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Abstract

This work represents the development of novel methods of analysis for a wide range
of metals, 1n particular germantum Thus research has identified a range of foodstuffs
and supplements containing low level concentrations of germanium In total
germamum was quantified in 28 samples including vegetables such as beetroot (3 23
ug / g), garhc (2 78 pg / g) and potato (1 85 nug / g) and tablet formulations such as
aloe vera tablet (20 83 ug/ g), ginger tablet (9 96 ng / g) and ginseng tablet (5 48 pg /
g) This work represents the first investigation for germanium content of a number of
the samples

Ge-132 has been reported to have an antioxidant activity which has been linked to its
medicinal properties This work represents the first reported selective separation and
identification of germanium dioxide and ge-132 1n a range of food samples utilising
mid-1R spectroscopy The application of a unique scoring system offers a rapid, non
destructive and cost effective method of analysis The first reported reverse phase
HPLC methods for the determination of ge-132 was also developed These methods
at pH 3 and 4 are the first free from germanium dioxide interference and have wide
linear ranges free from nterference of metal 10ns such as Mg (II), Fe (Il) and Zn (II)

The nvestigation of novel quercetin/metal complexation was completed A novel
method for the determination of Cr (III) was developed and this was applied to the
quantification of Cr (IIT) 1n a commercial food supplement This work also developed
novel complexes of Pb (II) and Sb (II[) with UV / Vis and fluorescent
characterisation The LOD for Pb (II) achieved in the pg / L range 1s acceptable for
application to sample analysis
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CHAPTER 1

Background and Introduction



1 0 Introduction

Natural evolution has seen the use and mcorporation of many metals into the essential
biological functions of the human body These metals have become crucial for
correct biologic activity and are often called essential minerals Such essential
elements include calcium, ron and zinc  Calcium forms the basis of the skeletal
structure and a deficiency of calcium can lead to osteoporosis or brittle bones Iron in
the form of haemoglobin binds with oxygen distributing it throughout the body Zinc
1s needed for the proper healing of skin, 1t 1s also required to regulate the function of

genes 1n the nucle1 of cells and regulate sugar metabolism [1]

The use of metals and therr minerals for medicinal purposes 1s increasing but 1s not
limited to the 21 or even 20™ centuries As far back as 3,000 B C the Egyptians
realised the potential of metals Copper was used to sterilise thewr water supply and 1n
1,500 B C they began using iron and zinc remedies to promote wound healing In
more recent times platinum has been used 1n the form of cisplatin as a
chemotherapeutic agent Home remedies have been and still are used by a number of

cultures including the Chinese [1-7]

Metals are 1deally suited for biologic use because of their characteristics Metals will
easily lose electrons from the famihar elemental state or metallic state to form positive
1ons These 10ons tend to be soluble in biological fluids Most biological molecules
such as proteins and DNA are electron rich and interact with electron deficient metals

[6,7]



The recognition by manufacturers in the personal health sector as well as the
pharmaceutical sector of the medicinal properties of certain metals and home
remedies has brought about a huge increase 1n the number of supplements, creams and
alternative medicines available This has lead to a new worry of metal poisoning
caused by some “medicines” The refinement of existing methods for metal analysis
as well as the development of new methods for the analysis of common and not so
common metals 1s conducted by researchers This programme of research will focus
on the development of novel methods for the determination of a range of metals but
particular attention 1s given to germanium and ge-132, a biownorganic form of

germanium



11 Germanium

Germamum, with the symbol Ge, 1s a relative rare element but 1s an important
element that has been reported in both morganic and bioinorganic forms A
biomorganic germanium compound 1s defined as a germanium compound containing
at least one germanium carbon bond The norgamic forms of germanium have
received the most attention to date being widely used as raw materials in a variety of
applications They find uses mamly 1in the manufacture of transistors and
semiconductors, also as a phosphor in fluorescent lamps They are used in the
manufacture of prisms, lenses and windows 1n infrared spectrophotometers and other
optical equipment due to the reported infrared radiation transparency {8]
Bioinorganmc germamum comprises of a large and diverse group of germanium based
compounds Few applications of these forms of germanium have been reported 1n the
literature  Only one compound has been the focus of particular interest and 1s s (2-
carboxyethylgermanium sesquioxide) or Ge-132 This compound exhibits anti-
tumour activity, terferon production, immunomodulating activity, anti-
inflammatory, anti-arthritic and photo protective effects and will discussed in greater

detail in a latter section

11 1 Oxidation state

Germanium 1s located on the same period as carbon, silicon, tin and lead and has an
electron configuration of [Ar] 3d'04524p2 It can exist in two oxidation states (IV and

IT) however the IV state 1s the most stable and predomination state [8-10]



11 2 Sources

A number of germanium bearing minerals/ores have been identified in nature These
include argyrodite [AgsGeSg], argutite [GeO:], germanite [Cu gFe;Ge;Si¢], briarite
[Cuy(Fe,Zn)GeS4] and 1torte [Pb3Ge(S04),02(0OH);] It has been reported that the
most important forms of germamum 1n aqueous solution are germamc acid (HsGeOy)
and 1ts dissociation products (H3;GeO4 and HzGeO42) A number of cationic species

have also been reported ncluding Ge*', Ge(OH)**, Ge(OH),*" and Ge(OH);" [11]

11 3 Reactions

Wood et al report that the high charge and moderate size of the Ge (IV) 10n dictates
that 1t acts as a hard acid and prefers to form complexes with hard bases such as OH
and F [12] Germamum commonly found in the hydride form can undergo a number

of reactions including

GeHsy + 2Na - Na;GeH; + H,
Na,GeH» + GeHs — 2NaGeH;

GeH, + SnCl, - GeH;Cl

GeHs + HCVAICL - GeH,Cl,

GeHs + R;NH - Ge(NR2)4

The production of bionorganic germanum compounds such as MeGel, has been
achieved by groups such as Kunico Mochida et a/ [13] The authors claim that this
method makes 1t feasible to produce organo-metallic compounds at ambient

temperatures that would normally be difficult to produce Vincent Huc et a/ carned

5



out work to produce organogermanium dendrimers [14]  These spectacular
dendrimers are macromolecules in which successive layers of branches are built onto
a central core in this case germanium The shape of the dendrimer depends on the

initiated core molecule [14-18]

Germanium has been used to produce other spirocyclic penta and hexa coordinated
germanium(1v)complexes  Sau et al report the synthesis of penta-coordinate
germanium(1v)complex and the hexa-coordmnated (o-
phenylenedioxy)germanium(iv)dianion [19] Other complex structures include the
formation of TTPGE(OOCH;CH3),, TTP standing for tetraphenylporphyrin  This 1s a
thermally stable complex formed by the reaction of ethyl hydroperoxide with

TTPGe(OH), [20]

1131 Ge-132

Groups such as Tsutsu1 ef a/ [21] and Kakimoto ef al [22] reported the reaction of
trichlorogermane with acrylonitrile to yield carboxyethylgermanium sesquioxide The
synthesis 1s preformed in two stages, the first stage sees the reaction of an o, f

unsaturated acid compound with trichlorogermane as shown 1n Equation 1 1

R’ R3 R R

Na |

e=Cy + HGeCl3 —— Cl3Ge—C~CH—COOR*
R? COOR* L2

(Egn11)



The second stage of the synthesis is the reaction of the newly formed germyl adduct
with 100ml of water to precipitate carboxyethylgermanium sesquioxide, as shown 1n
Equation 1 2 This carboxyethylgermamum sesquioxide 1s subsequently 1solated and

recrystallised

R, Ry 1|1| 1|{3
C13GC-++COOR4 + HZO —_—> @C_C—CH'COOR4 ) 03
2
R2 H 1|{2

(Egqn 1 2)

1 1.3 2 Germanium Sesquisulphides

Northiro Kakimoto ef al report a method for the production of germanium
sesquisulphides with novel groups [23] They follow on from the work published in
synthesis by forming germyl adducts by the reaction of trichlorogermane with an a, B
unsaturated Instead of replacing the trichloro moiety with water the group reacted
adduct with hydrogen sulphide (H>S) i the presence of pyridine This yielded the
unstable product trimercaptogermyl which underwent self-dehydrosulphidation

immediately to form germanium sesquioxide, see Equation 1 3 [23]



Ri Rj

R,\ R l |
C==C +  HGeCl; —* C13Ge|C—(|3COOR4
R2/ COOR, R, H
H,S
R; R3 R R;

|
[(Ge(ll——CHCOOR4) 33] +—— (H9);GeC——CHC O0Ry
2

2
R, Ry

(Eqn 1 3)

This procedure was used to produce twenty-six sesquisulphides and the group
determined that these sesquisulphides could be converted to sesquioxides by refluxing

in aqueous ethanol, as seen in Equation 1 4

R, R Ri R;
[(Ge(IJ—CHCOOR4)233]2 %» [t Ge?—CHcoo&)zo}]n
Ry Ry

(Eqn 1 4)

11 3 3 Sprio germane

Kakimoto report the synthesis of the Spiro germane compound, 9-(2 -hydroxyethyl)-

1,6,12-trioxa-9-aza-5-germaspiro [4,7] dodecan-2-one, Equation 1 5 [24]  The spiro-



germane contains a penta ring formed by the interaction of the carboxyl group with
oxygen The synthesis of a germatrane compound 1s also reported, such compounds

are the subject of discussion 1n a later section

R R
1\c C/ 3
7N\
RZ cox
l HGQCI’
R R3
c13cec - ccox
az H
N(C R OM) 5 ) I
NaOMe/HeOH l H,0
Fill R3 Ry Ry
] 1 []
{(HeO) ;GeC — CHCOX 04, (GeC — CHCOX) 3,
Ry Ry
l lw
W(C, R ON) 4 n(c,usou)3
9
N/ﬁ I
o Ge ) Gé — O
0’| / Ny R
¢~ CHCOX , O
NN 213 R2
Ry Ry Ry
R3
o
(Eqn15)

Kakimoto also mvestigates the eftect of water on the compound [24] The affect of
water on the sesquioxide has already been mentioned but 1s worth a second mention
Carboxyethylgermamum sesquioxide 1s converted to carboxyethylgermanetriol when
dissolved 1n an aqueous solution It has been shown that water has the same atfect on
germatrane and spiro-germatrane as 1t does on the sesquioxide Both complexes form

triethanolamine and the carboxyethylgermanetriol, Equation 1 6



1 /\I N[CH:ZCHzOH}] ¢ (B0) GeCH,CA,CONR,

(Egqn 1 6)

1134 Germatranes

Atranes (such as germatranes) and azatranes have been studied extensively in recent
times Atranes and azatranes have a number of curious features as described by
Verkade [25] The first property of interest is the ability of the atranes to form three
types of compound, depending on the degree of delocalisation of the nitrogen lone
par The three compounds are pro-atrane (no coordmate bond), quasi-atrane (shght
attraction between the metal and the mitrogen) and atrane (full coordinate bond),

Figure 1 1 [25,26]



Figure11  Three types of bond of the “atranes”

The interest 1n atranes 1s fuelled by the reaction of germatrane in water to form the
corresponding triol This reaction forms the same triol as formed by the carboxyethyl
sesquioxide and the spiro compound Germatranes have a similar biologic activity as
the sesquioxide and spiro compound, which would suggest that the three share the

same active ingredient i differing quantities — germanium triol

The production of germatranes 1s carried out with the strict exclusion of moisture
under an nert atmosphere and schlenk techniques  All solvents and liquid
components were distilled prior to use and stored over a molecular sieve Norihiro
Kakimoto ef al report a method for the synthesis of organogermanium compounds
known as germatranes [63] Germatranes are complexes containing a nitrogen atom,
an atom of germanium, three oxygen atoms and an x group The x group corresponds
to the o, f unsaturated compound used The structure of germatranes compared to
germanium sesquioxide has been shown previously (Fig 1 1) The purpose of
producing germatranes 1s to compare and contrast physical, chemical and biological

properties with those of Ge -132 [27,28]



The group has developed two methods for the production of germatranes that are

shown in Equation 1 7

1\c . 3
7N
Ry cox
l HGeCl.)
R} R3
c13cec—ccox
] ]
Ry M
NaOMe/MeOH
Ry R
n(czasou)j I]. '3
NaH/DMF (Me0) 3G¢C — CHCox
L]
, N(CNGOK) 4

i

N
N
o G
o” |
€.~ CHCOX

/N N\
ﬁl Ry R3

(Egqn17)

In a paper written by Wan ef al on the production of germatranes in particular
methylgermatrane [29] The group added LiNMe; to the trichloro methylgermane and
this resulted 1n the formation of tris(dimethylamino)methylgermane [MeGe(NMe,)s] ,

an air sensitive intermediate  Following formation the intermediate was added to



“tren” [(HNCH;CH3)3N] to form methylazagermatrane The azagermatrane was then

added to triethanolamine to allow the formation of methylgermatrane [29]

The production of germanium sesquisulfides has been touched on previously The
sulphur form to the compound 1s attracting much attention due to their high biological
activity  Kakimoto et al report the first general method for the synthesis of

trithiagermatranes with novel functional groups [30]

N

l

S Ge S
Xl |
C — CHCOX
N
Ry Ry Ry

Figure12  Tnthiagermatrane

The structure of the trithiagermatranes, shown in Figure | 2, 1s similar to that of the
germatranes The main difference between the two structures are the three oxygen
atoms 1n the germatranes and the three sulphur atoms in the thiagermatranes The
production of the trithiagermatranes i1s quite similar to that of the germatranes, in

respect to the starting materials



11 35 Other reactions

Wang et al reported the synthesis of novel organogermanium compounds containing
a Aminophosphonate groups [31] The group hoped to incorporate the anti-tumour
activity of the germanium sesquioxides with the antibacterial and anti-tumour activity
of a Ammophosphonates The synthesis of the novel compound can be seen in

Equation | 8

0 0 0 0
I I NaHCO, I [
Cl3GeCHR'CHR"CNHCRHP(OPh), W» 0y/,GeCHR'CHR"CNHCRHP(OPh),
2
(Eqn 1 8)

David-Quillot er a/ reports the reaction between germanium halides, magnesium
turnings and organic halides in the presence of 1,2 — dibromoethane [32] The

mixture 1s reacted under ultra-sonic conditions as shown in Equation 1 9

2-CH2 N
R-X Mg, BrlH2-CH2Br . R}’(JC -R

THF R¥'Ge \ Sonification

(x=Clor Br)

(Eqn19)

The R group of the halide replaces the halide on the germanium 1f the germanium
compound contained three such halides then 1t 1s probable to assume that if MeGeCl;

were added it would react with NMe,Cl in a similar fashion forming MeGe(NMe; )3



The advantages of this method, as given by the authors, include a fast reaction time,

operational simplicity and yields i the range ot 74% to 95% [32]



1 2 Germamum Toxicity

A number of studies have been carried out to determine the toxicity of germanium and
its products Schroeder et al carried out an experiment to determine the effect that
arsenic, germanium, tin and vanadium had on the growth and survival of mice [33]

A group of 71 male and 65 female rates were given Sp/ml germanium in the form of
sodium germanate The group recorded the mean weight of the mice over a period of
540 days and found that the addition of germamum to the diet of the mice did not
cause any dramatic change in the weight of the mice It was found that the mean
weight of male mice given germanium was 8 7g less than thewr controls after 540
days The female mice showed a similar trend with those given germanmum being

8 9g less than their controls [33]

The average Iife span of the mice feed germanum was reduced as compared to their
respective controls The average lhifetime of the control group of male mice was
determined to be 570 days The hfetime of male mice given germanium was found
experimentally to be 478 days This represents a difference of 92 days or 16 1 %
when compared to the control The female mice were not affected to the same degree
as the male mice The average lifetime was determined to be 589 days compared to
624 days for the control This represents a difference ot 35 days or 5 6% as compared

to the control [33]

The group determined the longevity of the mice, which they defined as the mean age
of death of the oldest 10% It was found that the male mice had a longevity of 712 +

29 2 days, the control being 831 + 49 6 days The females had a longevity of 829 +

16



359 days with a control 0of 910 + 45 0 days The results show that sodium germanate
has a more detrimental affect on the lifetime of males compared to females It was
found that the germanium accumulates in the spleen of the mice to a greater extent

than the other organs [33]

In another study under taken by Lin et al the kinetics of germanium dioxide toxicity
was determined 1n rats [34] They report that the LDsyp of GeO, administered by
intraperitoneal njection 1s 750 mg/kg The group carried out the kinetic study of
GeO;, by admunistering a single dose of 100mg/kg to the rats It was found that
germanium was first detected in the serum 0 25 hours after administration and the
maximum concentration of germanium 1n the serum was achieved at 2 hours
Statistically 1t was found that the half-life of absorption was 0 7 = 0 1 hour and that of

elitmination was 2 3 £ 0 5 hours [34]

The next stage of the study was to determine the distribution of germanium n the
tissue of the rats This was completed by allowing the rats ingest water containing
730 £ 92 mg over a four-week period after which time the rats were sacrificed It was
found that the highest concentration of germanium was present in the sciatic nerve
(55 %02 pg/g) followed by the kidney (3 5 + 0 1ug/g), liver (35 £ 0 1 pg/g), serum
(321202 ng/g), heart (3101 pg/g), lungs (1 901 png/g), gastrocnemius muscle
(17 £ 01 pg/g) and brain (15 01 pg/g) The experimental data shows that
germanium 1s absorbed quickly into the body with a long elimination time This
implies that the constant intake of germanium could lead to the build up of toxic

amounts over a short period of time [34]



Cases of germanium toxicity are predominately restricted to Japan, due to the
popularity of germanium supplements there The symptoms of germanium toxicity
include weight loss, fatigue, gastrointestinal disturbances, anaemia, muscle weakness
and renal faillure In the literature so far there has been no report of significant
germanium 1nduced weight loss  Any weight loss could be caused by the
gastrointestinal disturbances especially vomiting, this could also explain the anaemia
When the body ingests a toxin such as a heavy metal it functions so as to remove the
toxin, this can be achieved by vomiting It was reported that germanmum could
accumulate 1n tissues such as nails, hair, kidneys and spleen 1t was found that the
germanium still remained 1n the nails, hair and kidneys up to ten months after
consumption ceased, 1n some cases 19 — 50 months The report concludes 1n saying
that germanium dioxide was 1dentified in some preparations of organic Ge-132  Thus

residual GeO; contaminant has been proven to cause germanmuum intoxication in

antmals and humans [35]



1 3 Foodstuffs and Medicinal Properties

The extensive use of herbal remedies with food origins 1n eastern cultures has been
well documented [36,37] However the use of herbal remedies 1s not hmited to
eastern cultures Pieroni ef a/ has reported extensively on the application of herbal
remedies to the treatment of medical conditions 1n southern Italy [37-39] Many of
these treatments have been handed down through the generations without any
understanding of the mode of action of the remedy The work presented in this Thesis
will focus on the commonly available and consumed foodstuffs in Ireland with

comparison to some commercially available supplements and remedies

1 3 1 Effect of Diet on health

A number of dietary factors including high intake of fat and calories, and low intake
of fruit, vegetables and fiber, have been implicated in the increase of cancer
occurrence It has been found experimentally that a high intake of vegetables such as
onions, garlic, carrot, tomatoes, cabbage, broccoli and cauliflower can lower the
probability of cancer instances This has been linked to the presence of vitamins and
micronutrients 1n the foods [40-42] Conversely it has been shown that high ntakes
of unsaturated fats and calories, associated with poor diets increases the probability of
developing cancer As a result of the importance of dietary factors 1t 1s essential to

study foods associated with lower 1nstances of cancer [43-46]

The consumption of green leafed vegetables such as cabbage, broccoli and

cauliflower has been linked to a decrease 1n cancer nstances [47] Many studies have
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suggested that an inverse relationship exists between consumption of vegetables and
cancer formation  Vegetables are an important source of antioxidants and
micronutrients, such as carotenoids, flavonoids and vitamins Most of the work to
date has focused on the role of these antioxidants and therr influence on cancer

Research to date has addressed the impact of the more common one’s [47-50]

1 3 2 Eastern Remedies

Long et al conducted a study of the medicinal plants used by the people of the
Yunnan provmce of Chimna [S1] The group collected sixty-six plants used as
medicinal/herbal remedies It was found that twenty seven of these had never been
investigated previously and do not occur 1n the literature These plants are commonly
used to treat aillments such as tummy ache, diarrhea, high blood pressure, flu, tooth
ache, burns and arthritis to name but a few Interestingly the group reports that many

of these medicinal plants form an important part of the local diet

The western approach to cancer treatment has been the 1dentification and 1solation of
individual compounds and subsequent synthesis of these compounds This 1s 1n
contrast to the holistic approach adopted by the Asian countries particularly China
The Chinese have used herbal therapies for the treatment of most aillments including
cancer (Ginseng has been identified as a plant that possesses chemotherapeutic and
preventative properties Extracts of ginseng have been studied by groups to evaluate
these properties [47,50] It was found that the extract had the ability to mnhibit the
sarcoma growth by 45 % when 400 mg / kg was administered It was found that the

red ginseng extract caused 70 % inhibition ot a mouse melanoma B16 Further to this
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discovery the antioxidative effect of ginseng was examined and 1t was found that

ginseng possesses antioxidant properties [50]

The mhibition of tumourous cells by ginseng was investigated in terms of the possible
stimulation of the immune system It has been reported that ginseng has the ability to
promote T-cell activation and therefore stimulate the immune system It has been
reported to have anti-inflammatory and anti-arthritic properties [50,52-54] Other
herbal remedies have been identified as having similar properties Ginger has also
been reported to have anti-inflammatory and anti-arthritic properties Other herbal
remedies will be mvestigated including pearl barley, bamboo shoot, peppermint oil
and dong quar It has been reported that many herbal remedies possess antioxidant

properties [55-57]
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14 Ge-132

