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An Investigation into the Identity of the Active 

Component in Pseudocatalase 

By Neale Wareham 

Pseudocatalase is a potential treatment for the disease Vitiligo (characterised by 

patchy loss of the pigment melanin in the skin). It has been developed by Professors 

K., U. Schallreuter and J. M. Woods of Bradford University in collaboration with 

Stiefel Laboratories International R&D, Maidenhead, UK. It was originally thought 

that the active moiety of Pseudocatalase was a manganese/bicarbonate complex, 

which mimics the action of the enzyme catalase in the melanogenesis pathway. This 

Thesis describes the methods used to try to identify and quantitatively assay the 

active component. The catalytic activity of Pseudocatalase upon the dye Alizarin, in 

the presence of hydrogen peroxide, was examined using UV/vis spectroscopy. A 

capillary electrophoresis method was developed and validated for the assay of 

manganese EDTA. ESR spectroscopy was used to study the manganese complex in 

Pseudocatalase. The Thesis also sheds some light on the mode of action of 

Pseudocatalase in melanogenesis and the role of ethylenediaminetetraacetic acid and 

bicarbonate in the formation of the active moiety, possibly a bi-nuclear 

manganese/EDTA/bicarbonate complex. 
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Chapter One 

\VTiatisT/idl%ro? 

1.1 Introduction 

Vitiligo is a skin disease, which causes patchy loss of colour in the skin 

(hypopigmentation). The patches can be any size and anywhere on the body. They 

can be large or small but they will always be whiter, not darker than the rest of the 

skin. The reason for the loss of colour is that the patches lack the skin's natural 

pigment, melanin, which is produced in specialised skin cells called melanocytes. 

Vitiligo can also affect the melanocytes in hair follicles, leading to depigmentation of 

the hair. Unlike hyperpigmentary diseases such as: Addison's disease, Gushing's 

syndrome and Nelson's syndrome (hormonal related) Vitamin B12 deficiency and 

cachexia (metabolic disorders). Hyperpigmentation can be drug induced and post-

inflammatory, it can also occur in localised patches in conditions such as Melasma. 

Fig. 1.1 Photo of Vitiligo in an Indian woman, showing extensive loss of pigmentation. 



Vitiligo is a disorder affecting between 0.5 to 4% of the World's population [1,2], 

and does not discriminate between race, sex or age although the m^ority of people 

develop the disease before they are twenty. 

Records of the disease date back many thousands of years, and are mentioned in the 

"Mahabharata", in Buddhist sacred books, Egyptian pharaonic medicine, and in the 

Koran and the Bible. However, some of these may have been confused with leprosy 

which also causes patchy, loss of pigmentation in the skin [3], Although the disease 

has been known for such a long time, very little is known as to what causes Vitiligo. 

There appears to be a consensus that there is a genetic element involved, but that it 

also requires a "trigger". Inheritance of the gene does not automatically lead to a 

manifestation of the disease, but rather a predisposition for the disease to develop, 

subject to some other influence. Known triggers include: 

Hormonal changes - Vitiligo may develop during puberty, pregnancy, the 

menopause or even when taking contraceptives. 

- such as bereavement, divorce and redundancy. 

Da/wagg fo /Ae jAzM - small cuts and minor sunburn through to m^or surgery or 

accidents may trigger the disease. 

Other skin conditions such as eczema may damage the skin and also trigger Vitiligo 

[4]. 

Vitiligo is not a life threatening disease. It is neither infectious nor contagious. 

However in most cases, the depigmentation is followed by severe psychological and 

physical stress [5]. In dark skinned races, where the depigmentation is more 

noticeable, a large degree of social stigma may be involved. A study on patients with 

Vitiligo has shown that only a small number adapt to this physical/psychological 

imbalance [6]. 



1.2 The Aetiology of Vitiligo 

It is quite possible that there is more than one mechanism involved in the appearance 

of Vitiligo, and that Vitiligo may well be more than one disease. Four theories have 

so far been proposed: autoimmune, neurogenic, self-destructive and composite; the 

latter incorporates elements of the other theories [7]. 

The autoimmune theory suggests that there is an association with other autoimmune 

disorders such as thyroid disease. The neurogenic theory suggests that melanin 

production is inhibited by the release of a chemical from the nerve endings in the 

skin. The self-destructive theory proposes that there is a failure of the normal 

protective mechanism that removes toxins generated by melanogenesis, thus 

allowing the toxins to destroy the melanocytes. 

It has also been suggested that there may be a genetic aspect to Vitiligo. Studies by 

Majumder et al. [8] and Nath et al [9] seem to indicate that genetic aberrations 

produce an inclination to develop the disease when aggravated by environmental 

factors, with the genetic susceptibility requiring more than one gene, possibly three 

or four being involved. 

Although the cause of Vitiligo is still unknown, recent research by Schallreuter gf a/. 

[10, 11, 12, 17] has found a low activity of the enzyme catalase and an increase of 

hydrogen peroxide in the skin of Vitiligo patients. It has been suggested that 

keratinocytes in Vitiligo are unable to recycle 5,6,7,8 tetrahydrobiopterin (6-BH4), 

an essential cofactor in the hydroxylation of phenylalanine to tyrosine (see Fig. 1.2). 



o. o. 
Phenylalanine Tyrosine ^ Melanin 

Phenylalanine 
hydroxylase 

Tyrosinase 

6-BH, 

6-BH, 4a-0H-BH, 
Catecholamines 

NAD 

NADH 

q-BH; 

GTP 

P35 

Tyrosine 
hydroxylase 

4a-hydroxy-BK 
dehydratese 

GTP-cyclohydrolase 

F i g 1.2. S c h e m e of synthesis and recycl ing of 6 - B H 4 in the regu la t ion of ty ros ine product ion by 

phenyla lan ine hydroxylase in the epidermis [12, 16]. 

In Vitiligo, the low activity of 4a-hydroxy-BH4 dehydratase leads to a build up of 7-

BH4. Therefore, phenylalanine hydroxylase is inhibited. Phenylalanine accumulates 

and, by way of a feedback regulator, P35, induces GTP-cyclohydrolase 1. This latter 

enzyme is the rate limiting step for 6-BH4 synthesis and hence more 7-BH4 is 

produced causing depigmentation. 

This also disrupts the supply of tyrosine to the melanocytes for the production of 

melanin as shown in Fig. 1.3 resulting in a build up of H2O2/O2' thus damaging the 

melanocytes and further disrupting the production of melanin. In this scheme 

tyrosinase has the unusual property of catalysing three distinct reactions in a single 

metabolic pathway: the hydroxylation of tyrosine, the dehydrogenation of DOPA and 

the dehydrogenation of dihydroxyindole (DHI), which, is highly toxic to cells with 

tyrosinase activity. 



Tyrosine 

COOH 

COOH 
Leucodopachrome 

DOPA 

TYROS NASE 

COOH 

TYROSINASE TYROSINASE 

Cysteine 

COOH 

Dopaquinone 

HO OH 
Dopacrirome 

COOH 

Tautomerasev 

Cysteinyldopa 

Benzothiazine 
ntermediates 

PHEOMELANINS 

HO OH 

— / Dihydroxyidole-
carboxylic add 

COOH 

Dihydroxyidole 

DHICAoxidase 

HO OH 

HN̂  

TYROSINASE 

Quinones 

EUMELANINS 

Fig 1.3. The melanin biosynthetic pathway, showing the role of tyrosinase in the formation of both 

eumelanin and pheomeianin. Eumelanins are the black to dark brown insoluble pigment typically 

found in human skin and hair. Pheomelanins are yellow to redish-brown, alkali-soluble pigments 

found almost exclusively in hair, and are formed in the presence of sulphydryl groups [14], 



1.3 Diagnosis [13] 

The clinical hallmark of Vitiligo is patches of reduced or absent pigmentation giving 

rise to very vyhite skin. This is usually in a strikingly symmetrical pattern on both 

sides of the body. There is oAen a family member who is similarly affected or a 

relative with other autoimmune diseases such as diabetes and thyroid disease. 

Since depigmentation is a gradual process, the early stages of Vitiligo may appear as 

patches of reduced rather than absent colour. At this stage, it can be difficult to make 

a definite diagnosis and other clinical factors need to be taken into consideration. 

These include 

a. other causes of reduced pigmentation (e.g. eczema, psoriasis and pityriasis 

versicolor), 

b. observation of the progression of pigment change - to further pigment loss (in 

Vitiligo) or to return to normal pigmentation (in post inflammatory 

hypopigmentation). 

Rarely, Vitiligo can be confused with uncommon birthmarks or genetic disorders in 

which loss of pigment is a feature, such as albinism, piebaldism, incontinentia 

pigment! and Waardenburg syndrome. 

1.4 Treatment [14] 

The treatment of Vitiligo can be very difficult and lengthy, and there is a risk of 

relapse at the end of the course of treatment. In some patients spontaneous 

repigmentation may occur, which can make it difficult to assess the effectiveness of a 

course of treatment. In all forms of treatment, the patient must use a high protection 

factor (15-25) sunscreen as the depigmented areas of skin are highly susceptible to 

photodamage and the hazards associated with over exposure to ultra violet light. 

There are many forms of treatment available to the Vitiligo sufferer. Some of these 

are purely cosmetic, that is a means to hide the symptoms, such as: 



Cosmetic camouflage There is a good range of preparations available, 

although application can be time consuming and needs to be reapplied daily. Some 

preparations can rub-off on clothing. 

Fake Tans These are similar to cosmetic camouflage, although the active 

ingredient (usually dihydroxyacetone) chemically binds to the skin. The colour can 

be built up over a period of days, but then disappears over a similar period after 

application stops. 

Depigmentation For widespread Vitiligo, it is possible to reduce the contrast 

of light to dark patches by depigmenting the few remaining areas of healthy skin. A 

monobenzyl ether derivative of hydroquinone is used, however this can cause 

irritation, contact dermatitis and in rare cases ochronosis (degeneration of the dermal 

connective tissue). Repigmentation is possible once treatment stops. 

Topical Corticosteroids Preparations such as Betnovate (betamethasone 

valerate) and Dermovate (clobetasol propionate) have been effective for small 

patches of Vitiligo of recent onset. As with all steroids, follow-up visits to a 

physician are required to ensure side effects (acne, stretch marks, atrophy etc.) do not 

occur. 

PUVA This is a combination treatment consisting of oral administration of 8-

methoxypsoralen (8-MOP) taken two hours before exposure to UVA light (315-

400nm). If side effects occur with 8-MOP, then 5-MOP is sometimes used (less side 

effects, but not as effl^tive). Pigmentation gradually develops in a perifollicular 

fashion, although it has been known to develop evenly over the whole area. If there is 

no evidence of a response after three months then treatment is stopped. To avoid risk 

of photodamage to the skin (reduced chance of skin cancers) treatment is stopped 

between 100-150 total treatments for white skinned individuals. Only about 30% of 

patients on PUVA therapy achieve good repigmentation, and of those about 75% will 

relapse within 2-3 years. 

Other Therapies In extreme cases surgical therapies may be considered. 

These include tattooing, grafting of healthy skin onto the affected area and grafting 

of cultured melanocytes onto the Vitiligous lesion. 



1.5 Pseudocatalase 

Pseudocatalase is a potential new treatment for Vitiligo (currently undergoing 

clinical trials); it has been formulated to act as a substitute for the enzyme catalase in 

a topical application [15]. The formulation contains a mixture of manganese (II) ions, 

sodium bicarbonate (in molar excess) and calcium (II) ions, presented in an oil-in-

water emulsion or cream. The cream contains mineral oil, white petrolatum, 

emulsifiers and preservatives. Preliminary trials with this product, when used in 

conjunction with low dose UVB phototherapy, have shown encouraging results - and 

that without the phototherapy, application of Pseudocatalase alone, seems to have no 

clinical effect [15, 17, 18]. However, if Pseudocatalase is to be produced and 

marketed as a medicinal product then full-scale clinical trials will need to be 

conducted. 

