Scientific Ag /AgCl refillable probe and a Thermo Orion 3 Benchtop pH meter. 

3.5.2      Forced Degradation Studies 

Forced Degradation with Buffer and pH adjustment 5-Dram scintillation vials were 

prepared with NaCl (60 mg, 1.0 mmol) and epinephrine (10 mg, 0.05 mmol). Ga(NO3)3 

was then added into vials labeled as 0 equivalents (0 mg, 0 mmol), 1/3 of an equivalent 

(4.2 mg, 0.02 mmol), 1 equivalent (14 mg, 0.05 mmol), or 3 equivalents (42 mg, 0.16 

mmol). Then 9 mL of 250 mM pH 7.0 Tris was added to each vial, which were sonicated 

to aid in the dissolution of epinephrine. Each vial was then pH adjusted back to 7.0 and 

taken to a final volume of 10 mL with the addition of more 250 mM pH 7.0 Tris buffer. A 

vial of each gallium concentration was then placed under the following degradation 

conditions: room temperature, room temperature with a UV-visible lamp directly above, 

30 °C, 40 °C, 50 °C, and 60 °C. The pH of each sample was measured and 500 µL aliquots 

were taken of each sample at 0 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 72 hours 

of stirring under each degradation condition. Samples were immediately frozen until they 

were ready to be loaded onto the HPLC. Once ready, the samples were defrosted and 200 

µL of each sample was mixed with 100 µL of internal standard and 100 µL of 1 M HCl. 

These mixtures were vortexed and then pushed through 0.22 µm nylon syringe filters 

before being run on the HPLC.  
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4.  Summary and Future Directions 

The above research was guided by previously reported analytical methods for the 

analysis of catecholamines and the requirements of designing a metal-based prodrug for 

the treatment of anaphylactic shock. An analytical method was developed to enable the 

simultaneous analysis of the degradation of multiple catecholamines. A solvent system and 

solvent mixing method were made that was able to successfully differentiate epinephrine, 

levodopa, and norepinephrine from each other and other added UV-visible absorbing 

compounds. An internal standard was chosen that was not a catecholamine and allowed for 

more accurate measurements of degradation and solubility. The method was completed 

with a sample preparation method that allowed for better catecholamine solubility and shelf 

stability. The development of this analytical method aided in the creation of a metal-based 

prodrug of epinephrine. Gallium nitrate was chosen as the metal salt for this metal-based 

prodrug because it was previously FDA approved for the treatment of hypercalcemia.339 

Additionally gallium(III) is redox-inactive,279 has been shown to form thermodynamically 

stable complexes with catechols,349 and is known to be labile.437 The addition of gallium 

nitrate to solutions similar to epinephrine auto-injectors was successful at preventing 

degradation of epinephrine caused by heat and UV-visible light. Optimal gallium 

concentration is between 1 and 3 equivalents of gallium nitrate to epinephrine and 

reduction of degradation is temperature dependent, as no benefit is observed at 60 °C. 

Future directions should focus on the study and optimization of the usage of gallium 

as a metal-based prodrug for epinephrine. The ability of gallium to bind and unbind 

epinephrine needs to be better understood. Many methods can be utilized in order to do 
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this. UV-visible spectroscopy can be used to monitor changes in the π – π* transition of 

the catechol that are caused by gallium binding.445 1H and 13C nuclear magnetic resonance 

spectroscopy can be utilized to monitor the change in chemical environment of the catechol 

due to gallium binding.446-447 Cyclic voltammetry can also be utilized to monitor 

electrochemical changes that are caused by the binding of gallium.448 Both UV-visible 

spectroscopy and cyclic voltammetry were attempted for this study, however both attempts 

were unsuccessful. UV-visible spectroscopy was not sensitive enough to detect any 

unbinding of gallium from epinephrine, and epinephrine without the addition of gallium 

nitrate was not soluble in the organic solvents tested for cyclic voltammetry. Exploring 

additional experimental conditions might increase the sensitivity of UV-visible 

spectroscopy and utilizing aqueous cyclic voltammetry might allow for the study of 

epinephrine without the addition of gallium. 

 Forced degradation studies indicated that a three to one ratio of epinephrine to 

gallium was not ideal for stabilization, therefore, the addition of ancillary ligands is 

possible. Focus should be on the effect of adding antioxidant ligands, such as ascorbic acid, 

on the stabilization of epinephrine. Other ligand effects, such as using electron donating 

ligands, electron withdrawing ligands, or sterically bulky ligands. Testing a wide variety 

of suitable ligands would be ideal in order to optimize parameters such as epinephrine 

degradation, stability of epinephrine binding, and lability of epinephrine release. 

  Finally, the work discussed here can be extended through the creation of metal-

based prodrugs for other catecholamines, such as levodopa, norepinephrine, or dopamine. 
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