3 — Bis — 2 - Carboxyethyl germanium sesquioxide (Ge-132) has been described as an
organo germanium compound and has many biologic functions, figure 13 The
sesquioxide exists as an infinite sheet structure with the basic unit being a twelve-
member ring This twelve-member ring comprises of six germamum atoms bridged
by six oxygen atoms The carboxylate chains are arranged alternatively above and
below the ring structure The sheets, much like graphite, are held together by
hydrogen bonding between the carboxyl groups It exhibits a number of biological
activities that have a wide variety of applications n the health care industry These
activities mclude anti-tumour activity, interferon production, immunomodulating

activity, anti-inflammatory, anti-arthritic and photo protective effects [58]

Figure 13  Structure of f-Bis(carboxyethyl)germanium sesquioxide (Ge-132)

Ge-132 functions 1n the body as a biological response modifier or BRM BRMs are
substances that alter the body’s own response to certain stimuh [63,64], n the case of
Ge-132 1t activates the bodies own immune system having the potential therapeutic
atfect of killing cancers One method ot using the body’s immune system 1s by the

stimulation ot interferon production [65]
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1 4 1 Immunomodulation

Interferon 1s the name given to the large family of secretry proteins that share
common characteristics Interferon’s were first discovered in 1957 and have the
abilhity to interfere with viral replication, when applied to new viral cells It 1s now
known that as well as interfering with viral activity interferons have the ability to
inhibit prohferation of cells and can modulate the immune response There are four
types of interferon IFNa, IFNB, IFN® and IFNy [FNy 1s induced as part of an
immune response by T cells and NK cell, as a result 1t 1s known as an

immunoregulatory cytokine [59,60]

Aso et al studied the role of germanium sesquioxide as a BRM They state that 1t 1s
believed that the anti-tumour activity of Ge-132 1s due to its immunopotentiating
activity The group administered 300mg of Ge-132 per kg (of body weight) to mice
and withdrew serum for examation at mtervals over a forty-eight hour period It
was found that the interferon was induced m dose dependent manner meaning the

higher the dose of ge-132 given the greater the interferon produced [61]

Fujio Suzuk studied the anti-tumour affect and mechanmisms ot Ge-132 1n mice [62]
It was tound that the administration of serum from Ge-132 treated mice to mice
bearing ascities tumours resulted in the inhibition of tumour growth The inhibition
was due to the formation of IFNy and the augmentation of macrophages in the mice
In the presence of 1IFNy anti-serum no anti-tumour activity resulted This suggests

that IFNy plays a very important role in anti-tumour activity of Ge-132 [62]



Aso et al investigated the effect that the mode of administration would have on the
anti-tumour activity of Ge-132 The group studied the administration affects of Ge-
132 on a different carcinoma, Meth A fibrosarcoma The group found that
intravenous admimstration of 100 mg/kg of Ge-132 mhibited the growth of the
tumour This was mainly due to augmentation of NK cells in the peripheral blood

followed by induction of specific killer cells [62]

Aso et al studied the induction of interferon and the augmentation of NK cells and
macrophages 1n mice by the oral administration of Ge-132  After oral administration
of 300 mg/kg Ge-132 the interferon levels were found to increase with activity
peaking at twenty-four hours The natural killer activity was found to increase to a
maximum at twenty-four hours and the production of cytotoxic macrophages in the

peritoneal cavity at forty-eight hours [63]

Suzuki et al 1noculated mice with cancerous cells and administered Ge-132 orally and
intraperitoneal [64] It was found experimentally that a 100 mg / kg dose of Ge-132
taken orally gave a 40% survival rate with a mean survival greater than 34 1 days
Administration of Ge-132 intraperitoneal yielded a fifty-day survival of only 10%
with a mean survival rate of greater than 20 days The control tor this group had a
fifty-day survival of 0% and a mean survival of 18 5 days These results were

achieved against the Ehrlich-BALB/c tumour

The group administered 100 mg / kg and 200 mg / kg of Ge-132 orally and both doses
gave a 40% survival rate, figure 13  These results were compared and 1t was

assumed that the action of Ge-132 1s not dose dependent This comparison 1s not
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valid for two reasons, firstly the tests were carried out on two different types of
tumour-mouse cells, 1t has all ready been established that Ge-132 has differing effects
on different tumours Secondly the number of mice used in each study was not
comparable, the first used forty mice and only ten were studied in the second test

The experimental results show that Ge-132 is orally active agaimnst the syngenic RL
(female)-1-BALB/c tumour mouse system Ge-132 results in a fifty-day survival rate
of 45% with a mean survival rate of greater than 35 6 days, comparable to the control
of 0% and 21 8 days respectively Ge-132 was neffective against the EL4-C57B1/6

and Meth A-BALB/c tumour mouse system [64]
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Figure 14  The effect of T cell depletion on the anti-tumour activity of Ge-132
in mice bearing Ehrhich ascites tumours Anti-Thy 12 antibody -
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The immuno mechanisms of Ge-132’s anti-tumour activity was studied It was found
that upon elimination of T cells the anti-tumour activity of the Ge-132 was also
elimimated A 40% survival rate was achieved after admunistration of 100mg/kg of
Ge-132 orally This survival rate was reduced to 0% in 25-30 days after
administration of Ge-132 and monoclonal antibody This 0% survival rate was the
same rate achieved using saline as a control, suggesting that the neutralisation of the

T-cell production neutralised the anti-tumour activity [64]

Tumour cells have learnt to avoid detection and destruction from the hosts’ immune
system Jkemoto ef a/ studied the anti-suppressor T cell (contrasuppressor T cells)
capabilities of Ge-132 agamnst clones of burn induced CD8* suppressor T cells
designated T6S cells Ge-132 was admimistered orally to the mice in sterile
physiological saline, suggesting the triol form of Ge-132  The appearance of
contrasuppression T cells in the spleens of the mice was momtored after the
admimistration It was found that the number of contrasuppression T cells peaked
after three days and returned to bascline amount on the fifth day The authors
concluded that Ge-132 induced the production of contrasuppression T cells capable of
inhibiting the suppressor activity of type II T cells This means that Ge-132 has the
potential for treatment against cancers and infections that develop 1n

immunocompromised hosts 1e with type Il T cells [65]

1 4 2 Photoprotective effect
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Ge-132 1s reported to have uses other than as an anti-tumour or immuno-stimulating
agent, Montenegro et al report a photoprotective effect The group investigated the

protective effect of ge-132 against ultra-violet radiation, namely UV B [66]

The group studied UVB induced erythema, a superficial redness caused by the
dilation of the underlying capillaries This erythema was induced using an ultraviolet
lamp that emutted radiation in the region of 290-320nm, with an output peak at
302nm The study was carried out using three test solutions 1 ge-132 1n an aqueous
solution, 2 ge-132 in dimethylisosorbide (DMI), and 3 A 50 50 mix of water and
DMI Dimethylisosorbide 1s a compound used to enhance the skin penetration of the
ge-132 The experiment examined the effect of pre treatment compared to that of post
treatment Pre-treatment involved the addition of each of the mixtures to the skin for
a period of time followed by the removal and exposure to UVB radiation Post

treatment involved exposure and the subsequent treatment with test solutions [66]

The group measured the erythema index using a reflectance visible spectrophotometer
and plotted change in erythema index against time The area under the plot was
determined and called the AUC — area under the response time curve It was found
experimentally that the ge-132/DMI solution admimstered pre exposure gave the
greatest protection with an AUC value of 888 54 + 93 44, the CEG in water had an
AUC or 1284 28 + 167 64 and the DMI in water had an AUC of 1388 57 £ 217 38,
the control was determined to be 145573 £ 1048 This showed that ge-132 has a
photoprotective effect The group determined the absorbance spectrum of the ge-132

in DMI to investigate 1f the complex had a ‘sunscreen” effect rather than a
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photoprotective effect The spectrum showed no absorbance at 305nm, peak output of

the lamp, meaning that the ge-132 DMI mixture was not a sunscreen [66]

1 4 3 DNA Cleavage

Bing Zhu et al report the cleavage of nucleotides by lanthanide complexes of Ge-132
This cleavage 1s a non-enzymatic hydrolysis of linear DNA resulting in the formation
of fragments, which can be manipulated by techmques employed 1n current molecular
biology The group formed a lanthamde complex of Ge-132 and studied its ability (as
well as Ge-132) to cleave DNA It was found experimentally that Ge-132 and the
lanthanide complex had the ability to selectively hydrolyse 5 -Adenosine
monophosphate (AMP) and 5 -Guanosine monophosphate (GMP) to Adenosine and
Guanosine respectively with the release of free phosphates It was found that Ge-132
on 1its own could cleave 5 -AMP and 5 -GMP, 6 6 201 and 55 * 02 % cleavage
respectively  Ge-132 had the ability to enhance the lanthanide cleavage from 0%
(free metal) to between 108 £+ 02 — 164 + 02 % cleavage, with the best results

achieved for 5 -AMP cleavage [67]

The mechamsm of this cleavage 1s believed to be hydrolytic scission ot the phosphate
brought about by the triol group on the sesquioxide The lanthanide metal binds to the
oxygen’s of the phosphate causing the P-O bond between the phosphate and purine
group to weaken The three hydroxy groups then attack the phosphorous atom

(neuleophilic attack) [68]

1 4 4 Anti-oxidant activity
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Free radicals are known to be involved in carcinogenesis and 1t 1s suspected that such
free radicals are important for tumour expansion and acquisition of malignant
properties Reactive Oxygen Species (ROS) have been i1dentified as causing chemical
changes in DNA that could be mutagenic or cancerous, none more so than the
superoxide radical (O;") The superoxide radical 1s formed in the body from various
oxidative pathways during normal cell utilisation of oxygen It 1s the superoxide
radical that undergoes changes to form other ROS’s such as hypochlorous acid

(HOCI), hydroxyl radical ( OH) and hydrogen peroxide (H,O,) [69]}

Laszlo Pronai et al examined the effect of Ge-132 on superoxide generation They
found that at concentrations larger than 50 pg / ml Ge-132 suppressed the release of

superoxide radical O, from leukocytes (intact or “Co irradiated) [70]

1 4 5 Other properties

Ge-132 has been investigated as a possible antidote for selenium poisoning Manfred
Paul et al report the use of selenium (Se) in New Zealand as a fungicidal treatment
for sheep and as a sotl supplement [71] The widespread use of Selenium has lead to
cases of toxicity and death, with no efficient antidote being available For this reason
the group decided to identity an effective antidote for selenium poisoning They
injected sodium selenate nto rats and monitored a number of physiological effects

such as body weight, excretion and tissue deposition [71]
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It was found that ge-132 did not protect the rats from the selemum-induced loss in
body weight It failed to have a protective effect against the deposition of selenium in
vital organs It did show a dose related effect on the urinary excretion of selenium
from the bodies of the rats Rats given the germanmum sesquioxide showed an
increase 1n excretion of 59% for the highest concentration of 400mg/kg Ge, compared

to the controls [71]

Hisashi Aso et al found that Ge-132 could be used to treat the influenza virus [72]

They found that Ge-132 had no direct anti-viral affect but stimulated the production of
[FNy and the augmentation of NK cells against the virus [72] Yasuhisa Wakabayashi
studied the effect o Ge-132 on low-density lipoprotein oxidation and arteriosclerosis
in hypercholesterolemic rabbits [73] It was found that Ge-132 possesses anti-

oxidation properties but has no effect on the atherosclerotic progression of rabbits
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1 5 Metal analysis and variation of Food composition

Variations in the composition of food items can occur as a result of a number of
different factors Such factors include fertilisation, prior land usage, season, climate,
harvesting, storage and packaging processes The difference in the mineral content of
foods 1s particularly related to soil type, fertilisation, season and drainage In the last
ten years 490 papers have been published dealing with variance m foods, figure 15

These papers have focused on the general variation 1n mineral and nutrient content or

have investigated specific sample types such as carrots [74 -77] or mulk [78]
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Figure1S  The number of research papers nvestigating food content
vanation published by Elsevier between the years 1994 and 2004

To investigate the variances in foods some researchers have grown foods while others
have purchased foods from different shops knowing that suppliers would differ One
such group, Torlem er af/ , purchased similar foods from three separate shops and
compared the mineral content [79] A number of foods including tomato, carrot,

~
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potato, onion and cabbage were studied The determination of calcium, iron, sodum,
potassium and phosphorous content of these foods was completed [t was found that
the variation in elemental content of tomato, defined in terms of relative standard
deviation, ranged from 11% to 40% Very similar ranges were achieved for carrot

(14-58%), potato (9 1 —46%), onion (17 — 55%) and cabbage (15 — 52%) content [59]

In an attempt to explain such deviations Torlem et a/ investigated the effect that
season and region would have on the content of the stated foods Samples were
collected over the four seasons i three separate locations and the results were
noteworthy It was found that the elemental content of tomato (3 8 — 50%), carrot (11
— 23%), potato (4 8 — 16%), onion (7 6 — 30%) and cabbage (5 6 — 42%) has large
variations The results would suggest that seasonal variation 1s high but the content in
food 1s determined predominantly by the region of growth The authors conclude that
this high vanation 58% 1n some cases, ponts directly to the variability of the soil

composition [79]

To understand the pronounced effect of location on the uptake of minerals Nikkarinen
et al conducted elemental studies on mushrooms grown in two locations 100 km
apart [80] In total twenty five elements were tested with the results reported 1n terms
of mean concentration and range It was found that mushrooms grown 1n location 1
had a higher elemental content then those grown n location 2 The selentum content
in mushrooms from location 1 was determined to be 18 52 mg / kg compared to 7 47
mg / kg for location 2 This represents a 60% difference in selentum concentration

between locations, similar trends were seen for other elements [§0]
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The concentration range of selenium was found to have a mmnimum of 5 15 and a
maximum of 62 8 mg / kg High concentration ranges were achieved for other
elements such as magnesium (559 — 933 mg / kg), copper (24 3 — 94 3 mg / kg),
sodium (97 — 738 mg / kg) and zinc (465 — 140 mg / kg) This work not only
highlights the variability resulting from different locations but also the variability of
elemental uptake in a similar location Elemental composition of the soil revealed
that location 1 has significantly higher elemental content than location 2 The group
however failed to mvestigate the soil composition at different locations n location |

to determine 1f the elemental distribution was even [80]

The variation of elemental content of medicinal plants and herbs was investigated by
Chizzola et al [81] This study was carried out with a view to determining the natural
variance between samples grown in the same location and samples from different
locations  Plants and herbs were examied for copper, ron, manganese, zinc,
cadmium and lead content The variance was defined in terms of concentration
ranges of each metal Focusing on the elemental content of just two plants the ranges

are shown 1n Table 1 1[81]

Table 1 1 The difference 1n elemental content of the same plant grown in two
locations as completed by Chizzola et al [81]

Element Plant 1 % Diff" | Plant 2 % Daff"
Iron 102 - 1154 | 1031 126 - 1398 | 1009
Copper 6-341 468 57-175 207
Manganese | 33 8 -175 [ 418 164-542 |230
Zinc 135-661 |389 99-31 213
Cadmmum [009-039 | 333 009-042 | 367
Lead 06-13 117 02-24 1100

" All concentrations shown are mg Kg !
2 %Diff 1s calculated with respect to the minimum concentration 1n the range
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An examination ot Table 1 1 reveals that the difference between the maximum and
minimum concentrations 1s quite large The difference 1s over 100 % 1n all cases and
increases to a maximum of over 1000% Such large differences between maximum
and mmimum elemental content in the two plants 1s significant This data outlines the
large variations that can be expected when working with foods grown n the same
location The addition of foods grown 1n a different location introduces the possibility

of further increases 1n the difference n elemental content [81]

Human activities or land usage can have an effect on the mineral and elemental
content of the land Such an effect can be investigated by monitoring the content of
the naturally occurring plants Diaz et a/ studied the elemental content of plants and
fung1 found at the Atlantic Fleet Weapons Training Facility (AFWTF) in Vieques,
Puerto Rico [82] This 1s an area of land used, as suggested by the name, as a firing
range to train gunners on American war ships The group used a naturally occurring
plant, giant milk weed, and tested for lead, cobalt, nickel, manganese, chromium,
cadmium and copper The researchers compared the results of this analysis to the
analysis of a control, giant milk weed found 1n a plot of land close to the test area It
was found that the concentrations of the elements tested for were higher compared to
the control, with the exception of copper The manganese content was found to
increase by a factor of 16 from 17 85 to 287 94 ug /g The lead content was found to
increase from 1 29 to 30 05 pg / g, a concentration twenty times greater Sigmficantly
the concentration of cobalt increased by a massive factor of twenty six from 2 59 to
68 4 ug / g This work highlights the significant affect that anthropogenic activities

have on the environment 1n terms of elemental content [82]
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It can be concluded from the work of researchers such as Chizzola ef a/ [81] and
Nikkarinen er al/ [80] that variation in food content results from anthropogenic
activities, seasonal change and growing location Therr work has shown that plants
and vegetables grown 1n the same location under the same conditions can exhibit large

variations
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1 6 Methods for the Determination of Germanium

It has been stated in an earlier section that more than 30 years ago the use of
germanium containing supplements increased The use of these supplements led to a
number of cases of germanium toxicity The more common analytical methods used
for germanmum determmation include polarographic techniques, spectrophotometric
methods, atomic absorption spectrometric determunation by graphite furnace
atomization and hydride generation techmques coupled with both flame and graphite
furnace atomization Few publications for the use of inductively coupled plasma
atomic absorption and emission techniques have also been reported for germanium

determination

1 6 1 Sorption techmques

Inukar et al describe a method for the production of a selective adsorbent for
Germanum (1v) They describe the adsorbent properties of branched saccaride
chitosan resin and beads They report the retention of germaniuum on the sorbent

followed by elution and determination using inductively coupled plasma atomic

emission (ICPAE) [83]

Gamze Gokturk et al report a method ot preconcentration of germanium followed by
hydride generation flame atomic absorption spectroscopy The group utihze a
mercapto-modified silica gel for preconcentration As the name suggests the resin
used 15 a modified silica gel The sample containing germanium was mixed with the

modified silica for a period of time The silica retains the germanium and it 1s
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desorbed from the silica by the addition of potassium 1odate followed by

determination using hydride generation atomic spectrometry [84]

Using this method 1t was found that concentrations as low as 50 ng/l could be
prconcentrated successfully It was recommended that the mercapro-silica and sample
are left for 24 hours with stirring 1f the concentration 1s below 100 ng/l Most
commercial resins have the capability of regeneration after use, the mercapto-silica
does not This 1s due to the reaction between the sulphydril groups on the resin and
the potassium 1odate causing subsequent inactivation of the resin The lack of
regeneration means that this method 1s not viable 1f any substantial amount of work 1s

to be completed [84]

Ozawa et al designed a method of recovery of germanium from hquid streams using
a porous hollow-fibre membrane [85] The group wrradiated a porous hollow-fibre
membrane and added glycidyl methacrylate which formed an epoxy group GeO, or
any germanium compound ts pushed through the hollow fibre, the germanium is
retained and the hiquid 1s pushed out Once the pores are full of germanium the flow
1s stopped and the fibre 1s flushed with HCl to release the germamum  The
regeneration ot the tube 1s very important if it 1s to be commercially viable The
group carried out the retention and flushing three times and monitored the retention
and stability of the fibre It was found that the fibre showed no degradation or

reduction in retention of germanium after this time [85]
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1 6 2 Polarography

Hasebe et al report the use of normal pulse polarography (NPP) and differential pulse
polarography (DPP) in the analysis of Germanmum (IV) [86] The direct
determination of germanium utihsing a hanging mercury drop electrode (DME)
resulted 1n a poor voltammogram corresponding to the oxidation of Ge {(0) to Ge (I1V)
They found that by using a catechol a wave or peak resulted, -0 7 V v’'s SCE  This
enhancement resulted in a maximum wave larger than normally seen for heavy
metals By using a catechol 1t was found that it was possible to determine germanium

at concentrations as low as 10’ mol /1 [86]

Hasebe et al continued to devise a method for the determination of germantum 1n a
germanium alloy [87] They found that using 3 2 mmol / | catechol and 0 7 mol / 1
acetate buffer contamning 0 1 mol / 1 sodium perchlorate at a pH of 4 5 a well defined
peak 1s achieve, -0 61 V v’s Ag-AgCl It was found experimentally the tin and
arsenic had the effect of distorting the waveform achieved for germanium The
presence and concentration of these two metals 1s the only pre-treatment consideration

necessary [87]

1 6 3 Spectrophotometric

A number of spectrophotometric techniques have been employed for the
determination of germanium in “real samples” These techniques have been based on
the complexation of germanuum with a ligand  Zayun et @l report using

trimethoxylphenylfluorone for the determination of germanium in foods The method

38



1s based on the reaction of germanium with trimethoxylphenylfluorone 1n the presence
of Trtion X-100 The germanium forms a red complex that has a maximum
absorbance at 505nm This red complex 1s formed within 30 minutes and has been
shown to be stable for at least 24 hours The method employed 1s selective for
germanium 1n the presence of other interfering metal 1ons such as Mg, Fe, Ca, N1, W,
Sn and Mo This reduces the amount of clean up required prior to analysis The
method 1s also sensitive with the complex having a molar absoptivity of 1 7 * 10° 1/

mol cm [88§]

O-nitrophenylfluorone, a phenylfluorone derivative, had been used with great success
for the determination of trace germanium Using this method the hmit of detection
was found to be 04 pg /1 Other spectrophotometric methods have been proposed
that do not utilise phenylfluorone or any of its derivatives Ischromatic dye 1on-pairs
formed by rhodamine 6G and tetrabromofluorescein have been used for the trace

determination of germanium [89,90]