For a clinical trial to take place, the product in question must satisfy certain 

conditions as defined by the various regulatory authorities. These conditions are 

primarily directed at ensuring the safety of the patients involved in the trial and 

include the following: 

# identification of the drug substance, 

# stability of the drug/product on storage - are there any interactions between the 

drug and excipients/packaging? 

# toxicology - if impurities or degradation products are present do they pose any 

potential hazards to health? 

The research described in this Thesis is directed to help provide some of the answers 

required for a full-scale clinical trial to proceed. It aims to try to identify the 

pharmacologically active component of Pseudocatalase and, to develop a stability 

indicating assay method to provide data in support of registration and licensing of a 

marketable product. 
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Chapter Two 

The catalytic action of Pseudocatalase 

2.1 Introduction 

Stadtman et al. have suggested that the active moiety in Pseudocatalase is a 

trisbicarbonate complex of manganese (II) [2 - 4]. However, work carried out by 

Sychev et al. [5 - 13] (in aqueous solution) indicates that this is not so and that the 

active moiety may possibly be manganese (II) bicarbonate, Mn(HC03)2, or a 

manganese (II) hydrogen carbonate cation, Mn(HC03)^. 

In one of the experiments conducted by Sychev and his colleagues the catalytic 

oxidation of the dye Alizarin S (1,2-dihydroxyanthraquinone sulphonic acid), was 

monitored spectrophotometrically. This compound is of particular interest as it is 

analogous to L-DOPA, which is present in the melanogenesis pathway (Fig 2,1). 

Fig.2.1. Conversion of DOPA to DOPA quinone by the enzyme catalase 

Catalase ^ 

DOPA 
DOPA Quinone 
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Fig.2.2. Catalytic oxidation of Alizarin to its quinone by hydrogen peroxide 
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One of the crucial steps in the involvement of Pseudocatalase in Vitiligo is thought to 

be the prevention of the build up of hydrogen peroxide and the subsequent 

conversion of tyrosine to dopa-chrome via L-DOPA and DOPA quinone [19]. This is 

further transformed in subsequent steps to the skin pigment melanin. Alizarin has a 

very significant structural similarity to L-DOPA, as it also has an ortho-quinol group 

and it is the reaction of this functional group which is important in the production of 

melanin from L-DOPA. 

The unoxidised dye (in the presence of base) has a purple colour because of 

extensive delocalisation of Tr-electrons through the three-ring system and the 

subsequent negative charge on the O groups. When the dye is oxidised by hydrogen 

peroxide (catalysed by Pseudocatalase,) it is also converted to an o-quinone, which 

in this case is pale yellow (Fig.2.2). It is concluded that Alizarin may be used as a 

suitable model for measuring Pseudocatalase activity as it appears to mimic the 

natural biochemistry (the conversion of an ortho-quinol to an o-quinone). It should 

be noted at this stage that this is an in vitro model and, as with all models, may not 

reflect fully the processes that occur fn vivo. 

As previously suggested, the active component of Pseudocatalase may be 

[Mn(HC03)3]" and is formed in the presence of a molar excess of sodium 

bicarbonate. The initial preparation of the treatment, used in the preliminary clinical 

trials involved taking 0.14g of CaCli.ZHzO and 0.38g MnCl2.4H20 in 3.0ml of 

12 



water. To this was added 2.3g of NaHCOg, and the mixture allowed to react. After 

the effervescence (caused by evolution of CO2) has ceased lOOg of a cream base was 

added and the resultant product was then used by the patient. Calcium is included in 

the product as Schallreuter gf a/, have suggested that melanocytes and keratinocytes, 

in Vitiligous skin, have abnormally low levels of intracellular calcium. 

It was noticed that during this reaction a pale pink precipitate was formed, this was 

assumed to be manganese carbonate, MnCO]. This was confirmed by performing the 

initial reaction (prior to the addition of the cream base) in the absence of calcium 

chloride. The resulting precipitate was filtered and washed with water followed by 

methanol before being sent to an external laboratory for analysis by ICP and AA 

spectroscopy. The results of this analysis confirmed that the precipitate was MnCOs 

(data not shown). This raises the question is the manganese present totally in the 

form of MnCOs or is there another manganese compound present, which may be 

responsible for the observed catalytic activity? 

The supernatant fluid from the above reaction was analysed for Mn^^ content using 

an in-house HPLC method (Stiefel ref AM545 - ion-exchange chromatography with 

indirect UV detection). The sample was prepared by taking 2ml of solution into a 

5ml volumetric flask, conc. HCl was added dropwise until all effervescence had 

ceased, the solution was the diluted to volume with water before being analysed. 

(Any manganese compounds present in solution should react with the acid to give 

MnClz in solution - which can then be detected as Mn "̂̂ ). The results of this analysis 

indicated that no manganese is present in the solution implying that MnCO] is the 

only product of this reaction. 

In the experiment conducted by Sychev et al. [8], Alizarin S was used as the 

substrate for the reaction. As Pseudocatalase is in a cream base, it was decided to use 

Alizarin B (1,2-dihydroxyanthraquinone) and perform the reactions in an 

organic/water solvent system. This was done as it was thought that a reasonably high 

organic content would help to break down the physical structure of the cream by 

disrupting the emulsion of oil and water in the cream, and thus generate results that 

would be more reliable. 

13 



2.2 Experimental 

The method developed was as follows; 

l.Og of sample was diluted in 100ml of 70:30 methanol/water, shaken and filtered 

(0.2nm nylon syringe filter). 2.5ml of the filtrate was diluted with 2.5 ml of 70:30 

methanol/water. 1.0ml of this solution was pipetted into a standard 1cm glass 

cuvette, 1.0ml of Alizarin solution (0.2mg/ml in methanol) was added followed by 

1.0ml of H2O2 solution (0.5 volume in methanol) and the change in absorbance 

monitored at 530nm. 

In this procedure the dye is added before the peroxide solution so as to minimise any 

effects that may occur due to the peroxide being oxidised by the manganese complex 

before the dye is added. 

It was also considered necessary to confirm Beer's law for the dye used in the 

experiment as a non-linear response could complicate any rate measurements made 

and lead to erroneous restUts. 

Solutions of Alizarin B were prepared ranging from 0 to 40mg/100mL The solutions 

were used as described in the method, with the exception that the peroxide solution 

was replaced by 1ml methanol (so no oxidation of the dye occurs during 

measurement). The absorbance was read at 530nm and the data presented graphically 

(Fig. 2.3), linear regression analysis of the data gave a regression coefficient of 

0.9999. This indicates that the concentration of Alizarin B is proportional to the 

absorbance over the range examined. 

14 
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Fig. 2.3. Confirmation of Beer's Law for the dye Alizarin B. 
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Fig. 2.4 Typical spectra of Alizarin B 

Fig. 2.4 shows the peak maximum at 530mn and the decrease in intensity of the 

absorption peak of Alizarin B with time. The solution was prepared as described in 

the method and the scans were recorded at approximately 30 s intervals. 
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2.3 Results 

AriAlysis of Pseudocatalase cream samples. 

Multiple analysis of a Pseudocatalase cream sample (single sample analysed six 

times, n=6) gave typical relative standard deviations (rsd) of 7 to 10%. As this 

proved to be rather disappointing, it was decided to try to improve the precision of 

the method, by adding more bicarbonate to the reaction system. It is possible that the 

amount of bicarbonate in the Pseudocatalase cream samples is not consistent due to 

the presence of calcium (precipitating as calcium carbonate). To try and overcome 

this a sample solvent of 70:30 methanol:water that was saturated with sodium 

bicarbonate was used. In addition, the dye solution was prepared by taking 20mg of 

the dye adding 50ml of methanol and dissolving. This solution was then made up to 

100ml with the bicarbonate saturated methanol/water solution. Using this adaptation 

of the method, it was possible to improve the precision of the method, and rsd of less 

than 4% were achieved. 

To further reinforce the suggestion that the oxidation of Alizarin may be a suitable 

model for the conversion of DOPA to DOPA quinone, four other anthraquinone dyes 

(see Table 2.1) were examined, in place of Alizarin. These results indicate that the 

ortho positioning of the hydroxyl groups is essential for optimum oxidation of the 

dye by hydrogen peroxide. 

Substrate Initial abs Abs at 5min A abs/min 

1,2 dihydroxyanthraqinone (Alizarin) 1.90 0.20 0.34 

1,4 dihydroxyanthraqinone 1.75 1.40 0.07 

1,5 dihydroxyanthraqinone 0.25 0.25 0.00 

1,8 dihydroxyanthraqinone 3.00 2.95 0.01 

2,6 dihydroxyanthraqinone 0.60 0.60 0.00 

Table 2.1. Rate of oxidation of hydroxyanthraquinones. 

During this early stage of development of the product, it was noticed that the cream 

base was not physically stable. The emulsion was starting to break down, forming 

two distinct layers in the cream. This was probably because the high concentrations 

16 



of ionic components disturb the balance of the emulsifiers in the cream. Because of 

this, the cream base was reformulated with different levels of emulsifiers. 

Samples of the new cream formulation were then tested for catalytic activity using 

the developed method. Surprisingly none of these samples showed any evidence of 

oxidising the dye. Closer examination of the cream formulations showed that the 

only difference (apart &om the levels of emulsifiers) was that the new formulation 

did not contain Na2EDTA, present in the original formulation at 0.1% w/w. 

NazEDTA is often added to pharmaceutical and cosmetic preparations to improve the 

physical stability since it forms chelates with free metal ions, which may be present 

as impurities in the other excipients, in the formulation. Many of the emulsifiers used 

are anionic (e.g. sodium dodecyl sulphonate) and can ion-pair with cations in the 

product and thus reduce their effectiveness as emulsifiers. 

This raises the question that if NaiEDTA is essential for the product to show any 

catalytic activity, then, is there an optimum concentration of NaaEDTA required in 

the formulation for it to shows the best activity? 

A series of creams were made containing various amounts of NazEDTA (the 

concentrations of manganese, calcium and bicarbonate were kept constant), these 

were then tested for catalytic activity. The rate of the reaction was determined by 

monitoring the change in absorbance at 530nm, and calculating the rate of change of 

absorbance per second (expressed as absorbance units, AU, per second) from the 

steepest point on the curve, see Fig. 2.5. 
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Fig. 2.5. Typical change of absorbance curve against time. 

The data obtained for the different Na^EDTA concentrations are shown in Table 2.2 

and Fig 2.6. As can be seen from this data the rate of reaction is at a maximum when 

the Na2EDTA concentration is about 0.6% w/w. This corresponds approximately to a 

1:1 molar ratio with manganese. 

%w/w NaiEDTA 0 0.02 0.05 0.1 0.3 0.5 0.7 1.0 1.2 1.4 1.6 

Rate x l C ' AUs"' 12 130 232 328 434 481 468 372 4 3 2 

Table 2.2. Effect of N a j E D T A concentration upon the rate of react ion. 
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Fig. 2.6. Effect ofNazEDTA concentration upon reaction rate. 

The shape of the curve is somewhat unexpected, it was originally thought that the 

rate would increase with concentration, to an optimum level, and then remain 

constant. However, this data indicates that too high a concentration of NaiEDTA can 

reduce the catalytic activity. It is possible that when excess NaiEDTA is added, the 

bicarbonate is driven off the complex forming the non-active MnEDTA. 

As a result of this information the cream formulation was fiirther modified to 

incorporate an Na2EDTA level of 0.5% w/w. Although this is not the optimum 

concentration of NaiEDTA it is the maximum permissible amount (from the various 

regulatory authorities) that can be incorporated into a pharmaceutical product. 

To investigate the effects of changing the concentration of the various active 

components (manganese and bicarbonate), further experiments were conducted on 

cream samples containing: 

1, A range of manganese concentrations (NazEDTA, calcium and 

bicarbonate constant at 0.5 and 2.3% w/w respectively). 
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2. A range of bicarbonate concentrations (Na2EDTA, calcium and 

manganese constant at 0.5 and 0.38% respectively). 