Garica Campana ef a/ report the formation of a complex between germanium and
quercetin (3, 3°, 4°, 5, 7-pentahydroxyflavone) [91] This germanium quercetin
complex fluoresces at 535nm under excitation at 435nm  The group outlines
procedures for complex formation 1n real samples such as drugs and wholemeal oats
The group detail an acid digestion method utilising a mixture of nitric, sulphuric and
perchloric acilds  The fluorescing complex 1s formed by the addition of quercetin,

methanol, buffer solution and the non-1onic surfactant Brij-35 [91]
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1 6 4 Chromatographic methods

Chen et al report a method for the separation and determination of morganic
germanium and ge-132 [92] This method 1s based on high — performance ion
exclusion chromatography using a Dionex HPICE-AS1 separation column The
group use the 1on exclusion column to separate the Ge-132 from the norganic
germanium Following this separation the group used a non-destructive method to
quantify the Ge-132 present, a conductivity detector After the conductivity detector
the Ge-132 was reacted n a reaction co1l with phenylfluorone and the absorbance of
the complex was measured The conductivity detector gives the best detection for Ge-
132 while the UV/Visible detector 1s used for the detection of inorganic germanium
present Utilising such a system gives limits of detection of 0 72 ng/ml and 72 ng/ml

for inorganic germanium and Ge-132 respectively [93]

Chen et al report the use of 10n exclusion chromatography for the separation of three-
organo germamum compounds This 1s accomplished using an lonPac ICE-AS6
column with hydrophobic functional groups within the resin structure These promote
adsorption and bonding giving addition separation They also report the separation
using 10n exchange chromatography and an anionic exchange column Under acidic
conditions the organo germanium compounds form negative i1ons with varying

negativity [92]
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16 5 ICP Techmques

Nakahara ef al have used ICP — atomic emission spectroscopy for the determination
of germanium 1n wron meteorites [94] Using this technique trace concentrations of
germanium were determined with a detection limit of 12 8 ng / ml Ge was obtamed

Using this techmque Florez Menendez et a/ determined germanum n zinc ores with
a detection limit of 1 ng / ml [95] The group was able to determine the germanium
content of three zinc ores Hydride generation ICP-AES was nvestigated by
Smichowski et al [96] The group used sodium tetrahydroborate to form germane
and applied this to ICP-AES analysis Using this techmque detection limits of 0 096

ng / ml were achieved

Krystek et al developed an ICP — MS method for the determination of germanium 1n
germanium containing medicines and treatments [97] The group investigated a
number of applications including ICP — MS, HPLC coupled with quadrupole ICP —
MS and high resolution ICP — MS The determunation of ge-132 in the presence of
germanium dioxide was achieved and the analysis of the medical samples found only

ge-132
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1 7 Scope of Research

Food has an important influence on health and well being, this influence 1s related to
the constituents and composition of the food A number of metals have been
identified including zinc, selenium and germanium Ge-132 acts as a BRM and 1ts
anticancer, anti-inflammatory, anti-arthritic and photo protective properties have been
studied by a number of groups As a result Ge-132 represents a multi-purpose
compound that could find use for the treatment of a wide variety of illnesses It 1s
proposed that analytical methods are developed allowing the determination of

germanium and ge-132 n vegetables and herbal remedies

This research has been conducted with a number of objectives

1 The quantitative 1dentification of germanium n foodstuffs and herbal
remedies,

2 The use of non-destructive methods of analysis for the qualtative
determination of ge-132 in foods found to contain germanium,

3 The development of a method for quantitative determination of ge-132 in the
presence of germanium dioxide,

4 The nvestigation of the application of techniques developed for germanium

determination for the analysis of other metals in foods or supplements

The techmques bemng mvestigated include the use of graphite furnace atomic
absorption spectroscopy (GFAAS) for total germanium determination (Chapter 2)
This work 1dentifies high levels of germanium in a number of foods known to possess

med:cinal properties and n foods not previously studied Infrared (IR) spectroscopy
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1s investigated as a non-destructive method for the qualitative determination of ge-132
(Chapter 3) Utilising IR a unique scoring technique was devised based on bands
characteristic to ge-132 and thus allowing identification of ge-132 as well as the
discrimmation of ge-132 from germanmum dioxide  Ultraviolet visible and
fluorescence spectroscopy are employed for the qualitative and quantitative
determination of ge-132 (Chapter 4) The investigation of quercetin chelation on the
UV/Visible and fluorescence spectra of ge-132 and a range of other metals such as
chromium (Chapter 6), lead, Iron and Antimony (Chapter 6) was completed The first
application of reverse phase HPLC with online fluorimetric detection 1s reported n

Chapter 5
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CHAPTER 2

Graphite Furnace Atomic Absorption Spectroscopy

for determination of total germanium in food samples
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2 1 Introduction

The use of plants and herbs as dietary supplements and as over the counter drugs has
increased dramatically in the past number of years In many countries herbal
supplements are regulated 1n a similar way to over the counter drugs (OTC) ensuring
quahty and potency Germany has defined quality standards and potency tests for
over 350 plant drugs while France have provided conditions for sale of some 200
medicinal plants However, 1n the US herbal treatments and dietary supplements are
classed between foods and OTCs Such a classification results in product quality not

being governed legislatively raising concerns about potency and overall safety [1-3]

There 1s an ever increasing amount of research on the content of foods and herbal
treatments containing micronutrients [4] A number of studies have been completed
detailing the positive effects that metals have in the diet Other researchers report
over-consumption of a foodstuff, dietary supplement or OTC supplement having an
adverse eftect on our bodies A number of reports have been published detailing the

metal content of foodstuffs including dietary supplements [5-7]

211 Apphcation of GFAAS to food analysis

Graphite furnace atomic absorption spectroscopy (GFAAS) or electrothermal atomic
absorption spectroscopy 1s a micro analytical technique for the determination of total
metal content The Beer Lambert law 1s applied 1n the measurement GFAAS 1s a
widely used technique and can be applied to both solid and liquid samples without
complex sample manipulation prior to analysis The versatility of application from

environmental samples to food and drug samples coupled with its low limits of
52



detection make 1t an 1deal instrument for the wide variety of samples being analysed

8]

The analysis of food, botanical and supplement samples for the presence of total
metals has been carried out previously utilising GFAAS GFAAS has been used to
determine metals concentration in blood, a sample that contains a wide variety of
possible interfering substances [9,10] It 1s a techmque designed specifically for the
determination of total metal content and offers detection limits comparable with those
methods outlined previously GFAAS has been used widely for metal determination
and the instrumentation has been designed with a view to reducing the amount of

interferences and with lower running costs [10]

The analysis of metals can be achieved routinely by flame atomic absorption
spectroscopy (FAAS) rather than using (GFAAS) The use of the graphite furnace
however, has a number of advantages over the use of flame atorsation These
include, the elimination of wastage as all the sample 1s atomised, a more
representative result as the entire sample 1s atomised not just a portion, greater
sensitivity, reduced sample volumes and weights allowing for mucroanalysis and

fewer interferences [§]

The analysis of foodstuffs and biological matenal for total metal content has been
completed successfully using GFAAS methods R Silva et a/ used GFAAS to
analyse marine biological tissue and botanical samples [11] The analyse of marine
tissue 1s hampered by the high concentrations of salt, that interferes during the

atomsation process giving false readings In particular the group were interested in
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copper, cadmium, nickel, lead, manganese and chromium concentrations Instead of
using a digestion method the group opted for a slurry method This method requires
that the sample be a fine powder The powder 1s then dissolved 1n a liquid to form a
sample with properties similar to hquid and solids Using this slurry techmque
complete analysis of metal concentration in the samples 1s achieved Limits of
detection 1 the region of 0 02 to 0 14 pg / g and characteristic masses between 0 5
and 7 3 pg resulted for the metals, with cadmium and manganese having the lower

detection himuts [12]

Michelle Deaker ef al have used GFAAS for the determination of arsenic in marine
biological tissues [13] In particular oyster tissue, dogfish muscle, lobster, tuna and
shark tissue The analysis of marine biological tissue and botanical samples 1s often
hampered by thewrr mherent complexity This complexity arises from the high

concentrations of pollutants and in particular salt in marine water [13]

Yanxi Tan et al used GFAAS 1n the determination of ten elements n plant and
anmimal tissue [14] The group examined a wide variety of samples including corn
bran, apple leaves, oyster tissue and bovine muscle The hmit of detection of the
optimised method for selenium determination was found experimentally to be 0 010
ng / g The eftect on precision after post-digestion homogenisation was compared
with homogenisation prior to GFAAS analysis It was found that no significant
improvement could be seen in the %RSD when three samples were used This would
imply that the precision 1s not affected by homogenisation prior to injection or lack of

homogenisation [14]
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T Narukawa studied food and biological samples for selentum utilising GFAAS fitted
with a tungsten furnace [15] Using a sample slurry and a U type tungsten boat the
limit of detection was found to be 16 pg /1 with a calibration range of 16 to 500 pg /1
This optimised method was applied to the selenium determination of human harr,
urme and serum samples [15] Vitas et al applied GFAAS utilising slurry
atomusation to the determination of arsenic 1n baby food [16] The optimised method
was linear up to 300 ng / ml and had a characteristic mass of 23 pg The detection
hmit was found experimentally to be 22 ng / g with a relative standard deviation of

5 7 % for twenty injections [16]

Yang et al used GFAAS for the direct determination of germanium in botanical
samples [17] The group reports the loss of germanium 1n the pre-atomisation stage as
a result of the formation of a number of volatile compounds such as germanium
oxides, germanium sulphates and germanium chlorides The use of a palladium-
zircomum modifier 1s reported for the elimination of such interferences Using the
optimal conditions characteristic mass of 16 pg germanmum and a detection limit of 12

pg with a calibration curve having a regression of 0 9984 was obtained [17]

212 Sample Preparation for GFAAS

The method of sample preparation is a critical part of any analytical procedure The
analysis of real samples by means of GFAAS requires that the samples be in an
aqueous media tor ease of handling and analysis This often requires the digestion ot

solid samples Even though GFAAS allows the direct sampling of solids, 1t 1s less
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time consuming to work with liquid samples compared to solid samples The use of
liquid samples or digested samples often results in the formation of fewer refractory
compounds compared to direct solild analysis  Acid digestion also releases the
element of interest from complex substances such as those found mn biological

samples

The digestion of real samples ranging from gramns such as pearl barley to
pharmaceutical formulations raises a number of problems and one general method of
digestion 1s not feasible The use of single acid digestion seems unrealistic for the
digestion of complex organic matrices, thus a combination of acids 1s required
Deaker et al report a single acid digestion technique of marine biological tissue [13]
while Pettersson et a/ use a combination of acids [18] Petterssons technique 1s less
time consuming and used for a range of metals Deaker er al developed a pre

treatment step for a single metal and the method 1s time consuming [13]

The literature relating to acid digestion deals with samples dried prior to digestion
[19,20] or samples digested as 1s “wet” [21] Dried samples are less bulky and are
handled with greater ease than their hydrated equivalent It does recommend the use
of high energy digestion such as refluxing or microwave digestion Sastre ef al
compared microwave assisted digestion with reflux type digestion [22] The group
concluded that both forms of digestion yielded similar results and no distinction could
be made between the two Barrera et al 1nvestigated five methods of sample
pretreatment including, slurry sampling, ultrasound assisted acid leaching, microwave
digestion, microwave assisted acid leaching and enzymatic hydrolysis [23] It was

also concluded that enzymatic hydrolysis and low energy digestior/ leaching such as
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the case of sonication were not adequate techniques in view of the results achieved for

the other forms of pre-treatment

The digestion of plant and food samples can often be a complex process of acid
additions and temperature manipulation The increased complexity of the processes
leads to increased digestion time and a quick and simple method 1s desirable Poor
digestion can lead to [22,23]

e Incomplete breakdown of fat and oils

¢ Incomplete destruction of the organic matrix

e Collidial suspension

e Deposition onto digestion vessel

A number of groups have developed digestion methods for food samples Feng et a/
outlines a method for the digestion of plant and grain samples utilising nitric acid and
hydrofluoric acid solution [24] Wu et al investigated a similar method using nitric
acid and hydrogen peroxide [25] while Rahman ef al report the digest of rice husks
using a similar method [26] The organic composition of the samples particularly
cellulose, hemicellulose and lignin require adequate digestion and the findings of
these groups emphasise the need for proper digestion techniques to allow tor complete

digestion of complex matrices such as plant samples
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213 Aims and Objectives

The aim of this study 1s to determine the germanium content of a variety of foodstuffs
including herbal medicines and OTC pharmaceuticals not previously studied

The objectives of the work include

o Development of a digestion technique surtable for the various sample

matrices,

o Development of a graphite furnace techmque for the analysis of total

germanium,

e Optimisation and validation of the newly developed technique
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2 2 Experimental

Samples used n this research for total germanium determination include solids,
liquids, pharmaceutical formulations and fresh vegetables The criteria for nclusion

of a sample were as follows

1 Foods, including vegetables that make up an important part of the diet,

2 Foods, including vegetables that are suspected to contain high concentrations
of germanmm,

3 Foods, including vegetables that are known to have beneficial medicinal
effects,

4 Herbal remedy formulations used for thewr suspected beneficial medicinal

effects

Using these four criteria a wide variety of foods and herbal treatments where chosen
for analysis A certain degree of variance 1s expected between botanicals of the same
famuly and species This variety results from the slightly different growing conditions
such as soil compostition, degree ot hydration, age and exposure to sunhght [27] To
account for such natural variety three samples are used and analysed in duplicate
Utiising this method allowed for the identification of any sample containing an

unusually high or low concentration of germanium, compared to the other samples

Pharmaceutical formulations destined for over the counter sales are not governed by
the same regulatory production criteria as prescription drugs This can often lead to

the production of an inferior product As a result tablets may have differing
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constituents and to compensate for this five tablets of the same formulation are chosen

at random and studied

2 2 1 Reagents

Germanium standards were prepared from a 1000 mg / | ICP grade stock solution
purchased from Reagacon, Shannon A calibration curve was constructed using 50 jug
/ L germanium standard and the auto mix setting on the instrument Analytical grade
nitric acid, sulphuric acid and perichloric acid, Sigma-Aldrich ltd , Ireland, were used
1

for the digestion of samples All solutions were prepared using 18 M Q cm

deronised water, Millipore Corporation

22 2 Instrument
The graphite furnace used 1s a Varian GTA 110 fitted with a Programmable Sample
Dispenser (PSD 55) with deuterium background correction and a germanium hollow

cathode lamp supplied by varian
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2 2 3 Samples

Table 2 1 Samples used including manufacturer/packer and source Ex -

extract

Sample Name Manufacturer/Packer | Source

Fresh Tomato Dunnes Stores Dunnes  Stores, Sarsfield St,
Limerick

Onion Dunnes Stores Dunnes  Stores, Sarsfield St,
Limerick

Green Pepper Dunnes Stores Dunnes  Stores,  Sarsfield St,
Limerick

Yellow Pepper Dunnes Stores Dunnes  Stores,  Sarsfield  St,
Limerick

Red Pepper Dunnes Stores Dunnes  Stores,  Sarsfield  St,
Limerick

Fresh Carrot Dunnes Stores Dunnes  Stores,  Sarsfield St
Limerick

Potato Dunnes Stores Dunnes  Stores,  Sarsfield  St,
Limerick

Garlic Dunnes Stores Dunnes Stores, Sarsfield St , Limerick

Green Cabbage Spar Euro Spar, Glasnevin, Dublin 9

Red Cabbage Spar Euro Spar, Glasnevin, Dublin 9

Jar Beetroot Chef Tesco’s, Artane Castle, Dublin 9

Fresh Beetroot Value Tesco’s, Artane Castle, Dublin 9

Orange Juice
Grapefrurt Juice
Pineapple Juice
Apple Juice
Peppermint herb

Dong Quai
Echinacea
Ginger tablet

Siberian
ex
Ginseng Root

Bamboo Shoot
Soya flour

Tvp soya mince
pearl barley
Aloe vera tablet
Ginseng tablet

Ginseng

Dunnes Stores
Dunnes Stores
Dunnes Stores
Dunnes Stores
Herbal authority

Herbal authonty

Sona, Herbal remedies
Good n natural

Herbal authority

Chang Bai Mountain
Oceanic Supples
Nancys

Nancys

Holland & Barrett
Aloe pure laboratories
Ortis

Dunnes Stores, Sarsfield St , Limerick
Dunnes Stores, Sarsfield St , Limerick
Dunnes Stores, Sarsfield St , Limerick
Dunnes Stores, Sarsfield St , Limerick

Chnic
Limerick
Clinic
Limerick
Clinic
Limerick
Clinic
Limerick
Chnic
Limerick

for

for

for

for

for

alternative  medicine,
alternative  medicine,
alternative  medicine,
alternative  medicine,
alternative  medicine,

Oceanic Supphes Co Ltd, Limerick
Oceanic Supplies Co Ltd, Limerick
Nancys Healthfood Store, Limerick
Nancys Healthfood Store, Limerick
Nancys Healthfood Store, Limerick
Nancys Healthfood Store, Limerick
Nancys Healthfood Store, Limerick
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The samples have been divided into four groups for the purposes of analysis and they
include

1 Wet solids,

2 Dry solids,

3 Liquud Samples,

4 Soluble germanium

2231 Wet Solhds

Fruit, vegetables and plants are termed wet solids The sample was first washed 1n
deionised water and chopped into small pieces A 5 g weight of the sample was
transferred to a 250 ml round bottom flask fitted with a liebig condenser To this
apparatus 20 ml of 10 1 concentrated nitric and sulphuric acid was added The digest
was allowed to stand for 24 h after which time the solution was heated gently to
boiling The digest was allowed to reflux until all the vapour turns from a brown to a
white plume at which point the condenser was removed The sample volume was
allowed to reduce to about 1 ml followed by the addition of 10 ml of delonised water
The sample was again left to reduce to approx | ml, allowed to cool and transferred

to a 50 m! volumetric flask The sample was filled to the mark with delomised water

2232 Dry Sohds

Dry solids include drug formulations and dried foodstuffs such as flour The sample

under test was ground up to a fine powder In the case of drug formulations 5 tablets
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were used m all cases A 01 g weight of the powder was transferred to an
evaporating dish and 10 ml of nitric acid was added The digest was gently brought to
the boil and the volume was reduced to approximately 1-2 ml To this 1 ml of
perichloric acid was added and the digest was reduced to dryness A 20 ml volume of
deionised water was added and the volume was again reduced to almost dryness
followed by transfer to a 50 ml volumetric flask The sample was filled to the mark

with delonised water

2233 Liquid Samples

This group of samples refers to the fruit juices The fruit juice carton was shaken
prior to opening and 10 ml of the juice sample was transferred to a glass vile and
centrifuged for 40 min  After this time the supernatant was removed and transferred
to a 50 ml volumetric flask The samples were made up to the mark with deionised

water

22 34 Soluble Germanium

This group of samples included ginseng root, pearl barley and bamboo shoot The
samples were washed with ultrapure water and cut up into fine pieces Fromthisa5g
weight of sample was transferred into a beaker containing 100 ml of ultrapure water
The water was heated to boiling and remained boiling for 15 min with stirring The
sample was allowed to cool and was filtered to remove the solid portion using a
whatman filter The liquid portion was transferred to a 100 ml volumetric flask and

made up to the mark with ultra pure water
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2 3 Results and Discussion

The development of a method for the analysis of real samples utilising the GFAAS
must take into account a number of factors Goltz et a/ outline the potential
interferences caused by the formation of thermally stable oxides, monoxides and
refactory carbides in GFAAS [28] The formation of such substances can result in a
decreased sensitivity and memory effects In the modern instrument interferences of
this type are reduced utilising a flow of inert argon gas through a pyroliticaly coated
tube Control of the drying, ashing and atomisation stages mvolved in GFAAS can

also be used to reduce the instances of interference formation [29]

Utihsing atomisation temperatures greater than 2500°C Yang ef al have shown that
atomisation of the most stable compounds 1s achieved [17] As a consequence an
atomisation temperature of 2600°C 1s used It has been reported by Ortner ef al that
germanium does not form carbides in GFAAS [29] Therefore, according to the

literature, the formation of germanium oxide and carbides 1s unlikely

Few researchers have focussed on the role of drying temperature and time on the
metal determination The drying stage relates to the point at which the solvent 1s
removed and the analyte coated to the tube This stage i1s important for the
reproducible formation of the atomic cloud within the tube If the temperature 1s too

high the liquid sample will splutter coating the tube randomly
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2 3 1 Drymng times

The GFAAS conditions given by Varian will be maintained with the exception of the
drying time The drying time 1s reported as 120°C for 55 s This can be broken down
nto three stages The tube 1s brought from room temperature to 85°C for 5 s, then to
95°C for 40 s and finally to 120°C for 10 s The drying temperature of §5°C was
changed between 5 and 40 s with the atomisation being monitored To accommodate
the vanation of samples to be studied it was decided to monitor the absorbance,

reproducibility and signal output of six representative samples, the results are shown

in Table 2 2

Table 2 2 The effect on absorbance values with differing drying times for the
samples shown with %RSD shown m brackets All values shown
are mean values calculated when n =3

Drymg |Abs@Ss Abs @ 10s Abs @20s |Abs@30s | Abs @ 40s
time (s)

Sample

Carrot | 00303(9 1) |00299(107) |00694(34) | 00640(10) |0 0668(2 1)

Ginseng | 0 0008(>100) | 0 0161(5 3) 00166(109) | 00198(92) |00209(5 5)
tablet

Pearl 0 0036(15) -0 0007(>100) | 0 0097(17 3) | 0 0035(13 7) | 0 0053(10 2)
Barley

Potato | 00362(172) | 00280(135) |00324(24) |00319(46) |00317(33)

Green 00292(115) | 00222(102) |00242(85) | 00285(51) |00295(89)
Pepper

Red 00579(47) {00393(42) 00422(107) | 00508(2 3) | 00539(14 2)
Pepper
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From the results obtained a number of interesting trends can be reported. The effect
of increasing the 85°C drying time from 5 to 40 s on the six samples is shown in
Figure 2.1. It can be seen that increasing the drying time from 5 s to 10 s was found
to cause an overall reduction in sample absorbance, with the exception of ginseng
tablet. An increase in the drying time from 10 s to 20 s results in an overall increase
in absorbance by the samples. Increasing the drying time from 20 s to 40 s has no

significant effect with the absorbance of samples remaining relatively unaltered.

Figure 2.1 Absorbance of carrot, ginseng tablet, green pepper, pearl barley,
potato and red pepper samples monitored with changing drying
time at 85 °C for GFAAS

The reproducibility (%RSD) of results was examined in conjunction with absorbance

and the results are shown in Figure 2.2.
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Figure 2.2 Reproducibility of germanium determination by GFAAS with
changing drying time at 85 °C
Poor reproducibility has already been linked to spluttering of the sample within the
graphite tube. As a result the reproducibility of the samples absorbance was
monitored. Poor reproducibility was achieved after 5 s and 10 s drying for carrot,
pearl barley, potato and green pepper samples. Improved reproducibility was
achieved by increasing the drying time to 20 s. The reproducibility of sample
absorbance at times between 20 s to 40 s is much similar. Therefore, drying time at
85"C has a significant effect on both absorbance and reproducibility. The third

criterion deals with the signal responses achieved; of particular interest arc position
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and shape The evaluation of these 1s conducted by visual inspection of the responses

achieved and an example 1s shown in Figure 2 3

-
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Figure23  The responses due to atomisation of the two samples with
increasing drying times The drying times are increasing from top
to bottom 1n the order of (a) 5 s, (b) 10 s, (¢) 20 s, (d) 30 s and (e) 40
s (1) 1s the response achieved for carrot digest and (n) 1s the
response for ginseng tablet digest n =3
Figure 2 3 depicts the signal responses achieved for carrot digest and ginseng tablet
digest using various drying times Examining the sharp response obtained for the
carrot sample emphasises the importance of reading the maximum absorbance at the
correct position 1€ the top of the peak Visual inspection of the signal responses for
the carrot sample reveals that the peaks resulting from drying times equal to 20 s, 30 s
and 40 s are much larger and sharper than those achieved for 5 s and 10 s Visual

inspection also reveals the formation of a secondary after the main peak at 20 s This

secondary peak can be seen at drying times of 30 s and 40 s also



The formation of this secondary peak would suggest the formation of a weak
refractory compound or may indicate the presence of another metal in the sample
This secondary peak 1s only seen in the carrot sample and occurs 1n a region of little
importance having httle effect on absorbance 1€ a non read region The ginseng
tablet digest shown 1n Figure 2 3 (11) shows no such secondary peak formation The
output of the samples was mvestigated for the presence of secondary peak formation
It was found to only occur in this instance Goltz et al [28] and Ortner et al [29]
have reported the instrumental design eliminates the formation of undesirable

compounds which could interfere with absorption

Overall, following examnation of the sample responses 1t was determined that the
optimal response was achieved after 30 s drying The drying study was not continued
above 40 s for two reasons Firstly, economically 1t 1s not feasible to increase the
drymng times above 40 s as the argon usage with respect to the number of samples
being studied would be too high In a similar fashion the drying temperature at 95°C
was mcreased to 100°C It was found that such an increase resulted n spluttering of
the sample through out the tube and onto the windows This resulted in wreproducible
results and down time resulting from the clean up required Following the drying time
study the optimal drying conditions were determined to be 85 °C for 30 s, 95 °C for 40

sand 120°C for 10 s

2 3 2 Lamp Intensity

Lamp intensity 1s an important factor to consider in order to achieve a quantitative
analytical method as shown by L’vov [30] The free atoms within the tube need to

reach the excited state simultaneously otherwise processes such as self-absorption
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occur This will have the effect of yielding low absorbance readings leading to the
assumption that low concentrations are present Conversely if the lamp intensity 1s
too high the detector will have difficulty differentiating between the intensity of the

blank and the sample intensity

High absorbing species require high intensities to become excited and if the intensity
1s too low then the species will only be partially promoted Conversely the absorption
of low absorbing species will be masked by high intensities This study aims to
determine the maximum lamp intensity required without causing any masking of
absorbance The absorbance of a germanium 1n the range 5 to 25 ng / ml was
monitored with changing lamp mtensity The intensity was altered by increasing the

current from 3 mA to 7 mA

Figure 2 4 shows graphically the change 1n absorbance with variation in lamp current
over arange 5 to 25 ng/ ml Ge A low range was chosen as germanium occurs mn low
concentrations n foods and the effect that lamp intensity has on low concentrations 1s

critical

Figure 2 4 (a) shows the effect on absorbance of increasing the lamp intensity from
3mA to 5SmA Absorbance increases as the mtensity of the lamp increases with the
maximum absorbance at SmA This would suggest that increasing the current from 3

to SmA has a positive effect on the absorbance of low levels of germanium
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Figure 24  (a) The effect of decreasing that lamp intensity below S mA has on
absorbance of radiation by Germamum All values shown are
mean values withn =2 (-A-5 mA, -B-4 mA and -¢- 3 mA) (b)
The effect of increasing the lamp intensity above 5 mA on the
absorbance of radiation by germanium All values shown are
mean values with n=2 -A-SmA, -e-6mA and -M-7 mA
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Figure 24 (b) shows the effect of increasing lamp current above 5 mA  The
absorbance of radiation by germanium at 6 mA and 7 mA 1s less than the absorbance
at 5 mA This would suggest that at currents above 5 mA the intensity of radiation
masks the absorbance of germanium, as a result of the detectors nability to
differentiate between the mtensity of the blank and the intensity of radiation absorbed
by germanium This implies that the lamp intensity 1s too high and small changes in

intensity go relatively unnoticed

Lowe et al report the use of increased lamp intensity leading to more sensitive results
up to a maximum mtensity [31] Above this a reduction in absorbance was recorded
and 1t was concluded that self-reversal or self absorption occurred Consideration of
these findings with respect to the experimental data presented here would 1mply that

SmA 1s the 1deal working condition
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2 3 3 Lineanity

The linear range for the analysis of germanium and this 1s shown 1n Figure 2 5

012 -
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Concentration (ng / ml)

Figure 2S5  The figure depicts the linear range of germanium determination
under optimal conditions, drying 80 s, ashing 8 s, atomisation 3 3 s,
tube clean 2 s, wavelength 265 2 nm and lamp current S mA The
Iinear range was determined to be between 0 ng / ml to 125 ng / ml
germanium where n=3, R> = 0 9982

It was found that at concentrations of germanium between 20 ng / ml and 125 ng / ml,
Beers law was adhered to Increasing the germanium concentration above 125 ng / ml
resulted in observation of non linearity 1n particular positive interference As a result
the dynamic linear range or linearity of this method was determined to be 125 ng / ml

germanium



2 3 4 Limit of Detection

The limit of detection can be defined as the lowest concentration detectable that gives
a signal to noise ratio of 3 1 and 1s used to determine whether pre-concentration 1s
required prior to analysis [18] The lmit of detection allows the quantitative
comparison of similar analytical methods and can be found statistically using equation

21

Limt of Detection = 3o (eqn2 1)
s
where s 1s the cahibration sensitivity or the slope of the calibration curve

¢ 1s the standard deviation of the blank

It was found using equation 2 1 that the limit of detection of this method was 3 37 ng /
ml germanium or 0 051 ng germanum (15 pl injection) A trial and error method was
carried out to experimentally determine 1f this value was true for this method Using
this trial and error method whereby the signal response 1s examined, 1t was found that
the response due to the 4 ng / ml or 0 075 ng standard of germanium shown in Figure

2 6 yielded a signal to noise ratio of 3 1
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Figure 2.6 Signal response obtained for the 5 jig / | Germanium with a signal
to noise ratio of 3:1. GFAAS conditions; drying 80 s, ashing 8 s,
atomisation 3.3 s, tube clean 2 s, wavelength 265.2 nm and lamp
current 5 mA

The limit of detection was found to be 3.37 ng / ml or in terms of total mass 0.051 ng
of germanium. This limit of detection compares well to the limits achieved for

analysis of selenium (16 ng / ml) achieved by Tomohiro Narukawa [ 15J.

2.3.5 Limit of Quantification

The limit of quantification (LoQ) ofa method is defined as the lowest concentration
that can be determined quantifiably and is defined as the concentration ofanalyte that
yields a response ten times greater than the baseline noise |32|. Figure 2.7 below
displays the signal response as a result of running a 20 ng / ml or 0.3 ng standard
under optimised conditions. The signal to noise ratio was found to be 10:1. Therefore

the experimental limit ofdetection is 20 ng / ml germanium.

16



Figure 2.7  The signal response obtained from the analysis of 20 ng / ml
Germanium under optimised conditions; drying 80 s, ashing 8 s,
atomisation 3.3 s, tube clean 2 s, wavelength 265.2 nm and lamp
current 5 mA

2.3.6 Characteristic Mass

Using the characteristic mass it is possible to quantitatively compare results obtained

on different GFAAS instruments using differing methods. The characteristic mass is

defined as that mass of element that yields an absorbance of 0.0044 and is calculated

using equation 2.2 [32].

Characteristic mass, m,, = 0.0044 (egn 2.2)
S

The characteristic mass of the optimised method was found to be 53 pg germanium.
This compares favourably to the reported characteristic mass’s achieved by Byrne et
al. for the analysis of twelve rare earth elements [33). The characteristic mass’s of the

metals range from | pg (Yb) to 3000 pg (Pr). Denes et al. report characteristic mass
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of 42 pg (Er) and 320 pg (Nd) [34] while Vinas et al of 23 pg for the determination of

arsenic in baby food [16]

2 3 7 Interference study

This study aims to determune the total germanium content 1n a variety of real samples,
reported to have therapeutic qualities Samples include vegetables, foodstuffs and
alternative therapy formulations Any naturally occurring plant or vegetable will
contain metals extracted from the soil which are necessary for their growth and well
being As a result plants and vegetables will contain any metals found in the soil
around them These metals can be beneficial to the plant such as calcium, magnestum
and zinc They can also contain detrimental or toxic metals due to pollution from
anthropogenic sources For these reasons 1t 1s important to study the possible
interference of such metals on our analysis Seven metals were chosen for
investigation ncluding calcium, cobalt, copper, magnesium, nickel, lead and zinc
The potential interference of these metals was monitored at a concentration outside
germamums linear range (1000 ng / ml) and a concentration within germaniums linear

range (100 ng / ml)
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Table 2 3 Results of the interference study examining the potential
mnterference of seven metals The table displays the mean
absorbance’s and %RSD’s achieved for the different metals at the
concentrations shown, n=2 Results were obtained under optimal
GFAAS conditions; drying 80 s, ashing 8 s, atomisation 3 3 s, tube
clean 2 s, wavelength 265 2 nm and lamp current 5 mA

Metal Concentration (ng / ml) Mean Absorbance %RSD

Copper 1000 -0 0004 >100

Copper 100 0 0008 01

Calcium 1000 -0 0015 63 6

Calcium 100 -0 0008 48 7

Cobalt 1000 00019 370

Cobalt 100 0 0009 83

Magnesium 1000 0 0061 171

Magnesium 100 -0 0025 91

Nickel 1000 0 0070 46

Nickel 100 0 0004 >100

Lead 1000 -0 0031 7

Lead 100 -0 0001 >100

Zinc 1000 -0 0015 >100

Zinc 100 -0 0028 412

An examination of the experimental data in Table 2 3 reveals that high %RSD’s and

low absorbance’s are achieved for interfering metals Such results would suggest that

any interferences are random and can be minimised by multiple analysis of each

sample and utilisation of mean values

The presentation of an absorbance value for

these sample metals can be misinterpreted as the occurrence of absorbing species

The presence of an absorbing species can only be confirmed by the visual inspection

of the signal output achieved for the presence of peaks

signal output achieved for the samples metals 1s given in Figure 2 8

An example of the typical
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Figure 2.8 Typical GFAAS interference study response achieved under
optimised conditions; drying 80 s, ashing 8 s, atomisation 3.3 s,
tube clean 2 s, wavelength 265.2 nm and lamp current 5 mA

Magnesium occurs in nature very readily and it is not that uncommon to find it in high

concentrations relative to germanium. Experimentally a 1000 ng / ml magnesium

standard yields a signal response with a %RSD of 17.1% (Figure 2.9). This would
suggest that high concentrations of magnesium could interfere with the germanium
response. Three factors require consideration before labelling magnesium as an
interfering species. Firstly it yields a poorly reproducible response having a %RSD of

17.1%. Secondly the response is below that achieved for the limit of detection and

finally it occurs in a slightly different region compared to germanium. It can be

concluded that any interferences resulting from magnesium will be seen as random
peaks after the main germanium peak. The effect of magnesium can therefore be

eliminated by software processes and precise measurement of peak height at the peak

maximum.
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Figure 2.9 GFAAS response clue to 1000 ng / ml magnesium standard under
optimised conditions; drying 80 s, ashing 8 s, atomisation 3.3 s,
tube clean 2 s, wavelength 265.2 nm and lamp current 5 mA

2.3.8 Sample Digestion

Sample digestion is of critical importance prior to analysis and has been discussed
previously. This study highlights the importance of a good digestion technique to
yield a digest representative of the sample. The digestion of the samples was
attempted using single acids such as hydrochloric acid, sulphuric acid, nitric acid and
perichloric acid. None ofthese yielded a good digest as not all the sample was broken
down even with the addition of high temperatures under rctlux. To digest the samples
a multiple acid digestion technique was investigated. A number of acid combinations
were attempted including hydrochloric, sulphuric, nitric and perichloric mixes.
Digestion was attempted in a closed vessel such as a round bottom tlask and in an

open vessel such as an evaporating dish.
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The digestion of whole grans or tablet formulations was attempted using the wet
digestion method From this study it was found that this method was not suitable for
the digestion of dry solids It was found that pearl barley formed a foam followed by
a viscous solution with the consistency of jelly almost immediately after heating was
initiated  The digest became coated onto the wall of the round bottom flask making
quantrtatrve transfer to a 50 ml volumetric difficult This was trend observed with all

the grains used, soya mince and TVP soya

The digestion of tablet formulations was attempted via the wet digestion method after
which no digestion was observed From these observations 1t 1s apparent that the
moisture content of the wet samples 1s important for therr digestion via this method
It 15 possible that over the 24 h standing period the acid mix permeates n through the
sample and begins to digest the sample from the inside as well on the outside Since
the dry samples have no moisture content they are relatively impervious to the acid
mix Instead over the 24 h period the acid mix works by breaking down the outer
layer of the solid and continues until the entire sample 1s digested thus requiring high

temperatures for long periods

The acid permeation ts a factor in the digestion of the wet samples and needed to be
investigated Sample digests were allowed to stand for 36 h and 48 h with the visible
comparison of the digests The parameters used to compare the digests were clarity
and colour of the sample matter It was found that longer standing times did not result
in any changes 1n the clarity, colour or consistency ot the digests after the standing
period and following heating The germanum content of the 24 h digest was

compared to that of the 48 h digest with no difterence being observed
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It has been reported that acid digestion of samples containing selenium can cause the
formation of a volatile selentum compound This can be minimused by careful
manipulation of the digestion procedure, in particular ensuring that the acid 1s not
completely evaporated Germanium has a number of similar properties as selenium
and this volatile formation was a consideration when designmg the digestion

technique [35]

The digestion techmque was applied to bis(2-carboxyethyl germanium sesquioxide)
followed by GFAAS determination of germanwuum content It was found that
employing 85 ug /1 Ge resulted in 81 £ 6 pg / | being recovered, representing a 95 3

% recovery of the germanium

2 39 Companison of the developed method with existing methods

Chemical modification 1s an important consideration when utihising GFAAS The use
of modifiers such as palladrum, zirconium and sodium hydroxide etc has increased
Yang et a/ use a palladium-zirconium modifier for the determination of germanium 1n
botanical samples [17] Chemical modification 1s often seen as necessary as losses
occur 1n the pre-atomisation stages due to the formation of volatile germanium
compounds These volatiles are formed in the drying and ashing stages of the furnace
program  The investigation of non-modified determination of germanum was

conducted

Volatile formation with chloride, sulphate and oxygen can occur in GFAAS whether

the source of interference 1s the sample or reagents used A drying time study was
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conducted to determine the effect on absorbance It was found that increasmg the
drying time at a lower temperature yielded a higher absorbance It 1s proposed that
drying the sample for longer at a lower temperature had the effect of slowly removing
volatile mterferences Yang ef al use a drying time of 30 s at 120 °C while the
method developed here has a drying time of 80 s with 30 s at 85 °C[17] Yang et al
developed a method with a characteristic mass of 16 pg and a limit of detection of 12
pg The optimal method developed has a characteristic mass less than three times
greater (53 pg) and a limit of detection less than five times greater (51 pg) than that

reported by Yang et al [17]

2 3 10 Vanabihty of Foods

In an effort to understand and quantify the variation in germamum composition of
foodstuffs four samples were analysed These four samples include tomato, onion,
carrot and green pepper Six separate vegetables were purchased, digested and

analysed by GFAAS for each sample The results can be seen in Table 2 4



Table 2.4 The analysis of six separate samples of each food group was
completed for four samples, Tomato, Omon, Carrot and Green
Pepper The analysis was completed under optimal GFAAS
conditions, drying 80 s, ashing 8 s, atomisation 3 3 s, tube clean 2 s,
wavelength 265 2 nm and lamp current S mA

Sample No Tomato | Omon | Carrot Green Pepper
1 038 031 058 017

2 0 40 028 063 016

3 028 032 059 017

4 031 031 0 64 016

5 040 028 050 017

6 038 026 058 012

Mean 036 029 059 016

SD 005 002 0 05 002

%RSD 14 37 7 84 8 62 1120

The examination of the relative standard deviations achieved for the germanium
determination reveals that all four are below 15% with onion and carrot being under
10% When consideration 1s given to the work completed by Ia Torelm et a/ 1t can be
concluded that the variation 1s quite low [36] Ia Torelm et al/ compared the mineral
content of carrot, tomato, potato, onion and cabbage samples They found that %RSD

ranging from 11% up to 58 % was achieved for the samples [36]

The concentration ranges achieved for the four samples were 028 — 040 pg / g for
tomato, this represents a difference of 43%  Similarly the difference between
maximum and mmimum was determined for the other samples onion (19%), carrot
(28%) and green pepper (42%) These values were compared to those achieved by
Chizzola ef al for two plants [37] Dafferences in the concentration range of greater
then 100% 1n all cases resulted The majority were greater than 200% with two
greater than 1000% Such a comparison would imply that the experimental variation

of the food samples achieved was quite low with respect to previous work The foods
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investigated were purchased on the same day and from the same retailler This work
does not consider variations due to season or variations due to differing growing
conditions resulting from difterent supplhiers The results presented represent the

variation of these food samples on a single day [37]

2 3 11 Analysis of Real Samples

The analysis of the samples was completed utilising the optimised method outlined
previously The samples have been divided into a number of groups for analysis and
discussion

1 Vegetables,

2 Tablet formulations,

3  Chinese Foods,

4 Soluble Germanium,

5 Liquid samples

2311 1 Vegetables

Vegetables contamn vitamins, minerals and micronutrients that our bodies require to
work efficiently Like plants they require water and nutrients of their own to grow
and flounish The plants take these nutrients from the surrounding soil by absorbing
water containing these nutrients Germanium makes up about 1 mg / L of the earths
core and may be absorbed nto the plants/vegetables A selection of vegetables has
been chosen to incorporate

e Those believed to have medicinal properties e g garlc,

e Those eaten most frequently e g potatoes and,

* The comparison of different varieties e g red, green and yellow peppers
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The vegetables selected are outlined in the Table 2 5 along with their calculated

germanium concentration

Table 2 § Table detailing the mean germanium content of vegetables samples
studied where n=2 Carried out using GFAAS optimised
conditions, drying 80 s, ashing 8 s, atomisation 3 3 s, tube clean 2 s,
wavelength 265 2 nm and lamp current S mA