These data are summarised in Tables 2.3 and 2.4 and Figs. 2.7 and 2.8 

Fig. 2.7 demonstrates the change in reaction rate with the change in manganese 

concentration. As expected, the rate initially increases as the concentration of 

manganese increases until it reaches a plateau region where the rate levels off and 

remains almost constant irrespective of any further increase in manganese. The point 

at which the rate ceases to change is equivalent to the manganese added reacting with 

all the available Na2EDTA, any further addition of manganese will only react with 

the bicarbonate to form MnCOa, hence no further change in activity. 

Manganese concentration Manganese concentration Rate X 10'̂  AU.s ' 

(as % of nominal) (as ng/ml) 

0 0 0 

1 0.345 3 

2 0.721 5 

4 1.455 9 

10 3.901 28 

15 5.583 42 

20 8.093 65 

40 14.240 100 

60 20.814 115 

80 29.256 122 

100 37.083 125 

120 44.700 125 

Table 2.3. Variation of rate with changing manganese concentration. 
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Fig. 2.7. Variation of rate with changing manganese concentration. 

Bicarbonate concentration 

(% w/w) 

ln(bicarbonate 

concentration) 

Rate X 10'̂  AU.s"' 

0 0 

0.01 20 

0.025 -3.69 80 

0.05 -3.00 140 

0.1 -Z30 197 

025 -1.39 250 

Table 2.4. Variation of rate with changing bicarbonate concentration. 
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Fig. 2.8. Variation of rate with changing bicarbonate concentration. 

Fig 2.8 clearly demonstrates that the rate of reaction is first order with respect to 

bicarbonate concentration As can be seen from this data, manganese, Na2EDTA and 

bicarbonate are essential for the cream to show any catalytic activity. If any one of 

the three components is missing then no activity is observed. 

A possible explanation for this is that EDTA can react with the solid manganese 

carbonate (formed from the mixing of manganese chloride and sodium bicarbonate) 

to give a manganese (II) EDTA complex. The large excess of bicarbonate may 

possibly displace one or more of the carboxylic groups of the EDTA molecule; hence 

the active catalyst could well be a manganese/EDTA/bicarbonate complex. A 

possible mechanism for this is given in Fig. 2.9, 
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Fig. 2.9. Possible mechanism for the formation of a manganese (IV) oxinoid species responsible for 

the oxidation of a substrate (Alizarin) and subsequent regeneration of the manganese (II) complex. 

In Fig. 2.9 the manganese/bicarbonate/EDTA complex reacts with peroxide to give a 

hydroxylated Mn"' intermediate and a hydroxy! radical, the hydroxyl radical then 

reacts with the hydroxylated intermediate and extracts the to give a Mn 

complex radical. This undergoes internal rearrangement to produce the Mn̂ ^ oxinoid 

species that can then oxidise the substrate. 

At this point in the investigation, it was decided to see if other complexing agents, 

apart from NaiEDTA would act in a similar way. It was decided to see whether 

EDTA type analogues would behave in a similar manner to NaiEDTA. Several other 

common complexing agents were also tested (readily available from laboratory 

stock). 

Samples of cream were prepared containing different complexing agents, at a 1:1 

molar ratio with manganese. The creams were tested for catalytic activity as 

described previously, and the results tabulated relative to the activity of the cream 

sample containing Na2EDTA, see Table 2.5, 
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Chelating Agent Rate X 10'̂  AU.s ' Relative rate 

NazEDTA 236 1.0 

Na^EDTA 239 1.0 

H4EDTA 245 1.0 

1,3 diaminopropanetetraacetic acid (1,3-DPTA) 145 0.6 

1,2 diaminopropanetetraacetic acid (1,2-DPTA) 66 0.3 

2-hydroxyethylethylenediaminetriacetic acid (HEDTA) 302 1.3 

Ethyleneglycol(aminoethyl)tetraacetic acid (EGTA) 410 1.7 

Diethylenetriaminepentaacetic acid (DTPA) 242 1.0 

Triethylenetetraaminehexaacetic acid (TTHA) 301 1.3 

Diaminocyclohexanetetraacetic acid (DCTA) 24 0.1 

Diaminohexanetetraacetic acid (DHTA) 8 0.0 

Ethylenediaminetetrapropionic acid (EDTPA) 26 0.1 

8-hydroxyquinoline-5-sulphonic acid 59 0.2 

1 -(2-pyridylazo)-2-naphthol 31 0.1 

4-(2-pyridylazo)resorcinol (PAR) 709 3.0 

4-(4-nitrophenylazo)resorcinol 9 0.0 

2,6-pyridinedicarboxylic acid 119 2.0 

1,10-phenanthroline 26 0.1 

Ascorbic acid 7 0.0 

Citric acid 294 1.25 

Tartaric acid 5 0.0 

Oxalic acid 5 0.0 

Salicylic acid 8 0.0 

Table 2.5. Activity of other chelating agents w.r.t. NazEDTA. Chelating agents in bold show an 

activity equivalent to, or greater than NazEDTA. 

This data demonstrates that, as could be reasonable expected, several EDTA 

analogues also show catalytic activity in the presence of manganese and bicarbonate. 

Little difference was seen between the rates of H4EDTA, NazEDTA and Na4EDTA, 

whereas HEDTA, EGTA and TTHA all show increased catalytic activity. Closer 

examination of the physical data for the EDTA analogues indicates that there is a 

linear relationship between the relative activity and the absolute stability constants of 

the chelating agents (logK,) with Mn" [14, 15] as shown in Table 2.6 and Fig 2.10. 
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Chelating Agent Absolute stability constant (logKi) 

Na^EDTA 14.0 

Diaminocyclohexanetetraacetic acid (DCTA) 16.8 

Ethyleneglycol(aminoethyl)tetraacetic acid (EGTA) 12.3 

Diethylenetriaminepentaacetic acid (DTPA) 15.5 

Triethylenetetraaminehexaacetic acid (TTHA) 14.6 

4-(2-pyridylazo)resorcinol (PAR) 9.8 

Table 2.6. Stability constants for the formation of manganese complexes of some of the chelating 

agents used. 

It was noted that citric acid, 4-(2-pyridylazo)resorcinol and 2,6-pyridinedicarboxyUc 

acid also showed an increase in catalytic activity, although the reason for this is not 

clear. 
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Fig. 2.10. Relationship between chelating agents and catalytic activity. 

This data appear to confirm the proposal that an excess of bicarbonate can displace 

one or more of the metal-chelate bonds to form a metal/chelate/bicarbonate complex. 

The larger the stability constant, the stronger the bonds between the metal and the 

chelate. Thus, for the weaker complexes, it is easier for bicarbonate to displace one 
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of the metal-chelate bonds and form more of the active metal/chelate/bicarbonate 

complex. 

During the analysis (using the Alizarin dye method) of Pseudocatalase cream 

samples and the stability assays, which were also taking place, it became apparent 

that there was a m^or problem with the method. Although the intra-day (analysis of 

samples performed on the same day) precision of the method was reasonable good, 

with rsds < 5% on repeat samples; the day to day reproducibility was extremely poor. 

Variations of +/- 50% on the rate measurements have been observed for the same 

batch of product analysed on different days. Stadtman et al. [2] have shown that the 

presence of inorganic phosphate and pyrophosphate can inhibit the catalytic action of 

the manganese/bicarbonate system. It is possible that, as many commercial 

laboratory-cleaning agents contain inorganic phosphates, there may be some 

contamination of the glassware used for these experiments. Tables 2.7 and 2.8 show 

the data obtained for the analysis of the same batch of Pseudocatalase cream 

(SF156/05/A). The results were generated from repeat analysis of the same sample 

on the day of manufacture and after 7 days storage at 25°C. 

Batch SFl 56/05/A Rate X 10'̂  AU.s' 

Sample 1 558 

Sample 2 559 

Sample 3 582 

Sample 4 537 

Sample 5 565 

mean 560 

% rsd 2.9 

Table 2.7. Initial rate data for Pseudocatalase cream - batch SFl 56/05/A 

26 



Batch SF156/05/A Rate X 10'̂  AU.s'' 

Sample ] 845 

Sample 2 892 

Sample 3 874 

mean 870 

% rsd 2.7 

Table 2.8. Rate data for Pseudocatalase cream - batch SF156/05/A after 7 days storage at 25°C 

At the next time point for this batch (14 days), all glassware and reagent bottles were 

washed as usual, followed by soaking overnight in 50% nitric acid. The glassware 

was then rinsed manually with demineralised water and dried before use. The same 

procedure was used at the 28 day time point for this batch. The results for these 

analyses were a mean rate of 420 x 10"̂  AU.s"' at 14 days and 655 x 10"̂  AU.s"' at 28 

days (samples were analysed in triplicate at each time point). This careful washing 

procedure appears to make no difference to the variability of the results generated. 
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2.4 Discussion 

The results in this Chapter have brought to the fore some interesting information on 

the nature of the active component in Pseudocatalase cream. What vyas originally 

thought to be a relatively simple manganese/bicarbonate complex now appears to be 

a more intricate system involving manganese/bicarbonate/EDTA. It seems likely that 

the complex is [Mn(HC03)2EDTA]^", and that several possibilities exist as to how 

this interacts with both hydrogen peroxide and Alizarin to produce the o-quinone, 

1. Both the substrate and peroxide bind to the manganese cation, where the 

oxidation takes place; a so-called inner-sphere oxidation. However, this seems 

unlikely given the presence of EDTA, which would need to be displaced to allow the 

substrate access to the manganese. 

2. The manganese is taken to a higher oxidation state such as Mn'" or Mn'̂ , 

which is then responsible for oxidising the substrate. This would explain the need for 

the EDTA to stabilise the higher oxidation states, otherwise Mn'^ would be 

precipitated as manganese oxide. Again, the nature of the ligands would seem to 

prevent this being an inner-sphere oxidation mechanism. 

3. The manganese complex could be involved in the production of hydroxyl 

radicals (outer-sphere oxidation) which then oxidise the substrate. 

Although Schallreuter et al [1,16-18] have suggeated that melanocytes and 

keratinocytes, in Vitiligous skin, have low levels of intracellular calcium, the 

inclusion of calcium in this formulation is questionable. As, with the quantities of 

reagents used, and the stability constants for the EDTA complexes of Mn(II) and 

Ca(II) (the value for Mn̂ ^ being three log units greater than that for Câ )̂, all the 

calcium will be present in the form of the insoluble carbonate. Thus, it is unlikely 

that Câ ^ will penetrate through the skin. In addition, no activity is seen if manganese 

is omitted from the test samples (samples containing calcium, NaiEDTA and 

bicarbonate). In hindsight, it is possible that the calcium could have been added 

separately fi-om the manganese/bicarbonate mixture (as proposed by Schalheuter and 

Woods). As the order of preparation of the product could affect the activity of the 

product, although this has not been investigated at this stage. 

The method for monitoring the catalytic activity, although irreproducible from day to 

day, has given some useful information in that it can be used to observe trends in the 
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reaction process. So far, it has not been possible to determine the cause of the 

variation in results. It has been shown that careful cleaning of the glassware used for 

the sample preparation does not alleviate this problem. Another possible cause is that 

the rate of reaction could be temperature sensitive. The experiments performed by 

Stadtman and Sychev were all thermostatically controlled. It has not been possible to 

do this in the laboratory at Stiefel, as the spectrophotometer used for these 

experiments does not have the capability of controlling temperature in the cell 

compartment. It is also possible that although the sample solvent was saturated with 

sodium bicarbonate, the actual concentration of bicarbonate in the supernatant fluid 

changes as a function of the temperature of the solution. These are factors which 

could be examined at a later date should the equipment and time become available. 