Sample Name %RSD Ge Concentration
ng/g

Fresh Tomatoes 1 310 039
Fresh Tomatoes 2 920 030
Fresh Tomatoes 3 380 039
Onion 1 710 030
Onion 2 1 60 032
Omon 3 530 027
Green Peppers 1 320 017
Green Peppers 2 360 016
Green Peppers 3 2210 015
Yellow Peppers 1 6 60 032
Yellow Peppers 2 6 80 026
Yellow Peppers 3 320 025
Red Pepper 1 360 043
Red Pepper 2 8 60 056
Red Pepper 3 1570 044
Garhc 1 280 2 60
Garlic 2 220 297
Fresh Carrot 1 6 30 0 60
Fresh Carrot 2 580 062
Fresh Carrot 3 900 057
Potato 4 00 185
Fresh Beetroot 1 290 331
Fresh Beetroot 2 410 315
Fresh Beetroot 3 350 324
Jarred Beetroot 1 220 163
Jarred Beetroot 2 3 60 169
Green Cabbage 1 570 063
Green Cabbage 2 4 00 058
Red Cabbage 1 430 086
Red Cabbage 2 290 07
Red Cabbage 3 240 08
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It was found that garlic contained the second highest concentration of germamum of
all the vegetables types studied between 260 pg / g and 297 pg / g These
concentrations are much higher than the other vegetables in some cases almost
eighteen times more germanium This may suggest a correlation between the high
germanium concentration and the medicinal benefits of garlic consumption Another
vegetable of the same family as garlic 1e onion was found to contain between 0 27

ng/ gand 032 pg/ g germanium

As part of their research Schroeder ef al determined the concentration of germanium
m garlic and onion [38] They determined that garhic contamned 0 35 nug / g but
reported the absence of germanium 1n onton The group utilised carbon tetrachloride
followed by water to extract the germanium and the aqueous phase was then studied
for germanium content All complexes have differing chemical properties such as
solubility in water The analysis of the aqueous layer implies that only the water
soluble germanum complexes were studied and not the total germanium These

water soluble complexes include ge-132, spirogermanium and germanium triol

Schroeder et al completed the analysis of carrot samples and two types of tomatoes
grown 1n different regions [38) They report carrot samples containing 004 ug / g
germanium while this study found 0 57 pg / g to 062 ng /g It 1s believed that this
difference 1s as a result of the extraction method used by Schroeder ef a/ [38] The
tomato samples used were obtained locally and from St Thomas, Virgin Islands,
USA The Virgin Islands are located in the Caribbean and has a subtropical climate
It was found that the local sample contained 002 pg / g and the other sample

contained 0 14 pg / g These values emphasise the ditfercnce in germanium content
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as a result of differing growing conditions This study determined that locally

purchased tomatoes contamed between 0 30 pg/gand 039 ug/ g

The vanation 1 germanium concentration within different types of the same
vegetable, such as red, green and yellow peppers 1s compared (Figure 2 11) Red
peppers were found to contain a higher concentration of germanium than either
yellow or green peppers In fact it was discovered that red peppers contain almost
twice as much germanmum as yellow peppers and four times as much as green
peppers This suggests that the colour of the pepper maybe related to the amount of

germanium within the vegetable

This would imply that the natural pigment has an effect on the germanium absorption
or on the metabolic pathway for the absorption and storage of Ge Peppers contain a
number of beta-carotenes that give them their colour The predominant colour
depends on a specific beta-carotene, yellow peppers contain zeaxanthin, green
peppers contain lutein and red peppers contain capsanthin [39,40] The three
pigments have a similar structure, a long chain of double bonded carbons with a
cyclo-hexane ring at each end The main difference occurs 1n the number and type of
functional groups on the compound Capsanthin contains three methyl groups on the
long chain, two hydroxyl groups one each on the cyclo-hexanes and a double bonded
oxygen Luten and zeaxanthin differ only in the position of a double bond 1n one ot

the cyclo-hexane rings, figure 2 10
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Firgure 2 10  Structures of the predominant carotenes 1n selected foods
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The polarity of the three beta-carotenes named 1s reported to increase from lutein to
capsanthin This correlates with the increase in germanum concentration of the
coloured peppers 1t 1s postulated that germanium 1s bonded via hydrogen bonding
and the concentration retained 1s related to the polarity of the dominant beta-carotene
[39,401 Such a postulate 1s proposed with respect to the work carried out by
Simmone et al  The group investigated the elemental content of coloured peppers, 1n
particular calcium, magnesium, iron, manganese and zinc [41] A similar trend was
observed by Simmone with red peppers having the greatest elemental content and
green having the lowest, however they fail to give an explanation for the occurrence

of such a trend {41}

-

Sample Name

L L] ) L] 1] ] 1

0 01 02 03 04 05 06 07

Germanium Concentration (ng / ml)

L

Figure 211 Comparison of germanium concentration of green pepper (GP),
yellow pepper (YP) and red pepper (RP) All values shown are
mean values with n=2
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Schroeder et al report unfertihised peppers contamning 0 11 pg / g germanmum [38]
The germanium content of green peppers, as determined by this research, was
between 0 15 pg / g and 017 pg / g This range 1s slightly higher then the value

determined by Schroeder and maybe explained by the extraction process used

This study found that red peppers have a mean germanium content of 048 ng / g
This 1s followed by fresh tomatoes having a mean germanium content of 0 36 png / g
Other vegetables contain beta carotenes that may have an impact on the total
germanium content It was found that carrots contain on average a total germanium
content of 0 58 pg /g This concentration 1s higher then the total germanium content
of the red, green and yellow peppers It 1s feasible that the higher concentration of

beta carotene maybe responsible for the retention of germanium

A comparison of the total germanium concentration of samples studied reveals that
fresh beetroot has the highest germanium concentration of the vegetable samples and
this 1s depicted 1n Figure 2 12 A significant difference exists between the germanium
concentration of fresh beetroot and its jarred counterpart It 1s believed that the
cooking process may result in the loss of water soluble germanium The affect of

boiling 1n water on germanium content 1s mvestigated i section2 3 11 5
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Figure 2.12 Comparison of germanium content of the fresh samples using
average germanium concentrations. T-Tomato, O-Onion, GP-
Green Pepper, YP-Yellow Pepper, RP-Red Pepper, G-Garlie, C-
Carrot, P-Potato, FB-Fresh Beetroot, JB-Jar Beetroot, GC-Green
Cabbage and RC-Red Cabbage. All values are calculated using
mean values where n=6 except for garlic, green cabbage, jar
beetroot n=4 and potatoe n=3.

Flavonoids arc a group of compounds found in foods that arc reported to behave as
free radical acceptors. This has been linked to their reported metal-complexing
properties. Quercctin has been identified as one of the major constituents of
flavonoids found in food, Torreggiani et al. report its use for the chelation of Cu (I1)
[42j. The chelation ofqucrcetin has been reported to occur with Al (I11) [43|, Fc (JI),

Fc (I11) and rare earth metals [44].
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Hollman et al report the flavonol content of foods, quercetin being the main
constituent [45] It 1s reported that red peppers and tomato juice contain similar
concentrations It 1s postulated that the similar germanium contents of red peppers
and tomato reported are related to the similar concentrations of quercetin Further
comparisons are made difficult as a study of the quercetin levels in the foods tested

has not been completed

2 311 2 Tablet Formulations

The search for treatments to diseases that conventional medicine has failed in treating
has lead to the increased interest in alternative therapies and medicines This has
resulted 1n the development of commercial formulations derived from Chinese
remedies These formulations take on the same form as prescription pharmaceuticals,
included 1s the use of tablets or capsules and the type of packaging (see Table 2 6)
Tablet formulations contain active ingredients or constituents known to be found in
the Chinese remedy, but in higher concentrations [46] This section outlines the
results of the analysis of these formulations for total germanium (Table 2 6)

Table 2 6 Table showing the germanium content of commercially available
tablet formulations, n =3

Sample Name %RSDn=3 Ge Concentration
pg/g
Aloe vera tablet 1 200 2195
Aloe vera tablet 2 370 20 05
Aloe vera tablet 3 220 20 50
Ginseng tablet 1 6 60 508
Ginseng tablet 2 10 80 6 26
Ginseng tablet 3 14 90 509
Ginger tablet 1 770 1292
Ginger tablet 2 970 10 41
Ginger tablet 3 300 6 56
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The aloe vera plant 1s a tropical cactus that belongs to the hily family Aloe vera 1s
used medicinally for the treatment of skin infections, burns, wounds and has been
administered orally for its antiviral properties The comparison of fresh aloe vera
with the commercial aloe vera formulation 1s hampered by the fact that growers report
aloe vera less than five years old does not have the same therapeutic properties This
growing period suggests the time required for the plant to gain enough nutrients to be
medicinally effective The wide medicinal application of aloe vera has prompted its

sale in tablet form and inclusion n this study [47,48]

From Table 2 6 and Figure 2 13, aloe vera tablets contain the greatest concentration of
germanium  Aloe vera contains almost four times the amount of germamum as
ginseng tablet and twice the amount as ginger tablets The aloe vera tablets were
found to contain between 20 05 pg / g and 21 95 pug/ g germanium Ge-132 has been
used to treat infections and as a topical treatment for sun burn These properties of

germanium sesquioxide are similar to those described for aloe vera[49,50]
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Figure 2 13 Graphic depiction of Table 34 displaying the germanium
concentration of tablet formulations GgT-Ginger tablet, GT-
Ginseng tablet and AV- Aloe vera tablet,n =3

Ginger 1s the root segment of a plant cultivated i tropical and subtropical countries

Ginger 1s used as a spice in Asian cooking and has been employed in Chinese
medicine for the treatment of gastrointestinal difficulties, as an anti-inflammatory,
anti-thrombotic agent and anti-arthritic [S1-53] This research has found that ginger
tablets contain between 6 56 pg / g and 12 92 pg / g total germanium The large
difference between the three samples suggests the large degree of variation between
the tablets, probably due to the poor quahty assurance utilised in the production of
herbal remedies The amount of germanium in the ginger tablets 1s about half the

amount of germanium found in the aloe vera tablets
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Giseng has been reported to have the ability to inhibit and reduce melonomas 1n
mice and also has the ability to promote T-cell production in mice Research
conducted by groups such as Wang ef al implies that orally administered ginseng has
the ability to reduce inflammation [54-56] Ginseng tablets were found
experimentally to contain between 5 08 pg / g and 6 26 pg / g germanium (see Table
26) Ths tablet was found to contain the least amount of total germanum of the

three studied (see Figure 2 13)

2 311 3 Chinese Foods

This section includes the fresh samples traditionally used in Chinese medicine and
cooking 1€ fresh root vegetables, shoots and grains such as ginseng root and pearl
barley Also included in this section are commercially available herbal extracts such

as echinacea and peppermint herb (see Table 2 7)
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Table 2 7 Table showing the germanium content of Chinese foods including
commercially available food extracts, n =3 The concentrations
shown 1n grey are for extracts sold per 30mls

Sample Name %RSDn=3 Ge Concentration
ngl/g
Peppermint herb 3230 2 5644
Dong Quat 390 0432
Echinacea 2470 52119
Siberian Ginseng 700 03762
Ginseng Root 1 05 03543
Ginseng Root 2 18 03810
Ginseng Root 3 19 04092
Bamboo Shoot 1 18 04217
Bamboo Shoot 2 i1 04250
Bamboo Shoot 3 44 04233
Soya flour 1 16 20 3 8544
Soya flour 2 0 60 34192
Tvp soya mince 1 630 9 3485
Tvp soya mince 2 400 94344
Pearl barley 1 450 1 9286
Pearl barley 2 970 1 3490

TVP Soya Mince was found to have the greatest concentration of germanium of all
the samples in Figure 2 14, contaming between 935 pg / g and 943 pg / g
germanium Soya flour contains between 3 42 png / g and 3 84 pug / g germanium and
pear] barley contains between 1 35 pg / g and 1 93 pg / g germanuum  From Table
2 7 1t 1s clear that the dry samples (flour/grain) contain larger amounts of germanium
than the fresh samples The wet samples contain a large percentage of moisture that

adds to the overall weight of the sample while dry samples are produced by removing
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the moisture from wet samples In doing so this makes the dry samples more

concentrated compared to the wet ones

Sample Name

0 2 4 6 8 10 12
Concentration (ug / g)

Figure2 14 Companson of the germanium content of the samples from Table
27 SB-Sibenan Ginseng, Ech-Echinacea, DQ-Dong Quai, PM-
Peppermint, PB-Pearl Barley, TSM-TVP Soya Mince, SF-Soya
Flour, BS-Bamboo Shoot and GT-Ginseng Root

Ginseng root and bamboo shoot are commonly used in Chinese cooking both for taste
and medicinal benefits The anti-cancer and anti-inflammatory properties of ginseng
have been outhned previously in chapter 1 along with other properties The amount
of germanium found 1n the digested root was between 0 35 pug /g and 0 41 pg/ g (see
Table 27) The ginseng root used was panax ginseng and the germanium

concentrations are similar to those determmed for the Siberian ginseng extract, 0 38
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ug / g (see Table 2 7) The anti-cancer and anti-inflammatory properties are similar to

those reported for germanmum sesquioxide [49,50,57]

Dong quazi 1s an herb native to Eastern Asia and china 1s known as female ginseng It
has found increased use 1n the treatment of menopausal symptoms Recent studies
have revealed that used alone dong quai does not produce the oestrogen like responses
expected but in fact produced anti-estrogemic activity [58,59] It was found

experimentally that dong quai extract contained 0 432 pg / g germanium

Peppermint extract such as peppermint o1l 1s used 1n the alleviation of irritable bowel
syndrome It has been reported that patients suffering from wrritable bowel syndrome
treated with peppermint o1l have had an improvement in symptoms [60,61] This
research has found that the peppermint o1l extract contains 2 56 nug / g germanium

The treatment of writable bowel syndrome using peppermint o1l 1s accomplished by
stopping the binding of calcium ligands to the gastrointestinal muscle It 1s possible
that germanium and its higands preferentially bind to the gastromntestinal muscle
without causing any adverse reactions Germanium sesquioxide has been studied as a
possible antidote for metal poisoning, in particular selenium It could not be proved
that germanium sesquioxide acted as an anti-dote but it accelerated the excretion of

the selenium [62]

Echinacea 1s used to boost weak immune systems and 1s recommended for use aganst
the common cold, influenza, infections and as an aid to wound healing Echinacea
contains 5 21 pg / g germanium It 1s interesting to note the germanium sesquioxide

has similar immuno-potentiating properties In particular germanium sesquioxide has
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been found to increase the interferon levels having the effect of increasing T-cell
production and augmentation of Natural killer cells Such actions would have the
effect of boosting the immune system to fight foreign pathogens, such as those

resulting from infection [51,63]

2 3 11 4 Liquid Samples

This section deals with determination of total germanium in frut juices that are
commonly consumed With the publics ever increasing interest in health and well
being the number of fruit juices consumed has increased compared to carbonated soft
drinks Four commercial available fruit juices were studied and the results can be

seen 1n Table 2 §

Table 2 8 The concentration of germanium mn fruit juices, n = 3, under
optimised conditions, drying 80 s, ashing 8 s, atomisation 3 3 s,
tube clean 2 s, wavelength 265 2 nm and lamp current S mA

Sample Name %RSD | Germanium Content
ng / ml

Pineapple juice 81 012

Grapefruit juice 26 022

Orange juice 5 021

Apple juice 79 008

The results obtamned for the study show that grapefruit and orange juice contain
similar total germanium concentrations (Table 2 8) These germanium concentrations
are higher then the other two samples Both oranges and grapefruit are both classed
as citrus frurt while apples are classed as malaceous fruits and pineapple classed as
miscellaneous fruits [ his would suggest that the citric acid 1n the citrus fruits may

have an effect on the retention of germanium compared to the other two types
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2 3 11.5 Soluble Germanium

This research compared the solubihity of germanmum dioxide and germanium

sesquioxide It has been found that germanium sesquioxide 1s soluble 1n water and

germanium doxide 1s only weakly soluble in water The majority of herbal remedies

are used as teas and as such only the water soluble portion will dissolve 1n the tea In

order to quantify the amount of germanium from ginseng, bamboo shoot and pearl

barley that 1s water soluble a solubility study was completed The results are shown

in Table 29 The method chosen to determine the amount of soluble germanium was

that method suggested after discussion with a herbal pharmacist for the making of

herbal tea

Table 2 9 Table showing the amount of germanium soluble 1n water n = 3,
using optimised GFAAS conditions, drying 80 s, ashing 8 s,
atomisation 3 3 s, tube clean 2 s, wavelength 2652 nm and lamp
current S mA

Sample name %RSD Concentration of germanium per gram
pg/g
Ginseng Root 1 63 024
Ginseng Root 2 79 024
Bamboo shoot 1 52 027
Bamboo shoot 2 34 028
Pearl Barley 1 64 028
Pearl Barley 2 47 028
Pearl Barley 3 58 030

The amount of water soluble germanum 1s a critical parameter as the human body

contains around 80% water Thus germanium entering the body that 1s water soluble

has a greater probability ot reaching the different organs in the body

Germanium
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sesquioxide, germatrane and spiro-germatrane are examples of water soluble
germanium compounds  The amount of soluble germanium 1s relevant when
compared to the amount of total germamum Figure 2 15 graphically depicts the
proportion of soluble germanium to the total germanium concentration It 1s apparent
that both ginseng and bamboo shoot contain a higher percentage of soluble

germanium compared to pearl barley
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Figure2 15 Comparison of total germanium content in samples with the
soluble germanium content using optimised GFAAS conditions,
drymg 80 s, ashing 8 s, atomisation 3 3 s, tube clean 2 s, wavelength
265 2 nm and lamp current S mA

It was determined that 65% of the germanium in ginseng (0 24 pg / g) 1s water soluble

compared to 62% for bamboo shoot (0 275 pg / g) and 17% for pearl barley (0 28 ng /
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g) This water soluble germanium 1s an important factor that should be considered
when preparing foods The differing methods of food preparation maybe the main
reason for the popularity and eftectiveness of Chinese food/herbal remedies over other
types The Chinese prepare teas from the food/herb and drink this tea, the results
show that a high percent of the germanium 1s water soluble and will diffuse into the
water Other preparations discard the water 1n preference for the boiled food/herb
Such as the case for the comparison of fresh beetroot with jarred beetroot in section

23111

2 3 11 6 Companson of All Sample Types

The examination of the results achieved has been carried out under a number of
headings The resuits achieved for all samples are shown m Table 2 10 in descending
order It was expected that tablet formulations would contain the largest amounts of
total germanium, due to the fact that these formulations are sold as one a day
concentrated food supplements It can be seen from Table 2 10 that the top two

levels of germanium were achieved for aloe vera tablet and Ginger tablet

It was found that the Siberian ginseng extract (038 + 0 01 pg / g) and fresh ginseng
1oot (0 38 £ 0 03 pg / g) had similar germantum contents Ginseng tablet (5 48 + 0 59
pg / g) n comparison was found to contarn a germanium concentration fourteen times
greater then either ginseng root or extract Ginseng has been reported to have a
number of beneficial medicinal benefits It was found that vegetables such as
beetroot, garlic, potato, cabbage and carrot contamned the greatest amounts of
germanium ~ The medicmal properties ot garlic have been outlined earlier by

Greenwald et al and Manson [64,65]
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Table 2 10

The comparison of the germanium content of all the samples
studied, using optimal GFAAS conditions, drying 80 s, ashing 8 s,
atomisation 3 3 s, tube clean 2 s, wavelength 265 2 nm and lamp

current 5 mA

Sample Name

Germamum Content (ug/ g)

1 Aloe Vera Tablet 20 83 + 055
2 Ginger Tablet 996 + 068
3 TVP Soya Mince 939 + 048
4 Gnseng Tablet 548 + 059
5 Echinacea 521 + 129
6 Soya Flour 364 + 031
7 Fresh Beetroot 323 + 008
8 Garlic 278 + 026
9 Peppermint Herb 256 + 083
10 Potato 185 + 007
11 Jarred Beetroot 166 + 004
12 Pearl Barley 1 64 + 012
13 Red Cabbage 079 + 008
14 Green Cabbage 061 + 004
15 Carrot 0 60 + 002
16 Red Pepper 048 + 007
17 Dong Quai 043 + 002
18 Bamboo Shoot 042 + 001
19 Siberian Ginseng 038 = 001
20 Ginseng Root 038 = 003
2] Tomato 036 + 005
22 Onion 029 + 002
23 Yellow Pepper 028 + 004
24 Grape Fruit Juice 022 + 001
25 Orange Juice 021 + 001
26 Green Pepper 016 + 001
27 Pmeapple Juice 012 + 001
28 Apple Juice 008 = 001

Numerous vegetables have been reported as possessing antioxidant activities

including, broccoli, cabbage, cauliflower, garlic, onion, tomatoes and carrots and the

formation of cancer [64,65] This research determmed that cabbage, garlic, onion,

tomato and carrot contained germanum, broccoli and cauliflower were not examined

Other vegetables determined to contain germanium were potato, beetroot and peppers
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The antioxidant properties of germamum have been discussed 1n chapter 1 (section

124)

From table 2 10 1t can be noted tablet formulations being grouped at the top of the
table and the juices being grouped at the bottom of the table The Chinese foods and
the fresh vegetables both have similar germanmum contents Chinese foods have been
employed as herbal remedies as a result of therr medicinal properties for thousands of
years These properties have been linked by Dr Asai to the presence of germanium
sesquioxide [66] It has been found that fresh beetroot has a higher germanium
content then garlic The medicinal properties of garlic have been outhned previously

Both of these vegetables and potato contain more germanium than ginseng root

Ginseng root 1s purported to have a number of medicinal properties and s popularly

used in Chinese cooking
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2 4 Conclusion

The goal of this research was the design of a GFAAS method for determmation of
total germanium in a number of foodstuffs Two digestion techniques were studied
for use on wet and dry samples These techniques allowed for the digestion of porous
living material and also for the digestion of solid pharmaceutical like samples From
this study 1t was found that the optimal lamp current was 5 mA for the analysis at
265 2nm The furnace conditions were as follows, drying for 80 s, ashing for 8 s and
atormisation for 33 s followed by a tube clean for 2 s These optimal conditions
yielded a method found to have a lhimit of detection of 0051 ng, a hmit of

quantification of 0 3 ng and a characteristic mass of 0 053 ng

The analysis of germanium content 1n food samples was completed for a range of
foods, herbal remedies and pharmaceutical formulations In total germanium was
quantified in 28 samples including vegetables such as beetroot (3 23 pg / g), garlic
(2 78 pg/ g) and potato (1 85 pg/g) As was expected tablet formulations contain a
higher amount of germanium per gram as compared to real samples, aloe vera tablet
(20 83 g/ g), ginger tablet (9 96 ug / g) and ginseng tablet (5 48 pg/g) This is due
primarily to the fact that the fresh plant/vegetable 1s dried and crushed into a fine
powder prior to addition to the formulation Since the plants and vegetables are
mostly made up of water by removing this all that remains 1s the concentrated

plant/vegetable

It was found that the ginseng tablet contained between 508 pg / gand 626 ng/ g

germanium compared to 0 35 pg / gto 0 41 ug/ g in the tresh root A total of 65 % of
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the germanium in ginseng root was found to be water soluble representing a

concentration of 024 ug/ g

Dr Asai linked the germanium content of foods with the medicinal properties of those
foods when utilised as herbal remedies [66] Pronai ef a/ investigated the antioxidant
activity of a germanium compound [67] The group reported the antioxidant activity
of germanium in terms of free radical suppression This work has identified
significant levels of germanium in a number of vegetables already determined to have

antioxidant and anti-cancer activities
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CHAPTER 3

Qualitative Determination of Bis(2-Carboxyethylgermanium

Sesquioxide) using Infrared Spectroscopy
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3 1 Introduction

Infrared spectroscopy 1s a technmque that allows for the rapid and non-destructive
analysis of a variety of samples including solids, liquids and gases The non-invasive
nature of some of 1ts techniques makes 1t an important tool for both quantitative and
qualttative analysis of sensitive samples such as foodstuffs and pharmaceutical
formulations  These capabilities coupled with the non-destructive nature of the
technique make 1t 1deal for this research [1] The rapid analysis of food samples and
herbal remedies has become a necessity as a result of the ever-increasing interest of
the public 1n food content The analysis of samples 1s conducted to determine content,
authenticity, adulteration and quality [2,3] Lai et al report the use of IR

spectroscopy for the verification of virgin olive authenticity [4]

311FTIR Character of Food

Variations in the composition of food items can occur as a result of a number of
different factors as discussed in Chapter 1 These nclude fertilisation, prior land
usage, season, climate, harvesting, storage and packaging processes Protein, fat,
carbohydrate and moisture are the most studied components of food and these offer
the greatest hindrance 1n the direct determination of trace analytes Mc Queen et al
outline the use of IRS for the verification of foods principle components namely
proten, fat, carbohydrate and moisture [S] They 1dentified bands at 1930 cm ', 1900
cm ' and 1550 cm ' and conclude that the use of this techmique allows rapid analysis

of multiple samples of different matrices
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3111 Protemn

Irudayara) et al report that the major functional groups related to the analysis of
protemn are the C-H, N-H, O-H and C=C groups [6] FTIR protein spectra show the
presence of two mam bands corresponding to I and I1 amide bands found between
1700-1600 cm ! and 1600-1500 cm ' respectively These bands relate to the peptidic
bound C-NH functionality  These bands are reported to be sensitive to the
conformation adopted by proteins 1e primary, secondary, tertiary and quaternary
This has made these bands the subject of greatest interest in the characterisation of

proteins [6]

The peptide bonds receive major attention in terms of the IR characterisation of
proteins The side chains of specific ammo acids contribute to other functionalities of
nterest ncluding the ester hinkage C-O (~1175 cm '), C=0 group (~1750 cm ') and
acyl cham C-H stretch (3000 — 2800 cm ') The acyl cham yields a number of bands
as a result of C-H bending These bands occur at 1407 cm ', 1320 cm ', 926 cm ' and

855 ¢cm ' and are of lesser importance compared to the amide bands [7-9]

3112 Fatty Acids

The determination of fatty acids in foods such as bakery produce has been conducted
with success by a number of groups Capote ef a/ used the band at 966 cm ' to
identify the presence of trans fatty acids in corn based snacks, cakes and cookies [10]

Man ef al 1dentify free fatty acids utilising a combination of I R bands at 3550 cm '
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3006 cm ', 2677 cm ', 1711 cm*, 1648 cm™ and 723 cm ' [11] The presence of the
band at 1711 cm ' can be used as sole 1dentification of the presence of free fatty acids
The use of a combmnation of 1 R bands for qualitative analysis was completed by
Moreno et al [12] Two bands were 1dentified at 3008 cm ' and 2246 cm ' sigmifying

the presence of fatty acids

Many groups have examined the quality of frying o1l over time with a view to
identifying degradation and nutritional value Hem ef o/ monitored the increase in
saturated fats 1in frying oil as a functional of usage [13] This was achieved by
monitoring the mcrease n absorption at 4800 cm™ of the o1l with respect to use They
concluded that IR spectroscopy was more sensitive and less time consuming then
traditional wet methods taking an average of 2 mm i comparison to 7-8 hours
Innawong et al conducted a simular study monitoring the absorbance at 3471 cm ' and
3300 cm ' [14] The group report an increase in absorbance of both bands with usage

over a ten day period

311 3 Carbohydrate

Lu et al [15] have determined the amylase and total starch content ot sweet potato
utilising IR spectroscopy The determination of carbohydrate 1s not as precise as that
of protemns Carbohydrates are reported to have a number of functionalities resulting
n infrared activity These include the O-H stretch (3381 cm ", C-H stretch (2931 ¢m
"), C=C stretch (1652 cm '), C-H bend (1420 cm ', 930 cm ' and 857 cm ') and the C-
O-C bend (1054 cm ) [15]
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The power of infrared techmques 1s highlighted by the ability of the techmque to
discriminate structurally between mono and polysaccharides Kacurakova ef af
report the capability to determine between the a and B conforms of glucose, mannose
and galactose [16] This was accomplished by monitoring shifts in the bands at 870 —
840 cm ' and 890 cm ' and the subsequent comparison of samples spectra to standard

spectra

3114 Moisture

The water content of raw or cooked food 1s an important factor often relating to
quality in food Wahlby ef a/ investigated the moisture content of food prior to and
during the cooking process [17] Using near infrared spectroscopy the group could
monitor the loss of moisture of foods resulting in crust formation 1n a non nvasive or

destructive manner

The water content of dried foods and other commodities is critically important The
presence of water in dried foods reduces the stability (shelf-hfe), increases risk of
microbiological activity and increases corrosiveness [18] Infrared spectroscopy has
been employed as a method of evaluation of such processes The determination of
moisture 1n agricultural commodities was completed by Buning-Pfaue using Near
Infrared Spectroscopy (NIRS) [19] Reh et a/ apphed NIRS to the determination of

dried milk with results comparable to Karl Fischer titration traditionally used [20]
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3 1 2 Authenticity determination

The rights of the consumer often yield to the economic considerations of big business
with the substitution of lesser quality ingredients in produce As a result the
confirmation of authenticity 1s increasingly demanded by food processors, consumers
and regulatory bodies Gerard Downey of Teagasc, the Irish Agriculture and Food
Development Authority, highhghts the use of infrared spectroscopy to identify
whether fruit used mn purees was ripe or unripe, fresh or frozen and the type of fruit
used IR spectroscopy has also been applied to the determination of plant species and
authenticity of vegetable oils, being able to discriminate between extra virgin o1l and

refined olitve oils [21]

O Al-Jowder et al used mid-infrared spectroscopy to differentiate between three
types of meats, pork, chicken and turkey [22] Thewr work was carried out 1n an
attempt to reduce cases of substitution of lower quality meat in the place of higher
quality meat They found that not only could they use mid-infrared spectroscopy to
differentiate between meats but they could also determine 1f the meat was frozen and
sold as fresh at a later date  Wilson et a/ apply IR spectroscopy for the determination
of the ongins of coffee beans allowing suppliers ease of classification using principle

component analysis [23]

Sansal et al used MIRS for the detection and quantification of hydrogen peroxide 1n
food samples [24] The group designed a method that allowed for the detection of

10* M hydrogen peroxide This was accomplished 1n real samples by observation of
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two peaks at 669 cm' and 418 cm'  This method provides a more rapid form of

analysis compared to chemical complexation

3 1 3 Pharmaceuticals and Healthcare

The application of IR spectroscopy in the pharmaceutical and healthcare section has
grown Cincer ef al report the identification of the drug resorcinol using the I R band
at 6000 cm ' [25] while groups like Mark et al have also apphed IR spectroscopy to
drug analysis [26] Heise et al report the use of fibre optic probes coupled with IR
spectroscopy for the analysis of biofluids such as blood, urine and bioreactor broth
[27] This set up has been successfully applied to the analysis of skin hydration at
1745 cm', non invasive detection of malignant melanomas at 1250 cm !
determination of glucose mn blood at 1100 ¢cm " and the determination of urea in urine

at 1600 cm' The work carried out by Heise validates the use of a single I R band for

the quahtative and quantitative analysis

31 4 Process Control

The flavour of cooked foods 1s often adversely influenced by inadequate process
control Appruzzese et a/ monitored the moisture content of food while cooking to
identify browning/burning of food [28] Using this work IR spectroscopy could be
apphlied to control the heating process reducing occurrences of browning/burmng
Karoui ef al applied IR spectroscopy to the determination of the texture of cheese and

darry products yielding maximum palatabihity [29] This is achieved using a number
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of I R bands corresponding to protein, fat and moisture content These include bands
at 1750 cm’, 1650 cm ', 1620 cm !, 1580 ¢cm !, 1555 cm ! and 1175 em' Eills et al
detected microbial spoilage of beef using IR spectroscopy [30] Spoilage was
determined by changes 1n the mntensities of I R bands at 1513 cm ', 1413 cm !, 1382

cm'and 1112 cm!

3 1 5 Determination of trace analytes in food

The determination of trace analytes in foods 1s often hampered by the components of
foods as discussed previously Humic substances are long chammed molecules with
second and third dimensional cross linked macromolecules It has been reported that
they exhibit two bands at 1593 cm' and 1387 cm ' These bands are resultant of the
symmetric stretching and asymmetric stretching of COO  Introduction of divalent
cations brings about characteristic shifts in those bands allowing identification

Evangelou ef o/ investigated the shifts caused by the introduction of Cu®* (1592 ¢m ',

1381 cm '), Ca** (1582 cm ', 1392 cm ') and Cd** (1564 cm ', 1385 cm ') [31]

Bai et al investigate the introduction of Cr (VI) 10ns into powdered and dried biomass
by FTIR spectroscopy [32] Biomass is a complex sample and FTIR analysis reveals
bands characteristic ot protein (Amide I band and —NH stretching) and carbohydrate
(-OH) The introduction of Cr (VI) results in decreased intensity of the -NH bending
and the -NH stretching bands and an increase in a band at 2400 cm' Such an

increase 1s characteristic ot Cr (VI) [32]
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Lin et al 1nvestigate the determination of silver in the presence of glucose [33] It1s
reported that the FTIR spectrum of silver (Ag") m the form of silver nitrate yields a
band at 1763 cm' assigned to the NO; stretching vibration of the radical Glucose
yields a weak band at 1635 cm ' and the reaction of Ag” with glucose yields a much
more complex spectra It was found that the band at 1763 cm ' remams and 1s visible

despite the occurrence of two new bands at 1738 cm ' and 1772 cm ' [33]

3 16 Aims and Objectives

The aim of this study 1s to investigate infrared spectroscopy as a novel method for the
qualitative determination of germanmum sesquioxide in the presence of germanium
dioxide as a means of quality assurance The method will also be applied to a variety
of foodstuffs ncluding foodstuffs, herbal medicines and OTC pharmaceuticals IR
spectroscopy has not previously been used to discriminate between ge-132 and
germanium dioxide
The objectives of the work include,

e Synthesis of Ge-132,

e Identification of bands corresponding to ge-132,

e Development of a unique method for the determination of germanium

sesquioxide 1n the presence of germanium dioxide,

¢ Identification of germanium sesquioxide 1n a variety of foodstuffs
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3 2 Experimental

321 Instrument

A Digilab FTS 2000 Series Fourier transform infrared spectrometer (FTIR) fitted with
a heltum neon laser and a deuterated tri-glycine sulphate (DTGS) detector was
employed A diffuse reflectance sample cup was employed The scan speed was set
at a resolution of 4 cm ' with 32 scans per spectrum Spectra were recorded in the

range 4000 cm ' — 400 cm !

32 2 Standards
Germanium (1V) oxide with a recorded purity of 99 9999% and Bis (2-
carboxyethylgermanium sesquioxide) supplied by Sigma Aldrich Ireland were

employed

3.2 3 Synthesis of Ge-132

A1 g portion of germanium dioxide was added to 3 g of sodium hypophosphite
hydrate in a 50 ml round bottom flask, followed by the addition of 27 ml hydrochloric
acid The mixture was heated to between 90 and 110 °C with constant stirring for
three hours Following this time the solution was cooled and filtered The
supernatant was cooled to —20 °C and the a, B-unsaturate was added mn an equimolar
amount to germanium dioxide Once a precipitate formed 1t was filtered and

hydrolysed to form Ge-132, (see appendix B) [34]
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3 2 4 Samples

Table 3 1 Samples mvestigated and their place of purchase

Sample Name

Source

Apple

Carrot
Cauliflower
Cucumber
Garlic

Ginger Tablet
Ginseng Root
Ginseng Tablet
Green pepper
Kiwi

Lettuce
Mushroom
Parsnip
Peach

Pearl Barley
Plum

Potato

Red pepper
Scallion

Soya flour
Soya mince
Turnip
Yellow pepper

Dunnes Stores, Sarsfield St, Limerick
Dunnes Stores, Sarsfield St , Limerick
Dunnes Stores, Sarsfield St , Limerick
Dunnes Stores, Sarsfield St , Limerick

Dunnes Stores, Sarsfield St , Limerick

Chnic of Alternative Medicine, Limerick

Nancy’s Health Food Shop, Limerick

Clinic of Alternative Medicine, Limerick

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublin

Tesco, Artane, Dublm

Tesco, Artane, Dublin

Nancy’s Health Food Shop, Limerick
Nancy’s Health Food Shop, Limerick
Dunnes Stores, Sarsfield St , Limerick

Dunnes Stores, Sarsfield St , Limerick
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32 5 Sample Handling
The samples in table 3 1 were analysed by FTIR spectroscopy subject to the following

pre treatment

3251 Vegetables

The vegetable samples were peeled and washed prior to chopping nto fine pieces
The samples were placed mnto an oven set at 103 °C until a constant dry weight was
achieved Following this the samples were ground mto a fine powder with a mortar
and pestle and transferred to a screw top sample contamer All samples were stored in

a dessicator until analysis

32 52 Tablet formulations

Solid samples were crushed and ground up nto a fine powder using a mortar and
pestle The gelatine casing used mn capsules was discarded The powder was then
dried at 103 °C until a constant dry weight was achieved Samples were transferred to

and storaged n a dessicator prior to analysis

3253 Analysis by FTIR
All samples were mixed with dry KBr in the ratio of 19 1 KBr Sample Each sample
spectrum had KBr background spectrum subtracted The samples were studied

uhlising diffuse reflectance spectroscopy
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3.3 Results and Discussion

Narthiro Kakimoto et a/ have employed infrared spectroscopy for the identification
of synthesised germanium sesquioxide [35] To aid mn the identification of
commercial Ge-132 by FTIR 1t was synthesised accordmg to Kakimoto ef a/ method
[35] In doing so it 1s possible to confirm the Ge-132 bands using two sources, a
commercial standard and a laboratory synthesised standard The comparison of the of
Ge-132 standards and germanium dioxide was completed This work represents the
first application of IR spectroscopy for the discrimination of Ge-132 and germanium

dioxide

3 3 1 Companson of Germanium Sesquioxide and Germanium Dioxide

In order to evaluate the synthesised ge-132y, 1t was compared with literature reports
The IR bands reported by Kakimoto ef al at 3050 cm 11690 ¢cm ', 1409, 1240 and
790 cm ' were found to be present n the lab synthesised ge-132 (ge-132y,) which
confirms its authenticity [35] This synthesised product was compared to the
commercially available product which had bands at 3100, 1691, 1413, 1240 and 798
cm! A comparson of Ge-132, and Ge-132..n, reveals shight shifts in the identified
peaks  Ge-132, 1s reported to occur in an nfinite sheet structure while the
commercial Ge-132 (Ge-132.m) 1s reported as having a specific molecular structure
Hydrogen bonding has been reported to result in IR band shifts Lefevre ef a/ have
reported shifts in the IR bands resultant of hydrogen bond cleavage [36] Simularly
hydrogen bond cleavage was reported to cause the shift ot IR bands by Hong ef a/
[37] It 1s postulated with consideration to the work of Lefevre et a/ and Hong er al
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that the shifts in IR bands of the Ge-132 compounds results from less hydrogen

bonding 1n the purchased standard

Using the bands reported by Kakimoto ef a/ and the others 1dentified by comparison
of Ge-1324y5, Ge-132¢, and germamum dioxide 1t 1s believed that the discrimination
of germanmum sesquioxide and germanmum dioxide 1s achievable [35] The typical
spectra achieved for Ge -132 and germanmum dioxide are shown in Figure 3 1
Germamum dioxide has a simple structure, shown here
0=Ge=0

The peaks in the germanium dioxide spectrum are as a result of germanium oxygen
bending and vibration, based on the simple structure of germanium dioxide
Comparing these peaks to germanium sesquioxide 1s important as the sesquioxide
comprises of two germanium oxygen double bonds, although they are influenced by

thewr position in the complex [38]

Germanium dioxide 1s not affected by functional groups or aliphatic groups meaning
the germanium oxygen attraction 1s strong, thus shortening the lengths of the double
bonds The germanium in the sesquioxide 1s bonded to an oxygen, which in turn 18
bonded to another germanium The proximity of the oxygens in the complex must
lead to repulsion as they are of like charge Such repulsion has the effect of
increasing the bond lengths The proximity of the double bonded oxygen of the acid
group, only two carbons away, can also lead to repulsion again lengthening bond
lengths Boerw ef al report the similar finding [39] The shifts can be related to the
molecular weight and change 1n functionalities as well as the presence of impurities

[40]
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Figure31  Comparison of the spectrum achieved for (a) Germanium
Sesquioxade with that of (b) Germammum Dioxide, relative
absorbance Samples were made up mm KBr and analysed by
Diffuse Reflectance Infrared Spectroscopy
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3 3 1.1 Germanium carbon bonds

Moving from right to left when looking at the germanium sesquioxides structure (see
figure 3 2) it 1s expected to be find the band resultant of Ge-C stretch Germanium
carbon groups can be found in the infrared spectrum between 507 cm™ [Ge(C=CH)4]
and 623 cm' [Ge(CH3):F] The band shift m the two molecules 1s a result of the
differing electronegativities Fluorine has a higher electronegativity and as a result 1t
has greater attraction for the electrons in bonds than carbon This can result in the
formation of strong fluorine carbon bonds with a short bond length, having the effect
of increasing the bond length of the other bonds leading to weaker bonds and longer
wavenumbers It 1s reported that Ge(CHs);Cl has a Ge-C bond occurring at 612 ¢m !
This lower wavenumber 1s a result of the lower electronegativity of chlorine, as
compared to fluorine The lower electronegativity means that the force of attraction
between the Ge-Cl bond 1s less then Ge-F bond and as a result the Ge-C bonds are

stronger and longer [38]

Following on from this trend 1t would be expected that the Ge-C band in a molecule
containing C-Ge-O would fall between that of fluorine and chlorine 1 ¢ between 612

cm ' and 623 cm' The sesquioxide contains a more complex group that will have a

marked effect on the Ge-C band

O O
C-(ge-O-Ge-uj

Figure32  Germanmum oxygen network present mm Bis (2-carboxyethyl
germanium sesquioxide)
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3312 Germanium oxygen double bonds

The electronegativity difference in the Ge-O bond suggests that the electrons are
attracted to the oxygen in the bond This will have the result of causing a dipole with
the oxygen having a slightly negative charge and the germanium having a shghtly
positive charge The formation of this dipole will result in the formation of a stronger
bond and a shorter bond length This dipole will have the effect of causing a second
dipole with the double bonded oxygen This will lead to a number of interactions

namely the shortening of the Ge=O bond, but also interactions between the oxygens

[40]

o0

C-Ge™*-0%-Ge®-C

Figure 33  Diagram of germanmum oxygen network showing effect of
germanium oxygen dipole

A combination of the forces ot attraction and repulsion will lead to longer germanium

carbon bond lengths than would be expected [41]

The germanium oxygen double bond, Ge=O was examined It is advantageous to
look at the germamum dioxide spectrum as this contains two germanium oxygen
double bonds and the peaks found can be assigned to bending and stretching The
spectrum of the dioxide contans four peaks at 540 cm', 835 cm', 1442 cm ' and
2334cm' The sesquioxide contains peaks in similar regions as those of the dioxide,

at 555cm’, 798 cm !, 1350 cm ' and 2346 cm !
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3 313 Germanium oxygen network

The most characteristic functional group of bis 2 carboxyethyl germanium
sesquioxide are the germanium oxygen network at 927 cm'  The 1dentification of a
Ge-0-Ge band 1n infrared spectra would undoubtedly determine whether germanium
sesquioxide 1s present or not Very little work has been done on the 1dentification of
germanium bands 1n the infrared region and the closest similar band would be that of
selentum, Se-O-Se This Band 1s found at 925 cm' in the infrared region and the
infrared spectrum of the sesquioxide contamns a peak at 927 cm' Selenum and
germanum have similar atomic masses and exhibit similar properties Due to hugher
electronegativity of selentum 1t would be expected that bands due to Ge-O-Ge would

occur at longer wavenumbers 1€ less then 925 cm !