Note: Due to the problems encountered with this method, that it was not possible to 

generate meaningful stability data, and that there appears to be no correlation 

between the rate data obtained and the physical characteristics of the cream samples, 

this method has now been dropped from the analytical protocols for the stability 

testing of Pseudocatalase cream. 
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Chapter Three 

Analysis of Manganese EDTA by Capillary Electrophoresis 

3.1 Introduction 

It has been shown in Chapter 2 that NazEDTA is required for Pseudocatalase to 

demonstrate catalytic activity using the Alizarin dye test. Therefore, it is reasonable 

to assume that any manganese present in the formulation will be present in the form 

of its chelate. In this Chapter we describe the development of a stability indicating 

method for the analysis of manganese EDTA. A stability indicating method is 

defined as a method of sufficient selectivity to be able to detect any changes in the 

level of analyte in the product being tested. Ideally, it should also be able to detect 

and quantify any degradation products formed over the period of the stability trial. 

There are many liquid chromatographic methods for the analysis of metal EDTA 

complexes available in the current literature. Most of these are not, however, stability 

indicating, because many of the methods available tend to use either excess EDTA 

[1-6] or a competing metal ion in the mobile phase, to form a complex in situ with 

the metal or chelate of interest [7-10]. While others use ion-pairing reagents[l 1-14], 

Some of these papers have reported problems with ghost peaks and peak splitting 

much of which has been attributed to disturbances in the equilibrium between the 

mobile phase, stationary phase and the ion-pair reagent. One of the problems with 

using EDTA in an HPLC system is that the mobile phase is exposed to a large 

surface area of metal (stainless steel). This can be in the pump heads, the connecting 

tubing, and the column itself Some of the poorer quality silica used as packing 

material also contain relatively high (up to one percent) quantities of metal 

impurities. Hence the need for lengthy equilibration periods (typically overnight or 

up to 24 hours) of the HPLC system before the analysis takes place. 

In the past decade several capillary electrophoresis methods have been developed for 

the analysis of metal ions, chelating agents, and complexes of the two [15-22]. As 

with the liquid chromatographic methods, many of these use an excess of metal ion 
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or chelating agent as part of the electrolyte system. However, the separation system 

is of a simpler nature i.e. the column is made of fused silica capillary. There is no 

silica support or bonded phases, no need for ion-pair reagents, they can operate over 

a wider pH range, (typically pH 2-10), and an aqueous based electrolyte/buffer is 

typically used. In addition, in CE, the detection is usually performed "on-column" 

(see Fig. 3.1), this means that direct UV detection at wavelengths down to 190nm is 

easily achieved. This is due to the short pathlength of the detector cell and hence a 

lower background absorbance. 

Power Supply 

detector 

Pt Electrode Pt Electrode — 
Capillary 

BuflEer re se voir 'BuflEer re se voir 

Fig. 3.1 Basic sciiematic of a CE instrument. 

Because detection can be performed at low wavelengths, this technique is ideally 

suited for the analysis of compounds with no appreciable chromophore such as 

MnEDTA (see Fig. 3.2) 

200 220 240 290 280 300 320 340 
nm 

Fig 3.2 UV absorption spectrum of MnEDTA in water. 
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Capillary Electrophoresis 

A century of development in electrophoresis and instrumentation has provided the 

foundation for capillary electrophoresis. The direct forerunner of this technique has 

been attributed to Hjerten [22]. Reviews describing the history of electrophoresis 

have been published by Compton and Brownlee [23] and by Vesterberg [24]. For 

general information on the theory of electromigration techniques, there is an 

excellent review by Klepamik and Bocek [25]. 

Capillary Electrophoresis can be used in many different modes of separation. These 

modes include capillary zone electrophoresis (free solution capillary electrophoresis) 

(CZE or FSCE) and micellar electrokinetic chromatography (MEKC/MECC). In 

CZE the separation is based purely on the mass and charge of the analyte, while in 

MEKC surfactants are added to the mobile phase. This gives additional selectivity 

based on partitioning of the analyte between the buffer and the micelles formed by 

the surfactant (analogous to the separation mode in reverse phase HPLC). In theory 

CE in not a complex technique, however some fundamental factors are critical to 

obtaining a good separation. 

eH 

In most modes of separation, the analyte molecules are charged, as either weak acids 

or weak bases; the net charge on the molecule being a function of its pH. Separations 

of similarly charged analytes can succeed or fail based on a difference as small as 0.2 

pH units. 

Flow 

The pumping mechanism in CE is called electroendoosmosis and provides a narrow 

'plug-type' (Fig. 3.3) flow profile through the column (unlike HPLC, which gives a 

laminar flow profile). 

Elec t ro osmot i c How 

H-ve 

Hydro dynamic Gow 

Fig 3.3 Electrically driven and pressure driven capillary flow profiles. 
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The flow occurs because of the surface charge (zgfa on the wall of the 

capillary. With fused silica capillaries, the surface contains ionised silanol (Si-O") 

groups. The negatively charged wall attracts cations from the buffer solution (those 

closest to the wall are held immobile) whilst those further out form a positively 

charged layer which is free to move. This diffuse outer region is known as the Gouy-

Chapman layer. The rigid inner layer is called the Stem layer (see Fig 3.4). 

® © ® 0 © 

@ G @ G @ G @ Diffuse layer 

@ G @ G @ 8 

© @ ® J I @® ® Compact layer 

© 0 ® © © © © © © Adsorbed layer 

0 0 0 0 0 0 0 0 0 0 

Column Wall 

Fig 3.4 Representation of the electrical double layer in a capillary column. 

As a voltage is applied, the positive charges move in the direction of the cathode. 

Since the ions are solvated by water, the fluid in the buffer is mobilised as well and 

dragged along by the migrating charge. The movement of the buffer along the 

capillary is called the Electroosmotic Flow (EOF). 

Capillary 

In CE, the capillary is an integral part of the separation process; its main contribution 

is the EOF. Changes in the chemistry of the capillary wall can have a marked effect 

on the EOF and subsequently the migration time of the analytes. In un-coated fused 

silica capillaries the flow can be directed towards the anode, towards the cathode or 

held almost stationary just by changing the content of the electrolyte/buffer system. 

The EOF can be controlled by several methods; these include controlling the pH of 

the buffer, adding organic solvent to the buffer and the addition of surfactants. In the 

first case, adjusting the pH will cause the charge (zeta potential) on the capillary wall 

to change due to the degree of ionisation of the silanol groups. At low pH few silanol 

groups will be ionised (little or no EOF), at high pH all available silanol groups will 

be ionised (high EOF). 
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Organic solvents modify the EOF due to their impact on buffer viscosity [26] and 

zeta potential (via solvation effects on the bufkr ions and increasing the pKg values 

of the surface silanol groups) [27]. In general at high pH, increasing organic solvent 

concentration usually decreases the EOF [27], Typical solvents used are alcohols 

(methanol, ethanol, propanol and isopropanol), acetonitrile, acetone, tetrahydrofuran 

and dimethyl sulphoxide. 

Surfactants are used mainly as a pseudophase in MEKC and were first described in 

1984 by Terabe [28]. In this technique, surfactants are added at a concentration high 

enough for the surfactant molecules to aggregate and form micelles. The 

concentration and degree of aggregation will depend on the type of surfactant used. 

For sodium dodecyl sulphonate, commonly used in MEKC, the critical micellar 

concentration (CMC) is 8.2mM and the aggregation number is about 62. However, 

by using a cationic surfactant at a concentration level below the CMC the direction 

of the EOF can be reversed [29, 30], Flow reversal occurs because the cationic 

"head" of the surfactant is attracted to the negative charge on the capillary wall. The 

result is a double layer of surfactant molecules which effectively coats the capillary 

wall with a positive charge and thus reverses the flow of the liquid in the capillary 

(see Fig. 3.5) 

EOF 

+) (4y (+) 0+) (4̂  Qy 

G G G e G G G 
Capillary Wall 

Fig 3.5 Cationic surfactant mediated charge reversal. 
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3.2 Development of the method 

Motomizu et al. [31] have described a capillary electrophoresis method for the 

analysis of alkaline-earth metal EDTA complexes. The method described used 

20mM sodium tetraborate (borax) and 2 to 20mM disodiumEDTA in the buffer 

solution. The EDTA is added to complex in-situ with the metal ions in the sample. 

As EDTA is added to the buffer this would not be a stability indicating method for a 

metal EDTA complex. Any free metal in the solution (possibly formed because of 

dissociation of the complex) would not be distinguished from its bound form. This 

paper also gives details of the electrophoretic mobility (fj,ep) of other divalent metal 

ions, including manganese, they are 

Câ ^ = 3.19xlO"'cmVs'' 

Mĝ + = 3.39xlO-^cmVs-' 

= 3.86 xlO"̂  cmV^s"' 

= 4.02x10"* cm 

= 4.04 xlO"* cmVs'^ 

€^"^ = 4.11 xlO"* cmVs"' 

These data indicate that using this system separation of the two metal cations present 

(Ca^^ and Mn^^) in the Pseudocatalase formulation is possible. It can also be seen 

that the mobility of Cu^^ is sufficiently different from and Mn^^ so as to enable 

it to be considered as a potential internal standard. 

At the time of this experiment no sodium tetraborate was available, however it was 

possible to prepare an equivalent buffer using boric acid and sodium hydroxide 

(20mM tetraborate, pH 9.5 - 80mM boric acid/NaOH, pH 9.5). This buffer was 

prepared without the addition of any NaiEDTA. Solutions containing 0.05%w/w 

each of NaiCaEDTA, NaiMnEDTA and NaiCuEDTA was analysed using this buffer 

system on an uncoated fused silica capillary (50pm i.d.) 80cm in length (65cm to the 

detection window), with an applied voltage of 30kV. 
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Fig. 3.6 Electropherograms of EDTA chelates of Ca, Mn and Cu. Peaks elute in the order CaEDTA, 

MnEDTA and CuEDTA. 

As can be seen from Fig. 3.6 the peaks for Ca and MnEDTA would only just be 

resolved. Increasing the buffer concentration can help to increase the resolution of a 

separation at the expense of increased joule heating (more buffer ions => higher 

current) and longer run time. Joule heating can cause loss of resolution due to peak 

broadening and also increased background noise. Many commercially available CE 

instruments have the capability of maintaining the column at a constant temperature 

to help negate the problems associated with joule heating. 

A new buffer was prepared containing lOOmM boric acid (adjusted to pH 9.5) and 

the samples were reanalysed using the conditions described previously. The 

resolution between Ca and MnEDTA increased slightly as did the baseline noise (due 

to increased joule heating); the current drawn by the system had increased from ~ 

SO^A to - 120pA. 

Another way of increasing resolution is to use an organic modifier. An additional 

advantage of using an organic modifier is that it can reduce the current drawn by the 

system and hence reduce any effects due to joule heating. 

Further buffers were prepared containing 1 OOmM boric acid and varying amounts of 

methanol (from. 5 to 10%v/v) and the samples re-run. From the results obtained, it 

was decided to use a methanol concentration of 6%, as this gave a more than 

adequate separation without an excessively long run time. Methanol was chosen as 

the organic modifier to avoid any possible problems with precipitation/solubility of 

the buffer salts, which can happen with acetonitrile at high pH. 
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Using this bufkr system, samples of Pseudocatalase cream were prepared and 

analysed (see Fig 3.7). Two peaks seen in all samples and placebos analysed have 

been identified (using known standards) as 4-hydroxypropylbenzoate and 4-

hydroxymethylbenzoate with migration times of about 8 and 9 minutes respectively. 

These compounds are commonly used as preservatives in the cosmetic and 

pharmaceutical industry. 

Abs 

l i 

1 
5 .00 10.00 15.00 t /min 

Fig. 3.7. Electropherogram of Pseudocatalase cream sample, using conditions described above. 

It should be noted that in Fig. 3.7 no calcium EDTA is seen, even though calcium is 

present in the formulation, this is because of the difference in stability constants 

between the EDTA chelates of Mn and Ca (10.96 and 14.04 respectively) [32,33]. 