The complexity of the Ge-O-Ge
network as described above most probably has the effect of causing shorter bond

lengths and 1n this case bands at wavenumbers similar to selenium [13,24,40]

3 3 2 Analysis of Mid-Infrared Spectra of Real Samples

The qualitative determination of ge-132 1n the presence of germanium dioxide using
IR spectroscopy was mvestigated This preliminary application of this method to real
food samples was investigated as a potential method of ge-132 determination in
nature A summary of the expected functional groups and thewr expected

wavenumbers 1s shown in Table 3 2
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Table 3 2 Germanium functional groups and their expected wavenumber

Functional Group Wavenumber (cm 1)
Ge=0 (bending) 555 -540

Ge=0 (bending) 834 — 798

Ge=0 (stretching) 1442 — 1413

Ge=0 (stretching) 2345 -2334

Ge-C (bending) 623 - 612

Ge-O-Ge (bending) 925

C=0 (stretching) 1900 - 1500

OH (stretching) 3760 — 3000

Chapter 2 has already 1dentified a number of foods and supplements containing
germanium The concentrations of germanium found ranges from 008 — 20 pg / g
From the literature 1t has been reported by groups such as Atek ef al [42], Maalouly
et al [43] and Meinders et al [44] that concentration can affect band position
Maalouly et al found that the IR bands of sucrose in sugar beet shift shightly with
respect to sucrose concentration [43] Meinders ef al observed a shift of almost
twenty wavenumbers in the IR spectrum of milk with an increase m casein
concentration [44] It was determined that a concentration of 3 pug / g ge-132 could be

determined by FTIR, figure 3 4
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Figure 3.4 Normalised spectrum achieved for 3 ug / g ge-132, n = 2. The
samples was made up in KBr and analysed by Diffuse Reflectance
Infrared Spectroscopy. Three bands are shown | - 800 cm'l 2 -
925 cm land 3 - 1450 cm'l

The complex nature of food samples often hampers the determination of
micronutrients. It has been determined, figure 3.4. that low concentrations of ge-132
can be dctccted by IR. Such low concentrations result in weak absorbance that maybe
masked by components of the samples i.e. protein, fat and carbohydrate. To establish

ifdetection is possible a spiked sample was investigated, figure 3.5.
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Figure 3.5 Comparison of the spectrum achieved for Garlic (green) and
Garlic spiked with 100 fig / g Ge-132 (red). Both spectra shown
have relative absorbances and were made up in KBrwith analysis
by Diffuse Reflectance Infrared Spectroscopy

The infrared spectra of the garlic and spiked garlic samples are shown in figure 3.5.

The samples show similar bands at 2918 ¢cm 1 2852 cm'] 1720 cm'l 1215 cm'land

529 cm'l The bands at 2780 cm'l 1485 cm'l, 1417 cm'land 718 cm lare found to

increase in the spiked sample. The spiked samples show an increase over the range

600 - 1650 cm'l, which include the band resultant of the germanium oxygen network

at 927 cm'l This does not conclusively indicate Gc-132 determination by FTIR in

complex sample matrices. A number of food samples and herbal formulations were

none the less studied and the results are shown in Table 3.3.
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Table 3 3 Infrared bands cm™ achieved for herbal and food samples, N V — non visible peak. All wavebands are reported m cm™
Ge-132,,, GeO; Aloe Vera

Ge-132:om Tablet Apple Carrot  Cauliflower Cucumber Garlic Ginger Tablet
Ge=0 555 545 540 534 N/V 571 N/V N/V 577 573
Ge-C 612 606 N/V N/V N/V 628 617 668 657 N/V

Ge=0 798 790 835 785 778, 823 827 820 777 828 769, 850

Ge-0O-Ge 927 932 N/V N/V 925 932 N/V N/V 934 933
1047 1040 N/V 1055 1051 N/V 1052 1049 1034 1023
1240 1240 1300 1207 N/V 1252 1237 1233 N/V 1242
Ge=0 1413 1409 1442 1421 N/V N/V 1399 N/V N/V N/V
C=0 1691 1690 1520 1644 N/V N/V N/V 1768 N/V N/V
GeO 2346 2360 2334 2414 2345 2320 2346 2332 2348 N/V
2946 3050 3090 2901 2930 2910 2924 2922 2931 2916
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Table 3 3 (contd) Infrared bands cm™ achieved for herbal and food samples, N V — non visible peak. All wavebands are reported 1n
-1

cm
Green Lettuce  Mushroom Parsnip Peach PearlBarley Plum Potato
Ginseng Root  Ginseng Tablet Kiwi  Pepper
Ge=0 600 N/V 485 N/V 478 N/V N/V 498 556 N/V N/V
Ge-C 621 602 N/V N/V N/V N/V N/V N/V N/V 669 648
Ge=0 N/V N/V N/V 779 775 N/V N/V N/V 752, 851 N/V 752
Ge-0O-Ge N/V N/V N/V N/V 926 931 923 923 929 N/V 928
1032 1040 N/V 1060 1053 1051 1042 1049 1024 1043 1033
1250 1240 1228 1236 1229 N/V 1240 1246 1254 N/V 1254
Ge=0 N/V N/V N/V N/V N/V N/V N/V 1419 N/V N/V N/V
C=0 N/V N/V 1744 N/V 1719 N/V 1720 1718 N/V N/V N/V
GeO 2338 2300 2346 2347 2346 2347 2346 2345 N/V 2335 N/V

2916 2919 2923 2927 2921 2930 2922 2921 2926 2917 2916




Table 3 3 (contd)

cm
Red Pepper Scalion Soya Flour Soya Mince Turnip Yellow Pepper
Ge=0 516 N/V N/V N/V 498 N/V
Ge-C N/V N/V N/V 617 N/V N/V
Ge=0 775 772 830 708 N/V 769, 815 776, 817
Ge-O-Ge 917 919 N/V N/V 914 924
1053 1051 1053 1053 1052 1047
1246 1240 1247 1247 1245 N/V
Ge=0 N/V N/V N/V N/V N/V N/V
C=0 N/V N/V N/V N/V 1735 1768
GeO 2345 2346 N/V N/V 2345 2346
2927 2918 2931 2931 2922 2921

Infrared bands cm™ achieved for herbal and food samples, N V — non visible peak. All wavebands are reported in
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Table 3 3 details the wavenumbers of the band maxima as observed in the sample
spectra, an example 1s shown m Figure 3 4 Three bands will be investigated 1n the

sample spectra to assess the feasibility of applying IR 1n qualitative determination of

Ge-132, these include

1 Germanium oxygen network (927 cm h,
2 Germamum carbon bonds (627 cm' — 612 ¢cm '),

3 Germanium oxygen double bonds,
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Figure34  Companson of Mid-infrared Spectra of (a) Germanium
Sesquioxide and (b) carrot
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3 321 Germanium oxygen network (927 cm")

The germanium oxygen network has been discussed in detail 1n the previous section
[t consists of an oxygen atom singly bonded to two germanium atoms This network
(927 cm 1) suggests the presence of germanium sesquioxide rather than germanmum
dioxide Fourteen (14) samples were found to contain the germanmum oxygen
network n the range 914 — 934 cm', see Table 33 Ths range 1s due to the
complexity of the samples and the interactions of the bonds with other compounds 1n
the samples The samples exhibiting the band include apple, carrot, garlic, mushroom,
peach and turmp The carrot sample has a band at 932 cm” and this 1s poorly
resolved but 1s a visible band 1 the spectrum Garlic shows the band at 934 cm ',

ginger at 933 cm ', pearl barley at 929 cm ' and potato at 928 cm '

It was found that the other samples do not contain mndividually resolved bands at this
wavenumber Rather they contamn larger bands incorporating the 927 cm ' band  This
has made the identification of this individual band impossible, but does not imply that

they are not present as 1t 1s an area of high activity in the spectra

3322 Germamum carbon bonds

Germanium dioxide does not contain carbon and therefore no germanmum carbon
bands will be found n its spectrum The sample spectra were examined for the
presence of germamum carbon bonds found n the range 623 cm ' to 612 cm' From
Table 3 3 it 1s apparent that the carrot sample has a band at 628 cm ', ginseng root

contamns a band at 621 cm ' and soya mince contains a band at 617 cm'  These bands
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fall within the expected range Other samples contain bands that are just outside this
range and 1t 1s believed that they result from the presence of germanium carbon bonds

The comparison of the sample spectra with that of germanium sesquioxide shows that
a number of other samples contain bands 1n a similar region but with maxima outside
the range Garlic has a band at 657 cm !, ginseng tablet has a band at 602 cm™ and
potatoe has a band at 648 cm™ The maxima of these samples are shightly shifted, but
examnation of the main body of bands suggests that these are due to the presence of
germanium carbon bonds Such shifts have been discussed previously (section 3 3 1)

with reference to work carried out by Lefevre et al [36] and Hong et al [37]

3323 Germanium oxygen bonds

Germanium oxygen bonds are present in both germanmum sesquioxide and germanium
dioxide These bonds are 1dentified by the presence of bands at 555 cm !, 798 cm !,
1413 cm' and 2346 cm ' Of particular mterest are the bands at 798 and 1413 cm !

It was found that fourteen samples contam this band mn the range 752 — 828 cm' A
further two samples contan the band at 1413 cm ', cauliflower (1399 cm ') and peach
(1419 cm ') All of the sample spectra contain at least two of the four bands, with the
band at 2346 cm ' bemg present mn the majority of spectra The complexity of a
number of the samples including ginseng root, soya flour and soya mince makes it
possible to clearly identitfy only two bands, Table 3 3 The other bands are possible
masked by a number of larger bands in similar regions It was found experimentally
that pearl barley contains all four of the germanium oxygen double bonds It was also
found that carrot, cauhflower, garlic, lettuce, peach, red pepper, turnip and aloe vera

tablet all contain three of the four bands
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333 Qualitative determmation of germanium sesquioxide in the prescence of

Germaniun Dioxide

The discrimmnation of Ge-132 and germanium dioxide was investigated by the
awarding of a weighted score to specific IR bands The highest score achievable
under this system 1s 10 whule the lowest 1s 0 The score system 1s weighted in favour
of the presence of the germanium oxygen network at 927 cm ! as this 1s characterstic
of Ge-132 and recieves a score of 6 This 1s the highest single score as an absence of
this network implies Ge-132 cannot be present Ge-132 1s descried as a bioorganic as
it contains germanium carbon bonds, germanium dioxide does not contain these
bonds The germantum carbon band found at 623 cm ' receives a weighted score of 2
as 1t 1s characteristic of organo germanium Finally a score of 0 5 1s awarded to each
of the four germanium double bond oxygen bands The germanium oxygen bond
receives the lowest score as these are not charactenstic of Ge-132  Application of the
weighted system to the IR spectra of germanium dioxide and germanium sesquioxide
standards successfully discriminated between the two compounds  Germanium
sesquioxide recelved the maximum score of 10 while germantum dioxide received a

score of 2

This score system was applied to the real samples Any sample with a score greater

then six was flagged and used as a basis for future work Table 3 4 outlines the

application of the scoring system
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Table 3.4

This

The comparison of the infrared hands of real samples with those of
germanium sesquioxide using a weighted system were germanium
oxygen network - 6, germanium carbon - 2, germanium oxygen
double bond - 0.5

Sample Name

Soya Flour
Green Pepper, Kiwi

Aloe Vera Tablet, Germanium Dioxide, Soya Mince
Plum

Ginseng Tablet

Cauliflower

Cucumber

Mushroom, Parsnip
Ginger Tablet, Apple. Pearl Barley, Scallion. Yellow Pepper
Iceberg Lettuce. Peach. Red Pepper, Turnip

Potato

Ginseng Root

Garlic. Carrot
Ge-132c.ni, Ge-132*vn

research was conducted with the aim of developing a method for the

identification of germanium sesquioxide in the presence of germanium dioxide. This

aim is achieved through the application of the weighted score system. The weighted

system in table 3.4 was applied to the IR spectra of twenty three samples as a means

of identifying samples that will be subjected to further scrutiny in future research.

3.3.3.1 Herbal Remedies

A comparison of some herbal remedies has been conducted including ginseng tablet,

fresh ginseng, ginger tablet and aloe vera tablet. Upon examination of the respective
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IR spectrums 1t was found that fresh ginseng root scored 9 while commercially
available ginseng tablets scored 3 The presence of germanium 1n both samples was
confirmed by previous work (see Chapter 2) Fresh ginseng was found 1n chapter 2 to
contain 0 35 - 0 41pg g ' germanium and the ginseng tablet was found to contain 5 08
-626 ngg' Ginseng tablet was found in chapter 2 to contain a higher concentration

of germanium compared to fresh ginseng

It has been reported 1n chapter 2 that experimentally aloe vera tablet contained the
highest amount of total germanmum having between 20 05 - 21 95 pg g” while this
work yields a score of 2 This score 1s comparable to that achieved by germanium
dioxide and suggests the absence of germanium sesquioxide from the sample Ginger
tablets were investigated for the presence of germanium sesquioxide A weighted
score of 7 was given suggesting the occurrence of germanium sesquioxide This score
resulted from the presence of the germanium oxygen network and two germanium
oxygen double bonds These tablets were previously found to contamn between 6 56 -
1292 ng gl of germanium  Such results would appear to contradict the scoring
system however the system 1s based on the presence of ge-132 without consideration

to total germanium

3 332 Fresh Vegetables

The identification of germanium sesquioxide in a number of widely available and
commonly used fresh vegetables was conducted with the results shown in Table 3 3
The comparison of this group has revealed that garlic contains all but one of the peaks

resulting from the presence of germamum sesquioxide, yielding a score of 95 Garlic
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was previously found to contain 2 79 pg g ' germanum, one of the highest levels of

germanium 1n the range of fresh vegetables investigated

Other foods studied that scored highly mnclude carrot (0 57 - 062 pg g ' germanium)
having a score of 95 and potato having a score of 85 (185 pg g' germanium)
Netther of these two foods has been hnked with use as herbal remedies or having any
medicinal properties Foods that are routinely consumed have been identified as
containing IR peaks resultant from the presence of germanium sesquioxide These

include turnip, peach, lettuce, apple, scallion, mushroom and parsnip

Vegetables scoring below the threshold value of 6 include cucumber, cauliflower,
plum and kiw1  Kiwi received a score of 1 which 1s below the score achieved for

germanium dioxade

3 3 3 3 Naturally Coloured Food

The relationship that food colour has on germanium absorption and retention was
examined 1n chapter 2 by the comparison of germanium content of three coloured
peppers It was found the green pepper contammed the least concentration of
germanium (0 15— 017 pg g ') and red pepper contamned the most (0 43 — 0 56 pg g
" with yellow pepper falling in between (025 — 032 pug g ' germanium) In a similar
fashion these foods were examined for occurrence of Ge-132 It can be seen in Table
3 4 that a similar trend 1s observed with red pepper scoring the highest weighting of
75, followed by yellow pepper at 7 and last with a score of 1 green pepper These

results suggest that Ge-132 1s prevalent in both red and yellow pepper Its poor
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scoring 1n green pepper may be as a result of low concentration or absence of

germanium sesquioxide

In chapter 2 (section 2 3 11 1) 1t 1s reported that red peppers contain almost twice as
much germanium as yellow peppers and four times as much as green peppers It was
suggested that the colour of the pepper maybe related to the amount of germanium
within the vegetable, particularly the type of beta-carotenes that give them their
colour The polarity of the three beta-carotenes present in the peppers 1s reported to
increase from lutemn to capsanthin This correlates with the increase in germanium

concentration of the coloured peppers
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3 4 Conclusion

This work represents the development of a means to qualitatively discriminate
between Ge-132 and germanium dioxide It was found through the identification of
IR bands resulting from Ge-132g,, Ge-132¢,m and germanuum dioxide and the
application of a unique weighted score system that both compounds could be
separated Using this system germanium dioxide scores 2 while a score of 10 applies
to germanium sesquioxtde  This work represents the first apphcation of IR

spectroscopy for the selective discrimination of Ge-132 and germanium dioxide

The application of this novel scoring system to complex foodstuffs was completed
IR could offer a rapid and non destructive mode of detection of germanium 1n foods 1n
comparison to GFAAS carried out in chapter 2 This work acts as a guide and
identifies a number of samples that will be subjected to more 1n depth analysis The
results of the novel qualitative method outlined for the determination of Ge-132

warrant a more detailed study using IR 1n the future
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CHAPTER 4

Quantitative determination of Ge-132 using

Molecular Fluorescence Spectroscopy
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4 1 Introduction

The work conducted previously has focussed on the determination of total germanium
(chapter 2) and Ge-132 (chapter 3) in foodstuffs A number of these foods have been
reported to have medicinal properties Such foods are believed to contain compounds
other than nutrients and micronutrients yielding beneficial properties One such group
of compounds are flavonoids and one of the most widely studied flavonoid is
quercetin  Torregglani et a/ report that the antioxidant activity of quercetin 18
primarily due to free radical scavenging [1] Its ability to behave as a free radical

acceptor has been linked to its metal-complexing properties

Quercetin has been identified in a wide range of foods including apple, avocado,
beans, cabbage, carrots, onions and peppers Work conducted by Hollman e al and
Sampson et al reports that red pepper contains a higher concentration of quercetin
compared to green pepper, 50 mg Kg ! compared to 14 mg Kg ' [2,3] It has been
found n the previous two chapters that a trend exists between the colour of peppers
and their germanium / Ge-132 content It 1s postulated in chapter 2 that the retention

of germanium 1s related to the quercetin concentration

The absorption of a metal species in the UV/Visible region 1s often very weak or non
existent Chromophoric reagents (ligands) are employed to convert metal species
with little or no absorption in the UV/Visible region into highly absorbing species
Such higands have been used as complexing agents in quantitative determinations such
as chromatographic [4], spectrophotometric [5], potentiometric [6], polarographic [7]

and fluorimetric methods [8]
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Germanium oxide and germanium sesquioxide both form colourless solutions and fail
to absorb in the UV/Visible region This means that a chromophoric reagent 1s
required to form a compound that will absorb mn this region Garcia- Campana et al
report a method for the determmation of germanmum (IV) by complexation with
Quercetin  dihydrate, the name given to the flavonold 3,3°,4°,5,7-
pentahydroxyflavone 2H,0, shown 1n figure 4 1 The method 1s based on the nstant
formation of a fluorescent complex in the presence of non-iomic surfactants It 1s

reported that this compound fluoresces at 535 nm under excitation of 435 nm [9]

Figure41  Diagram of Quercetin denoting the three possible chelating sites as
reported by Cornard ef al [10] and Swnth et al [11]

411 Fluorescence

Fluorescence 1s the phenomena of absorption ot one wavelength of radiation causing
the induction of electronic transitions involving the redistribution of the electron
density resulting in emission of radiation of a different wavelength [12] Absorption
of UV radiation by a molecule excites it from a vibrational level in the electronic

ground state to one of the many vibrational levels in the electronic excited state, as
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shown m figure 4 2 This excited state 1s usually the first excited singlet state A
s;nglet state 1s the molecular state in which the spins of all electrons are paired,
resulting in a single electron spin angular momentum vector A molecule n a high
vibrational level of the excited state will quickly fall to the lowest vibrational level of
this state by losing energy to other molecules through collision The molecule will
also partition the excess energy to other possible modes of vibration and rotation
Fluorescence occurs when the molecule returns to the electronic ground state, from
the excited singlet state, by emission of a photon If a molecule which absorbs UV

radiation does not fluoresce 1t means that 1t must have lost its energy some other way

These processes are called radiationless transfer of energy {12,13]
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Figure42  Diagram featuring the transitions mvolved in fluorescence and
phosphorescence
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Intra-molecular redistribution of energy between possible electronic and vibrational
states occurs when molecule returns to the electronic ground state The excess energy
1s converted to vibrational energy (internal conversion or IC), and so the molecule 1s
placed 1n an extremely high vibrational level of the electronic ground state This
excess vibrational energy 1s lost by collision with other molecules (vibrational
relaxation) The conversion of electronic energy to vibrational energy 1s helped 1if the
molecule 1s "loose and floppy”, because 1t can reorient itself in ways which aid the

mternal transfer of energy [13, 14]

The spmn of an excited electron can be reversed, leaving the molecule in an excited
triplet state, this 1s called intersystem crossing (ISC) The triplet state 1s of a lower
electronic energy than the excited singlet state The probability of this happening 1s
increased if the vibrational levels of these two states overlap For example, the lowest
singlet vibrational level can overlap one of the higher vibrational levels of the triplet
state A molecule 1n a high vibrational level of the excited triplet state can lose energy
in collision with solvent molecules, leaving it at the lowest vibrational level of the
triplet state It can then undergo a second mtersystem crossing to a high vibrational
level of the electronic ground state Finally, the molecule returns to the lowest
vibrational level of the electronic ground state by vibrational relaxation Fluorescence
occurs 1n organic molecules with conjugated double bonds One such organic

molecule 1s quercetin [13]
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4 1 2 Excited state intramolecular proton transfer (ESPT)

Organic molecules containing both a hydrogen atom donor and acceptor groups in
close proximity undergo the formation of an intramolecular hydrogen bond (ESPT)
Such an intramolecular hydrogen bond results from the migration of a proton from the
donor to acceptor atom yielding a phototautomer in the excited state Flavonoids are
one such group of organic molecules and exhibit a number of interesting properties
such as extraordmnarily large Stokes shifts, dual fluorescence behavior, and extreme
sensitivity of the emission parameters to the surrounding medium (eg pH,
temperature and polarity) Flavonoids undergo proton transfer (tautomerism), after
photo excitation, 1n there excited singlet states from the 3-hydroxyl group to the
adjacent ketone group Such a transfer results in dual fluorescence consisting of two
bands resulting from the normal and ESPT tautomer of the parent compound
Flavonols which have a 3-OH group adjacent to the cabonyl group, but not a 5-OH

group, readily yield an ESPT [15-21]