EDTA will form a stronger more stable complex with Mn than with Ca. 

The method was subsequently validated in accordance with the current International 

Committee for Harmonisation (ICH) guidelines for the validation of analytical 

methods [34]. 
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During the validation process it became apparent that a peak, (identified as 4-

hydroxybenzoic acid a degradation product of the 4-hydroxybenzoates via 

hydrolysis) visible in aged samples, was drifting (reducing migration time) during 

the analysis of samples and almost co-migrating with the CuEDTA (internal 

standard) peak. The migration time for this peak gradually reduces from greater than 

20 minutes to about 13 minutes over a period of 40 to 50 sample injections. A 

probable explanation for this is the column was contaminated by either the 

surfactants or any free metal ions present in the formulated product. It should be 

noted that the drift in migration time did not appear to effect the Mn, Ca or Cu 

EDTA chelates. This problem was remedied by flushing the column with 0.5M HCl 

in 50% methanol/water for 20-30 minutes after every 5-6 sample injections followed 

by reconditioning of the column with NaOH and buffer solution. The HCl was used 

to protonate the silanol groups on the capillary wall and to strip out any 

adsorbed/precipitated metals. Whilst the methanol was used to dissolve any 

surfactant adhering to the capillary wall. 

Although this was successful, it was not practical for the routine analysis of batches 

containing upwards of 40 samples (especially if samples were being run overnight). 

Rather than change the analytical conditions to overcome this problem it seemed 

easier to find an alternative internal standard. 

Other possible internal standards investigated were salicylic acid, potassium sorbate 

and 4-aminobenzoic acid; these were chosen because of their availability, good 

absorbance at low wavelength and they are ionised at the pH of the buffer. Both 

salicylic acid and potassium sorbate comigrated with possible degradation peaks or 

calcium EDTA. Of the three possible internal standards, 4-aminobenzoic acid 

appeared to be the best, (being well resolved from any other peaks). Therefore, the 

previous method was revalidated using this as the internal standard with the finalised 

details and procedures as follows. 
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Electrophoretic Conditions 

Column: Unmodified fused silica, 80cm length (65 cm 

effective)*5 50pim internal diameter. 

Temp; 35°C 

Detection: Direct UV at 195 nm 

Buffer: lOOmM Boric Acid 

60 mM NaOH 

6% Methanol 

pH 9.5 

Voltage: 

Injection Mode: 

30kV (electric field 375 Vcm"') 

+ve pressure 50 mbar for 18 seconds 

Water: 18 MQ water (BS3978 Grade 1) was used at all times. 

* The effective length of the capillary is defined as the length from the injection end to 

the position of the detection window. 

Buffer Preparation 

6.183g of boric acid (99%+) and about 2.40g of NaOH were accurately weighed into 

a 1000ml volumetric flask. 60ml of methanol and about 900ml of water were added 

and the solution was shaken to dissolve. The pH of the buffer was adjusted to 9.50 -

9.60 with l.OM NaOH, and made up to volume with water. The buffer was filtered 

through a 0.45)am Nylon filter before use. 
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Internal Standard Solution 

About 0.50g of 4-aminobenzoic acid was accurately weighed into a 500ml volinnetric 

flask and made to volume with methanol. 

Standard Preparation (Prepared in duplicate) 

About 0.50g of disodium manganese EDTA was accurately weighed into a 100ml 

volumetric flask and diluted to volume with water. 10.0ml of this solution was 

transferred by pipette into a clean 100ml volumetric flask. To this was added 10.0ml of 

2.3% aqueous sodium bicarbonate solution, 20ml of methanol and 5.0ml of the internal 

standard solution, and made up to volume with water. The solution was filtered through 

a 0.45 urn Nylon filter (to remove any particulate matter, which may block the capillary) 

into an autosampler vial for analysis. 

Sample Preparation 

About 10.Og of the sample (or placebo) was accurately weighed into a 100ml 

volumetric flask and 20ml methanol added. 5.0ml of the internal standard solution and 

about 40ml of water were added and then placed in an ultrasonic bath for 10 minutes to 

disperse the sample. The solution was made up to volume with water and mixed well. 

The solution was filtered through a 0.45pm Nylon filter into an autosampler vial for 

analysis. 

Analysis 

The capillary column was conditioned by flushing with 0.5M NaOH for 20-30 min 

followed by water for 10 min. Buffer was prepared as outlined previously and the 

column flushed with buffer for at least 30 min. Two vials of buffer were placed in the 

CE autosampler and the injection programme was set as follows: -

Step 1 Buffer vial 1 2000 mbar for 2 min 
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Step 2 Bu8ervial2 2000 mbar for 0.5 min 

Step 3 Sample 50 mbar for 0.3 min 

Step 4 Buffer vial 2 + 30 kV for 20 min 

Buffer vial 1 is used to flush the capillary column and vial 2 is used as the running 

electrolyte. 

A standard was injected three times to demonstrate reproducibility (less than 2% 

deviation of migration time and response). If the migration times were drifting then the 

standards were injected another three times. If this still failed to give reproducible 

migration times then the column was reconditioned as described above, and the 

standard injections repeated until a deviation of less than 2% was achieved. 

After each batch of analysis the column was cleaned by flushing with 0.5M HCI in 50% 

methanol for 30 min followed by water for 10 min. The capillary was then 

reconditioned with 0.5M NaOH as described previously. 

Relative Migration Times 

4-aminobenzoic acid 1.00 

NazMnEDTA 1.28 

Identification 

Under the conditions described above, the presence/absence of NaaMnEDTA is 

confirmed by comparison of sample and standard electropherograms. The presence of a 

peak in the sample electropherogram with a migration time corresponding to a peak in 

the standard electropherogram is taken to be indicative of the presence of NagMnEDTA 

in the product. 
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Typical electropherograms obtained from standard and sample solutions are shown 

in Figs. 3.8a and 3.8b, these show the peaks obtained for the internal standard, 

MnEDTA, and the preservatives 4-hydroxypropylbenzoate and 

4-hy droxymethy Ibenzoate. 

Fig 3.8a Standard electropherogram. 
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Fig. 3.8b Sample electropherogram. 
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3.3 Validation of the method for the determination of disodium manganese EDTA in 

Pseudocatalase 

The following standards were siqiplied by Aldrich Chemical Company (UK), and used 

throughout the validation. 

disodium manganese EDTA 

4-aminobenzoic acid 

Lot number: 60716041 purity 88.8% 

Lot number: 09111 -076 purity 99.6% 

Accuracy 

The accuracy of the method was determined by performing a series of experiments at 

50, 100 and 150% of the nominal concentration. The samples were prepared by adding 

known amounts of disodium manganese EDTA to the samples of Pseudocatalase 

placebo. Six samples were prepared at each level to be investigated. The accuracy was 

determined by calculating the percent recovery. 

% Recovery = Amount of analvte found 
/Unmn#ofmK^#ea&kd 

100 

Table 3.1 Na2MnEDTA; Accuracy at 50, 100 and 150% nominal concentration 

% Recovery 

Sample Number 50% nominal 100% nominal 150% nominal 

1 9%5 lOOT 982 

2 98T 9&5 100.7 

3 982 994 100.2 

4 974 994 9&6 

5 9&6 99J 100.6 

6 983 10&8 100.7 

Mean 98T 994 lO&O 

%rsd 0.4 0.5 1.0 

As the results for the recovery are between 98 and 102% with rsds less than 2% this 

indicates that the method is sufficiently accurate for its intended use 
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Precision 

Repeatability 

The precision of this method was determined by the analysis of six samples of 

Pseudocatalase (SF182/04/A). The data obtained for the analyses gave a mean of 0.47% 

w/w (0.9% rsd) for MnEDTA. 

Reproducibility 

To establish the reproducibility of this method a second operator analysed the same 

samples tested above (on a different day and a different instrument). This analysis gave 

a mean of 0.46% w/w with a rsd of 0.9%, compared with the mean value of 0.47% w/w 

determined by the first operator. 

The results for both operators/instruments are given in table 3.2. 

Table 3.2. First and second operator results for Pseudocatalase (SF182/04/A) %w/w MnEDTA 

1®' Operator 2"'' Operator 

Sample Instrument Serial No. Instrument Serial No. 

50-06-05-2-36 50-06-05-2-34 

1 0.47 %w/w 0.47 %w/w 

2 0.48 %w/w 0.46 %w/w 

3 0.47 %w/w 0.46 %w/w 

4 0.47 %w/w 0.46 %w/w 

5 0.47 %w/w 0.46 %w/w 

6 0.47 %w/w 0.46 %w/w 

Mean 0.47 %w/w 0.46 %w/w 

%rsd 0.87 &88 

These results demonstrate that the method is reproducible. 
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Linearity 

The linearity of the response to the analyte was determined both in the presence and in 

absence of placebo, over the range of 0 - 200% of nominal concentration. The samples 

were prepared by dilution of a stock solution of analyte to give the required 

concentration level (samples were injected in duplicate at each level tested). Regression 

analysis of the data obtained gave the following results. 

Fig. 3.9 Linearity - Absence of placebo. 

40 60 
Amount mg 

100 120 

Intercept -0.0057 mV 

Slope 12.2 mV/mg 

Regression coefficient, r 0.9997 

P <0.001 
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Fig. 3.10 Linearity - Presence of placebo. 

0 
20 4 0 60 80 100 120 

Amount nig 

Intercept -0.0081 mV 

Slope 12.3 mV/mg 

Regression coefficient, r 0.9998 

P <&001 

These data indicate that the response of NaaMnEDTA is linear with respect to the 

concentration over the range examined. Comparison of the slopes and intercepts 

indicates that there is no interference from the sample matrix. This justifies the use of 

single point calibration in the analysis of NaiMnEDTA in Pseudocatalase. 
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SpeciGcitv 

Solutions of Pseudocatalase and Pseudocatalase Placebo (without disodium manganese 

EDTA) were subjected to conditions likely to cause degradation. Analysis of these 

solutions should show vsiiether any peaks 6om the degradation of the analyte or matrix 

will interfere with the peaks of interest. 

Conditions used: -

Heat: 10.Og of sample in 5.0ml of water, heated at 70°C for 17 h, in the dark. 

Light: 10.Og of sample in 5.0ml of water, exposed to simulated sunlight 

(92,000 Lux) for 16 h (approx. equivalent to 10 days natural sunlight) 

Acid: 10.Og of sample in 5.0ml of 0.5 M HCl, stored at room temperature, in 

the dark, for 168 h (7 days). 

Base; lO.Og of sample in 5.0ml of 0.5 M NaOH, stored at room temperature, 

in the dark, for 168 h (7 days). 

Oxidation; 10.Og of sample in 5.0ml of 3.0% H2O2, stored at room temperature, in 

the dark, tor 168 h (7 days). 

Control solutions of the samples and placebos were prepared. These were stored at 

room temperature, in the dark, for 168 h. (Control samples, wrapped in foil, were also 

placed in the light box). As heat is generated in the light box this will indicate if any 

degradation peaks are formed by the action of heat alone. 

After the prescribed period, the samples were analysed; the internal standard was not 

added to these solutions to determine whether any peaks would interfere with it (see 

Figs. 3.11 to 3.24). 
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Results 

Fig. 3.11 Control Sample 
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Fig. 3.12 Control Placebo 
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Control samples show no evidence of interference from the matrix with MnEDTA, 

internal standard or CaEDTA. The peaks seen at about 8 and 9 minutes are due to the 

preservatives 4-hydroxypropylbenzoate and 4-hydroxymethylbenzoate, respectively. A 

small peak seen in the sample at about 12 minutes is due to CaEDTA The baseline 

disturbance at 4.5 minutes is due to the EOF and the peak at 5.5 minutes is an 

unidentified excipient. 
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Fig. 3.13 Heated Sample 
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Fig. 3.14 Heated Placebo 

Heated samples show no evidence of degradation of MnEDTA or any interference from 

the matrix 
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Fig. 3.15 Acidified Sample 
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Fig. 3.16 Acidified Placebo 
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There is no evidence of MnEDTA degradation in acidified samples. Some reduction in 

the intensity of the methyl and propyl hydroxybenzote peaks, most probably due to acid 

hydrolysis was seen. No interference from the matrix was visible 
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Fig. 3.17 Sample in Base 

& 20 

MnEDTA 

Fig. 3.18 Placebo in Base 
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Extensive degradation of MnEDTA and the two preservatives can be seen in the 

sample exposed to NaOH, Peak seen at about 12.2 minutes is probably due to 

CaEDTA (the manganese has reacted with the base to form manganese hydroxide 

(dark precipitate seen in this sample) leaving the released EDTA to complex with Ca. 

The peak at 19.5 minutes is from the hydrolysis of the preservatives and has been 

identified as 4-hydroxybenzoic acid (by matching migration time of a known 

reference sample). It is not clear why degradation of the preservatives has not 

occurred in the placebo sample, (possible catalysis of the hydrolysis of the 

preservatives by the presence of the metal ions in the sample). 
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Fig. 3.19 Oxidised Sample 
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Oxidised samples show some evidence of degradation of the preservatives, this appears 

to be more pronounced in the placebo sample. This is probably due to the breakdown of 

H2O2 in the sample containing MnEDTA (H2O2 is known, to rapidly degrade to water 

and oxygen in the presence of small amounts of metals), thus effectively reducing the 

concentration of H2O2 in this sample. A small peak seen at 11.5 minutes has not been 

identified but it is well resolved from the peaks of interest. 
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Fig. 3.21 Light Exposed Sample 
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Fig 3.23 Light Exposed Sample Control 
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Fig. 3.24 Light Exposed Placebo Control 
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Light exposed samples and controls show no evidence of degradation of MnEDTA or 

any interference from the matrix 
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Rueeedness 

Changing the apparatus, operator and date of assay (see precision results Table 3.2) 

gave an indication as to the ruggedness of this method. First analysis was performed on 

CE2 serial number: 50-06-05-2-36 (comprising a buffer control unit serial number: 55-

05-01-0-12 and Unicam detector serial number: 408130). Second analysis was 

performed on CE3 serial number: 50-06-05-2-34 (comprising a buffer control unit serial 

number: 55-05-01-0-09 and Unicam detector serial number: 408131). 

Deliberate changes to the buffer composition (wrt pH and organic modifier) were also 

made and examined, as these are the factors most likely to affect the separation. 

These results are shown in table 3.3 where the assay result is the mean of six analyses. 

Table 3.3 Results of changes made to the buffer solution. 

Assay % w/w Relative mobility Degradation 

Change mean rsd NaiMnEDTA peak 

None 0.46 0.4 1.18 % 

pH 9.0 0.45 0.3 1.19 about 15 min 

pH 10.0 0.46 2.2 1.19 

3% Methanol 0.44 0.4 1.19 18-19 min 

9% Methanol 0.45 0.4 1.18 * 

* Degradation peak not detected within the run time of 20 min. 

The relative mobility was calculated to give a better indication to the changes 

occurring in the separation process (as it takes into account changes in the EOF due 

to pH, organic content etc). Itwas calculated as follows: -

Relative mobility mobility of analvte 
mobility of internal std 
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where mobility 

and 

1 X L 
^ X V 

L 
^ ^ x v 

1 = effective length of capillary 

ta = migration time of peak 

V = applied voltage 

L = total length of capillary 

teof= migration time of neutral marker 

As can be seen from the results in table 3.3 the changes made to the buffer composition 

appear to have no significant effect on the determination of the amount of MnEDTA in 

the samples. 

3.4 Conclusion 

This Chapter has shown that capillary electrophoresis can be used as a stability 

indicating method for the analysis of MnEDTA in Pseudocatalase. It can also be seen 

that with a small amount of data about the analyte (such as pKg and solubility) methods 

can generally be developed within a matter of days, unlike HPLC where development 

of a method may take several weeks. We have also shown that a capillary 

electrophoresis method can be validated in a similar manner to HPLC methods. 

Summary of Validation 

The assay for disodium manganese EDTA is specific, precise, accurate, linear and 

rugged within the range and conditions studied. This indicates that the method is 

suitable for use as a stability indicating method. 

Specificity Confirmed to be specific for the analyte except 

under conditions of extreme alkalinity. 

Precision Confirmed by the relative standard deviations 

obtained from the replicate analysis (n=6) of a single 

sample performed by two different operators on different 

equipment. 

Rsd operator 1 = 0.9%. Rsd operator 2 = 0.9% 
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Accuracy ConGrmed by the replicate (n=6) assay of three 

sets of placebo spiked at 50, 100, 150% of nominal 

concentration of analyte. The mean recoveries were 

98.1%, 99.9%, 100.0%, with rsd's of 0.4%, 0.5%, 1.0% 

respectively. 

Linearity Determined over the concentration range 0 to 

200% of nominal, both in the presence and in the 

absence of placebo. Regression analysis gave the 

following correlation coefficients: 

0.99971 Absence of placebo 

0.99981 Presence of placebo 

Ruggedness Confirmed with respect to time, operator and 

equipment. Also proved regarding changes in buffer 

composition. 
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Chapter 4 

Analysis of Manganese EDTA Bicarbonate Complex by ESR. 

4.1 Introduction 

The aim of this chapter is to evaluate the use of ESR, as an analytical technique, for 

the analysis of the active component of Pseudocatalase in the final cream samples. 

The majority of manganese (II) complexes are high spin, in an octahedral field this 

configuration gives spin-forbidden as well as parity-forbidden electronic transitions, 

thus accounting for the extremely pale colour of these compounds. The high spin cf 

configuration of Mn (II) gives an essentially spin-only, temperature-independent 

magnetic moment of -5.9BM. The paramagnetic properties of manganese (II) make 

it an ideal candidate for analysis by ESR. 

Theory 

Electron spin resonance (ESR) spectroscopy is a usefiil technique for studying atoms 

or molecules that contain one or more electrons with unpaired spins, since such types 

of compounds are also paramagnetic, this type of spectroscopy is often referred to as 

electron paramagnetic resonance (EPR) [1,2,3]. 

Substances with unpaired electrons can arise naturally (such as ions of transition 

metals) or artificially. The latter are unstable and are usually called free radicals or 

radical ions; they are often formed as intermediates in a chemical reaction. The 

magnetic moment of an unpaired electron is about 700 times that of the proton, so 

that the sensitivity of ESR detection is very much higher than in NMR. This is 

fortunate, since the concentrations of compounds with unpaired electrons are often 

correspondingly lower: ESR spectra can be recorded for radical concentrations down 

to 10"̂ M, irrespective of the number of non-radical species present. Provided the 

lifetimes of the radicals are greater that about 10'̂  s, they may be studied using ESR 

techniques. Short-lived species may be examined by producing or trapping the 
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radicals at low temperatures (e.g. by using liquid nitrogen) or by chemical reactions 

to form a stable product such as 

R' + nitrone —> Rnitroxide 

The compounds used for these types of reactions are often known as 'spin traps', for 

example, 5,5-dimethyl-1 -pyrroline iV-oxide (DHPO) is commonly used as a spin 

trapping reagent for the study of hydroxy 1 and superoxide radicals; its structure is 

H3C 

H3C y 
o 

When unpaired electrons exist in a substance, their spins are aligned at random in the 

absence of any external influence. When placed in a magnetic field, however, they 

will each have a preferred direction and, since the spin of an electron is ¥2, each 

electron can be thought of as spinning either clockwise or anticlockwise about the 

field direction. ESR spectroscopy essentially measures the amount of energy needed 

to reverse the spin of an unpaired electron and it is the information contained in this 

energy that enables us to make deductions on the properties of the material being 

studied. 

As in all forms of spectroscopy, four properties of the spectral lines are of 

importance - the intensity, width, position and multiplet structure. The intensity of 

the line is proportional to the concentration of the paramagnetic material present. 

Thus, in theory, we have a technique for estimating the amount of material present, 

albeit not very accurate in practice. The width of the resonance depends on the spin 

relaxation time of the system under study. Of the two possible relaxation processes, 

the spin-spin interaction is usually very efficient and gives a relaxation time of the 

order of 10'̂  to 10"̂  s. The spin-lattice relaxation is efficient at room temperature 

(typically 10"̂  s) but becomes progressively less so at reduced temperature (several 

minutes at the temperature of liquid nitrogen). Using the Heisenberg uncertainty 

principle: 

j? ^ ^ 1 _ , 
ov = — % % bq 1 
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and a typical relaxation time (6t) of 10'̂  s, will give a linewidth of about IMHz. A 

shorter relaxation time will increase this width and 1 OMHz is not uncommon (typical 

linewidths for NMR are in the order of 0.1 Hz). It should be noted that in ESR it is 

the field rather than the frequency that is used to scan the spectra. 

The wider lines found in ESR have both advantages and disadvantages. The 

advantages are that the homogeneity of the applied magnetic field is far less critical, 

for ESR a field homogeneous to 1 in 10̂  is usually adequate (compared to 1 in 10^ 

for NMR). One of the main disadvantages is that the broad lines produced in ESR 

spectra can mask any effects equivalent to the NMR chemical shift, as the effects 

influencing the g factor are much larger. The position of the absorption can be seen 

to vary directly with the klystron frequency and the g factor, thus for an electron in 

an applied magnetic field, B, the spin energy levels are separated by 

AE = gf^sB Eq 2 

where î b is the Bohr magneton (9.273 x lO"̂ "* JT"') and g is the Lande splitting 

factor. Since different ESR spectrometers operate at different frequencies, it is far 

more convenient to refer to the absorption in terms of its observed g factor. If we 

rearrange equation 2 then: 

g = — — Eq 3 
JUbB 

and if, for example, resonance was observed at 0.34 Tesla (T) in a field of 9.5 GHz, 

it would correspond to a sample with a g factor of 2.0023. This happens to be the g 

factor for a free electron; virtually all free radicals have a g factor that approximates 

very closely to this figure; and deviations from this value are caused by the coupling 

of the spin to the angular momentum of the electron in the molecular/atomic orbital 

containing it. In addition, the electron can be localised in a particular atomic orbital 

and the orbital angular momentum couples coherently with the spin angular 

momentum (spin-orbit coupling), giving rise to a g factor consistent with 

_ 3 ,6 ' (6 ' + I)-Z(Z4-l) Eq4 
2 — r ^ 

2 2 y ( j + i) 
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where S is the spin quantum number, L is the orbital momentum quantum number 

and J is the rotational quantum number (which, for condensed phases can be 

ignored). For example, the methyl radical has a g factor of 2.00255 and the benzene 

radical anion has a g factor of 2.00260. For these examples, all but one of the 

electrons in each molecule are paired so we only need to consider the spin motion of 

a single unpaired electron, hence, the g factors for these molecules nearly equals that 

of a free electron. 

In ESR spectra there are two kinds of multiplet structure; there is the fine structure, 

which occurs only in species containing more than one unpaired electron spin, and 

the hyperfine structure (a smaller effect) which arises when an unpaired electron can 

get close to a nucleus with non-zero spin. In solution, the observation of hyperfine 

splitting indicates that the electron is in an orbital with s character. It is the 

interaction of the magnetic moment of the unpaired electron with those of any 

surrounding nuclei having a non-zero spin, which give rise to the hyperfine structure. 

The spin-orbit coupling is a significant contributor to the hyperfine interaction as it 

increases the "effective" total electron spin. This coupling is analogous to the 

coupling between nuclear spins seen in NMR spectra. As in NMR if more than one 

nucleus can interact with a given electron then the results can be predicted using 

Pascal's triangle. 

Electron-nucleus coupling constants are much larger than those found for nucleus-

nucleus interactions. This is dependant on the nature of the atomic orbital and the 

magnetogyric ratio (ye = 1.77 x 10^ s"' G"'). For most organic molecules with an 

unpaired electron the coupling constants are of the order 10'̂  to 10'̂  T (2 to 20 

MHz), and in ESR they are usually measured in T or Gauss, compared to the largest 

dipolar nucleus-nucleus coupling of about 2 kHz (10'^ T). Using the above examples 

of the methyl radical and benzene anion radical, the coupling constants are 2.3 and 

0.38 mT respectively. 

ESR spectroscopy is carried out in the microwave region, and many commercially 

available instruments use a klystron source at a fixed frequency of about 9.5 GHz 

with an electromagnet producing a field of about 0.34 T so it can easily be swept 

through and the spectra recorded. (These values are used to produce a resonance for a 

g factor = 2). 
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Fig. 4.1 Block diagram of ESR spectrometer, 1 klystron, 2 electromagnet, 3 sample in cavity 

resonator, 4 field modulator, 5 amplifier, 6 rectifier, 7 crystal detector, 8 output. 

Additional Helmholtz coils are fitted to supply an oscillating magnetic field of a few 

microtesla and at a frequency of several hundred kHz. This provides a modulator (or 

chopper) frequency to which the detector system may be tuned in order to improve 

the signal to noise ratio; this means that the spectrum appears in the derivative mode. 

In regions where the absorption spectrum varies slowly the signal change monitored 

over each cycle of the modulation is small, whereas when the spectrum changes 

rapidly with the field, the signal change is large (see Fig. 4.2). 

Signal 
Change 

Constant field 
modulation 

Main Field 

Fig 4.2. An absorption spectrum showing the constant amplitude of the field modulation and 

consequent signal change leading to the corresponding first derivative spectrum. 
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Thus the signal change measures the slope of the spectrum and this can then be 

recorded directly as the first derivative curve. This has two advantages: the point of 

maximum absorption is easier to measure accurately and it is easier to estimate the 

peak-width of a derivative signal than that of a corresponding broad absorption 

spectrum. 

As transition metals have a significant orbital angular momentum, the spin-orbit 

coupling will also be quite large, and any metal ion with an odd number of unpaired 

electrons should give a well-defined ESR signal. 

Manganese chloride in solution (the stating point for the formation of 

Pseudocatalase) exists as the 2+ ion with six water molecules co-ordinated (on 

average) in an octahedral configuration (see Fig. 4.3). Because of the symmetry of 

this complex we would expect to see six equally spaced hyperfine lines of equal 

intensity (see Fig 4.4) due to the interaction of the five unpaired electrons in the d 

orbitals, with the nuclear spin of manganese (which is 5/2). 

2+ 
1^0 

OH2// I \\H20 
'Mn 

OHz^ I 
H2O 

Fig 4.3 [Mn(H20)6]^^ in solution 
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Fig. 4.4 Typical ESR spectrum of manganese chloride in solution 
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4.2 Experimental 

As these samples are mainly aqueous based a flat quartz cell was used instead of the 

standard ESR sample tubes. The reason for this is that the microwaves produced in 

the sample cavity will be absorbed by the water molecules and this produces a 

heating effect, which makes it impossible to tune the microwave cavity. The flat cell 

can be rotated within the sample cavity to present a minimal cross-sectional area with 

respect to the E vector of the microwave radiation and thus reduce this effect. 

Stock solutions of manganese chloride, disodium EDTA, and sodium bicarbonate 

were prepared as follows: 

1. Manganese chloride - MnCl2.4H20 0.375% w/w in water (= 0.2mM) 

2. Disodium EDTA - Na2EDTA.2H20 0.707% w/w in water (= 0.2mM) 

3. Sodium bicarbonate - NaHCOa 2.30% w/w in water (= 2.74mM) 

The stock solutions were then diluted as follows to give the final test solutions (with 

a concentration equivalent to a 1 in 10 dilution of Pseudocatalase cream): 

a. 10.0ml of solution 1 in 100ml water 

b. 10.0ml of solution 2 in 100ml water 

c. 10.0ml of solution 3 in 100ml water 

d. 10.0ml of solution 1 and 10.0ml of solution 3 in 100ml water 

e. 10.0ml of solution 1 and 10.0ml of solution 2 in 100ml water 

f. 10.0ml each of solutions 1, 2 and 3 in 100ml water 

The solutions were placed in the flat cell and the spectra recorded. The cell was 

washed with deionised water, dilute HCl and dried with acetone between each 

analysis. A spectrum of water was also recorded as a reagent blank. 

The following instrument parameters were used: 

Receiver Gain = 4.00 x 10 ,̂ mod frequency = lOOkHz, mod amp =3.197G 

Field Centre = 3482.6G, sweep = 4000G, resolution = 1024 points 

Signal conversion = 40.96ms, time const = 40.96ms, sweep time = 41.943s 

Microwave power 12.6mW, &equency 9.468 GHz 
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Solutions b, c and the water blank showed no evidence of any ESR. peaks (spectra 

not shown). Indicating that there is no significant background signal A-om the cavity 

and the absence of any paramagnetic impurities. 

Spectra of solutions a, d, e and f are shown in 6gs 4.5 to 4.8 

150 

100 

50 

0 

C\J O 

- 5 0 

-100 

•150 
_L 

2000 3 0 0 0 4 0 0 0 5 0 0 0 

[G] 

Fig 4.5 ESR spectrum of solution a 

Fig 4.5 shows the spectrum obtained from the solution containing MnCl2 only, and 

confirms that Mn^^ is present as an octahedral complex (with six water molecules). 

The manganese coupling constant obtained from this spectrum is ~90G (= 90mT). A 

good approximation to the coupling constant can be made by measuring the distance 

between two adjacent peaks (although for technical reasons it is easier to measure the 

spacing between the outer lines and then divide by 5). 
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Fig 4.6 ESR spectrum of solution d 

Fig 4.6 shows the spectrum obtained from the solution containing MnCli and 

NaHCO]. When first mixed this solution produced a white precipitate in suspension 

(MnCOs), the spectrum shown was produced from the freshly mixed solution and 

hence contained suspended MnCOj. When this solution was filtered through a 

0.45jam Nylon syringe filter, no signal was observed from the filtrate (spectrum not 

shown). This suggests that, at the concentrations used, all the present reacts 

with the bicarbonate. This spectrum consists of a single peak (linewidth ~ 350G). 

The loss of the hyperfine structure is consistent with the loss of symmetry 

(displacement of H2O by HCO3') of the Mn^^(6H20) ion as it reacts to give MnCO]. 

The increase in linewidth in this spectrum compared with that for the spectrum of 

MnCli indicates a reduction in the spin lattice relaxation time of manganese. 

Fig 4.7 shows the spectrum obtained for solution e. (MnCli and NaaEDTA). It can be 

seen that the intensity of the signal has been reduced compared to that for the MnClz 

solution alone. To obtain a more accurate determination of the amount of MnCb that 

has reacted we would need to integrate the signal and determine the peak areas. In 

addition, the manganese coupling constant appears to have increased slightly from 
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-90G to -HOG, Again, this is consistent with a reduction in concentration of the 

Mn^^(6H20) ion and the displacement of H2O by the EDTA ligand (with a 

corresponding loss of symmetry of the molecule). 
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Fig 4.7 ESR spectrum of solution e 
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Fig 4.8 ESR spectrum of solution f 
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:Solird()n f (Fijg 4.8) fravt; a vary vvezik, broad sigyiai, lOiat frwiy be uioKci#i\ns of tvvo 

superimposed peaks (some evidence of hyperfine structure can still be seen and may 

be ckie t() ujaread:ed ]V[n2+). TTbie li]ae\vickii of lOiis sigpial, aus for iVLoCCDs, is alboiit 

350G, although the lineshape for these signals are different and may indicate the 

presence of more than one line, 

A solution of disodium manganese EDTA (Na2MnEDTA)was prepared at 0.5%w/w 

in water and diluted 1:10. This solution was analysed as before, and gave a spectrum 

simillar to that of solution f (Fig. 4.9). 

Fig. 4.9. ESR spectrum of dilute NaaMnEDTA solution (0.05%w/w in water) 

To confirm the spectrum of NazMnEDTA the more concentrated solution (0.5% 

w/w) was analysed, this gave the spectrum as shown in fig. 4.10, This spectrum 

gives a better signal/noise ratio (thus the detail of the spectrum is more easily 

observed) and demonstrates the existance of two superimposed signals. This 

indicates the possibility that NazMnEDTA may exist, in solution, as two distinct 

species. 
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Fig. 4.10. ESR spectrum of Na2MnEDTA at 0.5% w/w in water. 

Fig. 4.11 represents the structure of NaiMnEDTA. Usually one would expect the 

nitrogen atoms and all four O" atoms to be bound to the manganese in an octahedral 

Na* 

O O 

:0 

Na 

Fig. 4.11 Structure ofNa^MnEDTA 

configuration; however it is possible that in solution one or more of the O' (bound to 

manganese) groups may be dissociated from the manganese, and are ionically 

bonded to the sodium ions. It is therefore possible that there is the equilibrium 
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(\4rU:I)T/L)2- + 2]\fa+ 

To see if this equilibrium is feasible we need to examine the dissociation constants 

for EDTA. 

The pKa values for H4EDTA have been reported as [4. 5]: 

pKai 1.99 

pKa2 2.67 

pKas 6.16 

pKa4 10.26 

and as the pH of a 0.5% w/w solution of Na2MnEDTA in water is about 6.9 then at 

least two of the acetic acid groups are fully ionised as the acetate, and the third 

partially ionised. These data support the proposed equilibrium. 

To test this proposal further, it should be possible to observe a change in the 

spectrum of NazMnEDTA by adding excess sodium ions to the solution and so force 

the equilibrium to the left. To do this a solution of Na2MnEDTA was prepared in 

water containing a tenfold molar excess of sodium chloride and its ESR spectrum 

recorded. The resulting spectrum (Fig. 4.12) was compared with the spectrum of 

NaiMnEDTA recorded previously (Fig. 4.10). 

(\j 
o 

Co#m#nc 

[G 

Fig. 4.12 ESR spectrum of Na2MnEDTA (0.5%w/w) with 1 Ox molar excess NaC] 
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NajMnEDTA 

NaiMiiEDTA + NaCl 

2000 3000 4000 5000 [G] 

Fig. 4.13. Overlay of spectra from Fig. 4.10 and 4.12 

These spectra show that, although there is no change in the overall shape of the 

spectra, there appears to be a slight change in relative intensities of the two peaks 

observed, with the width of the lines remaining unchanged. 

The spectra observed for NaaMnEDTA can be shown to consist of two peaks by 

simulating the spectra obtained. The absorption curve obtained for ESR spectroscopy 

is of the Lorentzian form where: 

1(B) OC • 
w 

4(Bmax - B)^ + W 

and 1(B) = intensity of the signal at field value B,w = peak width and Bmax - peak 

centre. 
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0 1000 2000 3000 4000 5000 6000 7000 

Fig. 4.14 Lorentzian curve and T' derivative of a peak centred at 3000G and with a width of lOOOG 

0 1000 2000 3000 4000 5000 6000 7000 

Fig. 4.15 Lorentzian curve and 1®' derivative of a peak centred at 3850G and with a width of lOOOG 
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Fig. 4.16 Overlay of T' derivative curves of Figs. 4.14 and 4.15 

Simulated ESR Spectrum of Na^MnEDTA in Water 

0 1000 2000 3000 4000 5000 6000 7000 

Fig. 4.17 Sum of 1®' derivative curves 
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Figures 4.14 to 4.17 show that the shape of the simulated spectrum obtained for 

disodium manganese EDTA is consistent with a signal produced by two distinct 

peaks (both with a peak width of lOOOG). This compares favourably with the actual 

spectrum obtained for disodium manganese EDTA (Figs. 4.10 and 4.12). From the 

simulated spectra, we can calculate the g factor for both of the signals (using 

equation 3) as approximately 2.26 and 1.76 compared to a g factor of 1.93 for Mn̂ "̂  

in solution. These changes in the g factor reflect changes in the spin-orbit coupling. 

Analysis of Pseudocatalase cream samples. 

To check whether there are any differences in the chemistry involved between the 

solution samples, analysed previously and Psuedocatalase cream samples it was 

necessary to examine the ESR spectra for manganese in the presence of the cream 

vehicle. 

The following samples of Pseudocatalase cream were prepared for analysis by ESR 

a. Full product - containing cream base, manganese chloride, disodium EDTA 

and sodium bicarbonate. 

b. Full product (as above) - centrifuged at 5000 rpm for 10 minutes 

c. Cream base with sodium bicarbonate only 

d. As c. with manganese chloride 

e. As c. with disodium EDTA 

The samples were placed directly in the flat cell and the spectra recorded - the cell 

was washed as described previously between analyses. Figs 4.18 to 4.20 show the 

spectra obtained. 
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Fig 4.18 ESR spectrum of sample a. Pseudocatalase cream - full product 

Comment: Full Product after cenrifugation (5000 rp« for 10 mini Sample 1 
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Fig. 4.19 ESR spectrum of sample b. Pseudocatalase cream - full product after centrifugation. 
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Fig. 4.20 ESR spectrum of sample d. - cream base with manganese chloride and sodium bicarbonate 

Spectra for samples c. and e. are not shown as no peaks were seen in these samples. 

Samples a. and d. gave spectra that are consistent with the presence of a suspension 

of solid MnCO] in the samples. Although the signal intensity is reduced for the full 

product, this is due to manganese chelating with the EDTA in the sample (Figs. 4.18 

and 4.20). 

As the cream samples are extremely viscous it is not possible to filter them to remove 

any of the particulate MnCOg, as was done for the aqueous solutions, however it was 

possible to centrifuge the sample, and analyse the cream. This was performed by 

placing a sample of the cream (b) in a centrifuge tube, and spinning the sample at 

5000 rpm for 10 minutes. The sample was then removed without disturbing the 

precipitated MnCOs and its ESR spectrum measured (Fig. 4.19). The resulting 

spectrum demonstrates features consistent with the spectra obtained for 

Na2MnEDTA (Fig. 4.9). 
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4.3 Discussion 

It is apparent that the ESR technique does not give as much information as expected, 

mainly because of the large linewidths of the single lines obtained from the majority 

of the systems studied. Nevertheless, some information can be drawn from the results 

of this study. 

The narrow line associated with manganese carbonate is appears to be consistent 

with manganese ions in close proximity. 

The presence of two superimposed peaks in the manganese EDTA system with 

bicarbonate gives a signal which could be associated with a bicarbonate bridged 

dimer; although it is not clear (from these spectra) if the two manganese ions are 

chelated by EDTA or not. 

The low symmetry of these complexes appears to generate a large zero-field 

splitting, hence the broad lines observed. For systems with more than one unpaired 

electron (S>l/2) the ground state can be split in the absence of an external magnetic 

field due to the local site symmetry - the zero-field splitting. For odd-electron 

systems this results in pairs of energy levels known as Kramer's doublets. The 

observed ESR spectrum may contain transitions within each of the ground-state 

Kramer's doublets. There are two important conditions under which it may not be 

possible to observe an ESR signal, even when unpaired electrons are present: 

1. If the system has an even number of unpaired electrons then the zero-field 

splitting within the ground state may result in the ESR transitions being 

undetectable. 

2.If the paramagnetic centres occur in pairs then coupling of the individual 

spins may result in the ESR signal being undetectable or even absent, 

although the individual centres may have an odd number of unpaired 

electrons. 

However, it may be possible to obtain further information by freezing the solutions 

and recording the ESR spectra at low temperatures (close to those of liquid nitrogen 

or liquid helium). 

An interesting article [6] seems to indicate that an oxo-bridged MnEDTA dimer may 

exist, albeit as an unstable intermediate. In this paper, Hage and co-workers 

demonstrated that oxo-bridged Mn complexes act as very effective bleaching agents 

by catalysing the oxidation of polyphenolic substrates by hydrogen peroxide. Their 
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data suggests that upon the addition of a substrate the manganese ions are taken to a 

mixed valance state; this was characterised by ESR spectroscopy at 77K. 

Additional information to support the formation of binuclear, ja-dihydroxo EDTA 

complexes (Fig. 4.21) can be found in references [7-9]. These papers also indicate 

that, in solution the fJ,-dihydroxo complex exists in part as a dehydrated jn-oxo dimer 

and that this is in equilibrium with the monomeric form. 

H 

\ . 

O 
H 

Fig. 4.21 A i^-dihydroxo binuclear metal chelate 

It has also been shown [10, 11] that binuclear Fe complexes with a triply bridged (p,-

dicarboxylate-fa-oxo) can be synthesised. These complexes are of the type 

[LM""^(RC00")20^'M"^L]^^ and several analogues of this type have been prepared 

replacing the acetato bridges with formate and benzoate. It has been reported that 

similar complexes have been prepared using Mn̂ ^ [12, 13]. These metal ions are 

highly charged and strongly hydrolysed in aqueous solution. These two properties, 

while interrelated, are both needed to provide the coulombic forces necessary to hold 

the unit together, as well as to polarise water sufficiently to dissociate the two 

hydrogen ions required to produce the oxo bridge (although the latter may be aided 

by the presence of peroxide and excess bicarbonate). 

A complementary approach, which may be used, is to look at the possible radical 

formation of the dye alizarin. It is probable that the oxidation of the dye is not a 

single step reaction and that a radical will be formed during this process. 

Unfortunately, time did not permit any further exploration along this avenue, but this 

could be forwarded as part of a separate research programme. 
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Chapter 5 

Conclusions 

A number of techniques have been employed during the course of this research to 

detect and identify the active species in Pseudocatalase, including ESR spectroscopy 

and capillary electrophoresis. So far, all that has been seen is the presence of 

Mn"EDTA and MnCOj. Additionally if a manganese-EDTA-bicarbonate complex 

does exist it would appear to be transparent to the techniques used so far. It is 

questionable whether there is a reaction product from Mn^EDTA and bicarbonate, as 

bicarbonate is a very weak ligand, the credibility of bicarbonate ions displacing other 

groupings within the EDTA complex is open to question. 

The recent discovery that the relationship between the catalytic activity and the 

concentration of Mn^EDTA was not linear but proportional to the square of the 

concentration has given additional insight into the mechanism. 

A series of Pseudocatalase creams were manufactured containing a range of 

manganese chloride concentrations (the amount of bicarbonate and EDTA were kept 

constant at 2.3% and 0.5% respectively). The cream samples were analysed for 

catalytic activity (using alizarin as a substrate) and Mn^EDTA content using the 

methods described in chapters 2 and 3. The results are shown below. 

% nominal MnClz Rate X 10"̂  AU.s"' Concentration of MnEDTA (as [mmol Mn]^ 

concentration in mmol Mn) 

Pseudocatalase 

10 21 0.133 0.018 
20 79 0.205 0.042 
40 145 0.377 0.142 
50 166 0.477 0.227 
60 219 0.576 0.332 
70 488 0.905 0.819 
80 860 1.224 1.498 
100 864 1.233 1.520 
120 829 1.206 1.454 
150 889 1.245 1.550 
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From this data, it can be seen that both the catalytic activity and the amount of 

MnEDTA formed reach a plateau, as would normally be expected, at a manganese 

level of about l.Smmol, after which any excess manganese would be precipitated as 

the carbonate. 

A plot of the rate of oxidation of alizarin against the square of the amount of 

MnEDTA found in the samples gave the graph shown in Fig. 5.1 
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[MnEDTAf mmoP(as Mn) 

Fig. 5.1 Plot of catalytic activity vs. amount of MnEDTA. 

This would imply that two molecules of MnEDTA are involved in the active species. 

It is difficult to envisage how a poor ligand like bicarbonate can bind two MnEDTA 

molecules together. This leads to the suspicion that the oxidising agent (in this case 

hydrogen peroxide) is involved in some way. It is possible that a bi-nuclear 

manganese complex could be formed by oxidation, with bicarbonate groups forming 

the bridging ligands (see Fig. 5.2) 
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Fig. 5.2 Possible formation of a bi-nuclear Mn complex. 
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Computer generated models (based on both molecular mechanical methods, MM2, 

and semi-empirical methods, MOP AC) of this structure indicate that such a complex 

would be, structurally, relatively stable (minimum steric energy is about -550kcal), 

but more importantly it would have two interesting properties. 

1. The oxidation state preferred by both manganese atoms would be 3. 

2. The Mn-Mn spatial separation would be around 3.3 f , and could cause 

partial single bond formation by extensive d-orbital overlap. 

These two factors would produce a bi-nuclear complex with unusual features. 

Resonance structures are possible that allow multi-valency states (Fig. 5.3). 

Mn'" IVIn' Mn' Mn IV 

Mn'^ - Mn" 

Fig. 5.3. Resonance structures of Mn"-Mn'" 

This would mean that such a bi-nuclear complex would have one manganese atom at 

valency 4, allowing it to behave as a strong oxidising agent. This type of bi-nuclear, 

multi-valence structure has strong biological significance as many metallo-proteins 

contain a bi-metallic centre, such as Hemerythrin, Ribonucleotide reductase. Purple 
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acid phosphatase (all containing Fe-Fe centres) and Hemocyanin, Tyrosinase, 

Cytochrome c oxidase (containing Cu-Cu centres). 

The proposed complex has very similar structural features to the bi-nuclear multi-

valency manganese complexes studied by Hage et al. [1], some of which are shown 

in Fig. 5.4. These compounds were evaluated as detergent additives for oxidising 

clothing stains, i.e. a similar mode of action to Pseudocatalase. 
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H,C 

N—CH-, 

Fig 5.4. Some binuclear Mn complexes investigated as bleaching agents [1], 

Perhaps the unique features of Pseudocatalase activity are due to the unique redox 

potentials of such bi-nuclear complexes. 

Mn' Mn'^ + Substrate Mn' Mn + oxidised Substrate 

Or more specifically: 

Mn' Mn'^ +DOPA Mn' Mn + DOPA quinone 

It is likely that on reduction to Mn"-Mn" the bi-nuclear complex will breakdown to 

regenerate Mn"EDTA and bicarbonate ions, thus allowing the cycle to begin again 

by reaction with more hydrogen peroxide. Only two steps would be required for the 

whole process (Fig 5.5), 

87 



2 Mn' EDTA + 2HCO3 + H^Oz 

O O 
EDTA M n ' " " ® — - M n ' " EDTA +H2O 

O 

O'̂  
EDTA l\/n"''°~~~~-|Vln'̂  EDTA + DOPA 

V 

2 Mn" EDTA + 2HC03- + DOPA quinone 

Overall: 

DOPA + H2O2 —> DOPA quinone + H2O 

Fig. 5.5. Proposed reaction scheme for the oxidation of DOPA to DOPA quinone by Pseudocatalase. 

If this is correct and such a bi-nuclear manganese complex is formed, then which 

species is the catalyst? The bi-nuclear species cannot by definition be described as 

such as it is clearly a reaction intermediate. Therefore, there is only one possible 

candidate as catalyst and that is Mn^EDTA. If this is so then this research has been 

completed successfully, the active has been identified, and a method developed for 

its quantitative analysis in Pseudocatalase cream. 

Further work would be required to confirm this proposition. It may be possible to 

monitor the changing oxidation states of manganese during the reaction process (by 

ESR at low temperatures) or by measuring the amount of Mn"EDTA present at 



different stages during the reaction. If Mn^EDTA is acting as a true catalyst, then its 

concentration will remain unchanged, both at the start and at the end of the reaction. 
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