4121 Quercetin

The reported free radical scavenging properties of quercetin results in metal
complexation It has been postulated that such metal chelation can occur at three
possible sites, as shown in figure 4 1 The binding ot metals at these sites brings
about a change 1n the T > 7 transitions within the corresponding aromatic ring The
metals have a non bonded pawr of electrons and it 1s believed that these n electrons
have a stabilising etfect on the n electrons on the ring thereby lowering its energy

[10, 11] The 5-OH group, present in quercetin, has been reported to form a strong
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itramolecular hydrogen bond with the keto oxygen resulting in non-fluorescent

species at room temperature {22-24]

When a metal 1s coordinated to the quercetin 1t 1s bound to the oxygen of the hydroxyl
group The enhancement of the fluorescence signal upon chelation 1s related to the
mnhibition of the excited state intramolecular proton transfer (ESPT) process between

the 3 hydroxy flavone and the keto group [25,26]

4 1 3 Use of Fluorescence for food analysis

Molecular fluorescence spectroscopy offers inherent advantages over other types of
spectroscopy It has been reported by Strasburg et al that the sensitivity 1s often 100
to 1000 times greater and the analysis times are much shorter [27] Fluorescence
spectroscopy has been applied widely to the analysis ot food samples for the
identification of chemical constituents Such constituents can be beneficial, in terms

of antioxidants while others are unwanted posing possible health complications

Garcica Campama et al applied fluorescence to the determunation of
ethylenedtaminetetraacetic acidd (EDTA) 1n foods [9] Using the reported method the
group was able to quantify EDTA 1n foods such as mayonnaise, lentils and chickpeas
Lopez et al studied four phenolic compounds using fluorescence and used the
optimised method to determine antioxidant activity The group apphed the optimised
method to quercetin, rutin, gallic acid and trans — resveratrol [28] Sendon Garcia et

al 1nvestigated the migration of the fluorescent white agent diphenylbutadiene into
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chicken, cheese and orange juice [29] This research 1s a good example of the
apphcation of molecular fluorescence spectroscopy to the determination of food
quality The formation of carcinogenic mtrosamines by the reaction of nitrates and
nitrites 1s a health concern Stralikas ef a/ determine the nitrate and nitrite content of
foods by indiect fluorescence detection [30] Using this method the group

determined the nitrate and nitrite content of salami

4 1 4 Quercetin — Metal Fluorescence

The majority of work utilising quercetin chelation has been limited to metals such as
Al (II1), Cu (1), Fe (II), Fe (I1I) and Zn (II) [5-9] Zhou et al investigated the
quercetin complexation of rare earth metals, namely La, Nd, Eu, Gd, Tb, Dy, Tm and
Y Garcia- Campana et al report a method for the determination of germanium (IV)
by complexation with Quercetin [9] The work completed by Garcia- Campana et al
focused exclusively on the complexation of Ge (IV) m the form of germanum
dioxide  This mode of research will develop a method of complexation and
fluorescence determination for Ge-132 This method will be investigated for potential

metal interferents
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415 Aims and Objectives

The aim of this study 1s to develop a novel method for the simultaneous determination
of germanium sesquioxide and germanium dioxide using molecular fluorescence
spectroscopy
The objectives of the work include,
* Development of a fluorescence technique for the determination of germamum
sesquioxide,
¢ Development of a fluorescence technique for the determination of germanium
dioxide,

* Optimisation and validation of the newly developed techniques
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4 2 Experimental

4 2 1 Instrument

UV / Visible measurements were carried out using a Varian Cary 50 Scan Uv / Vis
dual beam spectrometer, with a scan range of 800 — 250 nm Fluorescence work was
completed using a Perkin Elmer luminescence spectrometer LS50 B Slit widths of
2 5 nm were used for both emission and excitation work and a scan speed of 100 nm /

min was used

4 2 2 Standards

Germanium (I1V) oxide manufactured by Aldrich and purchased from Sigma Aldrich
Ireland and Bis (2-carboxyethylgermanium sesquioxide) manufactured by Sigma and
purchased from Sigma Aldrich, Tallaght, Ireland were employed A 1000 mg L!
stock solution of each was prepared by dissolving 0 1 g of each solid in delomised
water This was then transferred to a 100 ml volumetric flask and made up to the

mark

4 2 3 Working Standards

Working standards containing 200 mg / L of germanium sesquioxide and germanium

dioxide were obtamned by appropriate dilution of the stock solutions
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4 2 4 Quercetin Stock solution

A 100 mM stock solution of quercetin dihydrate was prepared by dissolving 3 3 g in
90 ml of methanol The solution was transferred to a 100 ml volumetric flask and
made up to the mark with methanol A 10 mM stock solution was made by making a

1 10 dilution of the stock solution using methanol

4 2 5 Quercetin working solution

A 025 mM quercetin solution was prepared by adding 12 5 ml of 10 mM quercetin
stock solution to 200 ml methanol To this 300 ml of delonised water was added with

sturing  The solution was degassed by bubbling nitrogen for 15 mun prior to use

4 2 6 Metal Interferents

All chemicals used were of analytical reagent grade Nitrate salts of Pb (II), Cu (II),
Cr (IIT), Mg (1), Ca (II) and Co (II) were used and an AAS standard Sb (I1I) solution
from Reagecon, Shannon, Co Clare was used Chloride salts of N1 (II), Ba (II), Fe
(II) and Fe (III) were used and zinc sulphate was used to prepare Zn (II) Stock

solutions of 1000 mg / L were prepared for all metals
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4 3 Results and Discussion

The determination of germanium, in the form of germanium dioxide, has been
previously completed using quercetin by Garcia- Campana ef al [9] This method
was applied to the determination of Ge-132 but with poor results The reason for the
poorer fluorescence results was put down to poor complexation of the germanum
sesquioxide with quercetin under the reported conditions Germanium sesquioxide
contains two bonded germanium atoms while germanium dioxide contains only one
(see figure 4 3) It 1s therefore feasible to assume that the method designed for

germanium dioxide will not be suitable for germanium sesquioxide

A comparison of the molecular weights of the germanium dioxide and germanium
sesquioxide reveals that the latter 1s three times heavier (see figure 43) The
differences between germanium sesquioxide and germanium dioxide make 1t difficult
to predict the complexation of germaniwum sesquioxide and quercetin based on

complexation of germanium dioxide and quercetin [31]

OH
OH OQGe
HO O / \/\n/
O// \/Y
OH
OH u}
(a) (b)

Figure 43  Structure of (a) Quercetin and (b) bis germanium sesquioxide
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431 Ge-132 pKa

The pKa of the binding sites in quercetin has been reported 1n the literature to be
between 6 7 and 9 There 1s no reported pKa for Ge-132, however in aqueous
solution 1t 1s reported to form a triol with a dissociation constant of 5 53 * 10° The
pKa was determined experimentally by monitoring the respective UV / Visible
spectrum from pH 1 — 14 A plot of change in absorbance aganst pH at 273 nm 1s

shown 1n figure 4 4 It was determined that ge — 132 has a pKa of 4 6
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Figure44  The determination of the pKa of Ge-132 using a Ge-132
concentration of 25 x 10° M The pH was altered by the addition
of HC], NaOH and the absorbance was monitored at 273 nm

4 3 2 Quercetin concentration optimisation

It was necessary to investigate the effect of changing the concentration of quercetin 1n
solution on the fluorescence mtensity of both Ge-132 and germanum dioxide To

study this effect, the quercetin concentration was examined 1n the range 0 05 mM to |
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mM and the fluorescence was monitored. It was found that the XmWb f excitation was

432 nm and emission was 526 nm. The results of this are shown in Figure 4.5.

Figure 4.5 The effect on quercetin - ge-132 fluorescence with respect to
quercetin blank when quercetin concentration is increased from

0.05 to I mM. Concentrations of 100 mg/ L 10mg/ L and
1mg/ L-A- ge-132 were used. Fluorescence is monitored at
432 nm and 526 nm using 60% water and 40% methanol.

From this study it was found that quercetin concentration has a dramatic effect on the
fluorescence intensity ofGe-132. It was found that the greatest fluorescence intensity
is achieved when a quercetin concentration of 0.25 mM is used. Increasing the

guercetin concentration above 0.25 mM has the effect of reducing the fluorescence
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intensity This would suggest that quercetin can act as a fluorescence quencher when
present 1n high concentrations Quenching 1s caused by the transfer of energy from
the excited Ge-132 / quercetin complex to the free quercetin The effect of the
quercetin concentration on the fluorescence ntensity of germanmum dioxide was
examined It was found that the optimum response was also achieved using 0 25 mM

quercetin

4 3 3 Effect of pH on Fluorescence

The fluorescence of an aromatic compound with acidic or basic ring substituents 1s
usually pH dependent The pH will result in the formation of an 1onised or non-
ionised form of the compound and will cause changes to both the wavelength and
emission intensity [32, 33] Examining the structures of both quercetin and Ge-132 1t
1s apparent that both contain i1omsable function groups (see figure 4 3) Quercetin has
three substituted phenolic rings contaning a total of five hydroxyl groups and two
double bonded oxygens Ge-132 contains in contrast five double bonded oxygens and
two hydroxyl groups The pKa of Ge — 132 was investigated in section 4 3 1 and 1t
was determined to occur at pH 4 6 The fluorescence intensity of quercetin and Ge-
132 was monitored from pH 3 to 10 to determine the dependency of complexation

between quercetin and Ge-132 on pH [34]
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Figure 4.6

Fluorescence intensity of 0.25 mM quercetin - ge-132 with respect
to (liiercetin blank at changing pH. Three concentrations of
germanium sesquioxidc were employed 100, 10 and 1 mg L'l
Quercetin was prepared in 60% water and 40% methanol,
excitation at 432 nni and emission at 526 nm. Concentrations of
100mg /L 10mg/ L and I mg/ L -A- ge-132 were used.

The fluorescence intensity at pH 8 represents the highest intensity achieved tor the

quercetin - germanium sesquioxidc interaction. The fluorescence spectrum achieved

is given in figure 4.7. From Figure 4.6 it can be seen that relatively high fluorescence

intensities arc achieved at two other pH values, pH 3 and 6. The maximum intensity

achieved at pH 6 and 8 relates to the deprotonation of the quercetin at pKa 6.7 and 8.

The enhancement of the tluorcsccncc signal upon chelation is related to the inhibition

of the excited state intramolecular proton transfer (ESPT) proccss between the 3

166



hydroxy flavone and the keto group. While the maximum relates to the protonation of
Ge-132 at pH 3 as the pKa was determined to be 4.6. Yorke et al. [35] and Chen et

al. report similar findings [36].

wavelength (nm)

Figure 4.7 Normalised fluorescence excitation (a) and emission (b) spectra of
Ge - 132/ quercetin complex at pil 8, 50 mg / L ge -132 and 0.25
mM quercetin.

A similar study was conducted for germanium dioxide, see figure 4.8. This
investigation was completed to determine the feasibility of separation of Cic -132 and

germanium dioxide by pH alone. It is apparent from the results as shown in figure 4.8
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that maximum fluorescence mtensity 1s achieved at pH 8 Ths result in conjunction
with the results achieved for Ge — 132 leads to the postulation that complexation

occurs as a result of the deprononation of quercetin at pH 8

At pHs more basic than pH 6 7 quercetin 1s deprotonated to various degrees Such
deprotonation will increase the number of binding sites available on the aromatic
rings Complexation between Ge-132 and the deprotonated sites will have an effect
on the = — w* transitions The neutral bonded electrons are believed to have a
stabilising effect on the " electrons on the ring thereby lowering its energy Such an
effect will cause an increase n fluorescence At values below 6 7, quercetin 1s neutral
and Ge-132 becomes protonated to various degrees It 1s postulated that protonation
has the effect of increasing the n electrons energy and thereby decreasing

fluorescence [37]
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Figure 4.8 Fluorescence intensity of 0.25 mM quercetin - germanium dioxide
with changing pH under excitation at 432 nm and emission at 526
nm. Three concentrations of germanium dioxide were employed
100 mg / L (-¢-)» 10 mg / L (-m-) and 1 mg / L (-A-) were used..
Quercetin was prepared in 60% water and 40% methanol.

4.3.4 Effect of Oxygen

The presence of oxygen in a solution has been known in certain instances to reduce
fluorescence intensity, a proccss known as quenching. The effect of sample
preparation on the fluorescence intensity of quercetin solutions of both germanium
sesquioxide and germanium dioxide was investigated. O f particular interest was the

effect of degassing. The tluorcsccncc in qucrcetin was determined with and without
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degassing of the solution.  The results are shown in Figures 4.9 and 4.10.

450
m °
10 mg/ L 100 mg/ L
Concentration ofGe-132
Figure 4.9 Comparison of fluorescence intensities of ge-132 - quercetin

solutions with and without degassing. Excitation at 432 nm,
Emission monitored at 526 nm, quercetin concentration of 0.25
mM and pH 8. Degasing was achieved by bubbling nitrogen for 15
min

The relationship between degassing and fluorescence intensity of germanium
sesquioxide is shown in Figure 4.9. Two wavelengths were monitored during this
study, 526 nm. It can be seen that the intensity of fluorescence achieved is increased

in all solutions following degassing with nitrogen for 15 min. Of particular interest is
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the dramatic increase seen at 526 nm for the 100 mg / L solution of germanium
sesquioxide This represents an almost sixteen fold increase 1n fluorescence intensity
The presence of oxygen m solution can quench fluorescence 1n a number of ways The
effect may be the result of a photochemically induced oxidation of the fluorescent
species Oxygen quenching can also take place as a consequence of the paramagnetic
properties of molecular oxygen This can result in increased intersystem crossing and

conversion of the excited molecules to the triplet state [12-14]

In a similar way to the ge-132 outlined previously the fluorescence of germanium
dioxide 1n a quercetin solution was seen to increase following degassing, as shown 1n
Figure 4 10 The increase for 100 mg / L germamum dioxide 1s not as dramatic as
that seen for ge-132 momtored at 526 nm It was found experimentally that

fluorescence of 100 mg / L germanium dioxide increased by almost eight fold
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70 n

10 mg/L 100 mg/ L

Concentration ofCiermanium Dioxide

Figure 4.10 Comparison of fluorescence intensities of germanium dioxide -
guercetin solutions with and without degassing. Excitation at 432
nm, Emission monitored at 526 nm. Degasing was achieved by
bubbling nitrogen for 15 min.

4.3.5 Linearity

The linear ranges of quercetin solutions of both germanium sesquioxide and
germanium dioxide was determined, see Figure 4.11 and 4.14 respectively. From
Figure 4.11 the linear range of Ge-132 / quercetin is found to be 5 mg/ L to 170 mg /
L. It was found that above and below these values deviation from the linear range are

observed. Figure 4.11 has a regression 0f0.994 indicating a good degree of fit to the
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Figure 4 11 The hnearity of germanium sesquioxide — quercetin was found to
be 1n the range S mg / L to 170 mg / LL under optimal conditions
Excitation of 432 nm, emission 526 nm using 0 25 mM quercetin, n
=3 and R? =0 994

The maximum concentration of germanium sesquioxide that obeys beers law 1s 170
mg / L, using 025 mM quercetin This concentration 1s equivilant to 05 mM
germanium sesquioxide This would suggest that one mole of quercetin are required
for every two moles of germanium sesquioxide This 1s significant as 1 mole of
germanium sesquioxide contains two germanium atoms and 1t would suggest a 1 to 4
complexation between quercetin and germanium However, 1t 1s postulated that with

respect to the work carried out by Cornard er al [10] and Smither al [11]thatal 3
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complex 1s possible but a 1 2 complex 1s formed as a result of steric hindrance The
proposed complexation 1s given 1n figure 4 12, with respect to steric hindrance The
enhancement of the fluorescence signal upon chelation 1s related to the mhibition of
the excited state intramolecular proton transfer (ESPT) process between the 3 hydroxy

flavone and the keto group [25,26]

Figure 4 12 Proposed structure of ge — 132 / quercetin complex

A smmular study was carried out for germanium dioxide and the typical fluorescence
spectra 15 shown in figure 413  The linear range of germamum dioxide was

determined to be S to 70 mg / L (see figure 4 14) with the regression of the line being
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0.9678. This method of analysis suffers from poor repeatability thus yielding a poor
regression. Such results would suggest that germanium dioxide determination is not

achievable in a repeatable manner.

Figure 4.13 Fluorescence excitation (a) and emission (b) spectra of germanium
dioxide / quercetin complex at pil 8, 50 mg/ L germanium dioxide
and 0.25 mM quercetin.
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Figure 4 14 The hneanty of germanium dioxide — quercetin was found to be in
the range S mg / L to 70 mg / L under optimal conditions
Excitation of 432 nm, emission 526 nm using 0 25 mM quercetin, n
=3 and R’ = 09678

This concentration of 70 mg / L. germanium dioxide 1s equivalent to 0 67 mM
suggesting a 3 | ratio of binding for germanium dioxide to quercetin Such a
binding ratio 1s consistent with the work of Cornard ef al [10] and Smith et al [11]
This result confirms that the binding ratio of 2 1 achieved for ge — 132 1s most likely

due to steric hindrance asa 3 1 1s expected

This work was nitially carried out to determine whether Ge-132 could be separated

from germanium dioxide n terms of molecular fluorescence utilising quercetin  The

176




optimal method was determined with respect to Ge-132 fluorescence. It has been
found that the application of this method to germanium dioxide results in poor
analysis. A mixture of Ge-132 and germanium dioxide was examined to identify if

separation could be achieved (see figure 4.16).

Figure 4.16 Comparison of Fluorescence spectra achieved for ge-132 -
guercetin, germanium dioxide - quercetin, quercetin and a mix of

germanium sesquioxide and germanium dioxide. Optimal
conditions used, 0.25 m.M quercetin, pH 8 and 60 : 40 Water :
methanol.

An examination of the fluorescence spectra of 60 mg / L mixture of germanium

sesquioxide and germanium dioxide was completed (figure 4.16). It was found that
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the fluorescence of the mixture was almost equal to that of germanium dioxide at 526
nm At this wavelength it 1s not possible to discriminate between germanium
sesquioxide and germanium dioxide Considering the results to date 1t 1s believed that
the fluorescence at 526 nm 1s due to the complexation of the compounds with
quercetin Both germanium sesquioxide and germanium dioxide have been found to

have a molar ratio with consideration to fluorescence of 2 1 and 3 1 with quercetin

4 3 6 Interference Determination

The potential of other metals to cause fluorescence 1n a region similar to that achieved
for germanium was examined This study was carried out using Ba (II), Cr (III), Co
(I}, Cu (II), Fe (I), Fe (II), Mg (II), N1 (II), Sb (III) and Zn (II) Three
concentrations of each metal was used namely 1, 100 and 1000 mg / L under optimal
conditions outhined previously Under these conditions 1t was found experimentally
that none of the metals yield fluorescence mn the same region as that achieved for
germanium — quercetm complex Chapter 6 focuses on the determination of other

metals using fluorescence
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4 4 Conclusion

The use of quercetin and the subsequent quercetin / germanium fluorescence has been
completed by Garcia et al [9] The work presented here 1s the first occurrence of the
instantaneous formation of a quercetin / germanium fluorescent complex without the
need for a surfactant in an aqueous solution Using the optimal method 1t was found
that the hinear ranges of 5 — 170 mg / L and 5 — 70 mg / L were achieved with
regressions of 0 9863 and ¢ 9678 for Ge-132 and germanmium oxide respectively An
examination of the potential of other metal 10ns to interfere was conducted It was
found that none of the following metals nterfere, Ba (1I), Cr (IIT), Co (II), Cu (II), Fe

(11), Fe (111), Mg (1), N1 (IT), Sb (111) and Zn (II)

The aims of this work were not only to demonstrate the formation of a fluorescent
germanium / quercetin complex, but to separate Ge-132 and germanium dioxide It
was found that this method as presented here was unable to achieve this aim  The
fluorescence spectra of both Ge-132 and germanium dioxide are too close to allow

s¢paration
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CHAPTER 5

Determination of Ge-132 using high performance

liquid chromatography
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51 Introduction

The use of molecular fluorescence spectroscopy as a method for the determiation of
Ge-132 1n the presence of germamum dioxide was investigated 1n the previous
chapter Simple application of the bench top method outlined allowed the formation
of fluorescent complexes of both Ge-132 and germanium dioxide in a similar region
This method failed to separate the two compounds probably as a result of their close
chemical properties A method for the separation of these compounds was
investigated based on high performance iquid chromatography (HPLC) The method
presented 1n this chapter represents the first reported use of a C18 column with on line

complexation for the determination of Ge-132

The beneficial properties of Ge-132 have been discussed in chapter 1  These
properties have resulted in increased use of Ge-132 supplements A number of cases
of germanium toxicity have been reported due to the popularity of these supplements
Ge-132 15 manufactured using germanium dioxide and research by Tao ef a/ has
identified germanium dioxide mn a significant number of Ge-132 supplements
Germanium dioxide 1s a toxic compound and the presence of this residual

contaminant 1n the supplements has been linked to the cases of toxnclty23

The use of chromatographic techniques for the determination of Ge-132 has been
outlined previously in chapter 1 section 1 54 Two methods based on 10n exchange
chromatography have been reported by Chen et al  The application of an ton
exclusion column and UV/Visible detection was attempted with poor results
Conductivity detection in conjunction with an ton exclusion column was used for the

determination of Ge-132
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51 1 UV/Visible detection

The use of HPLC - UV/Visible detection for the analysis of the components of
foodstuffs 1s extensive This technique has been used to 1dentify flavonoids, phenolic
compounds, protems and carotenoids 1n samples ranging from fruit juices to over the

counter remedies

Using UV/Vis detection Shui et a/ 1dentifies 29 flavonoids and phenolic compounds
in fruit juice drinks [5] Wang et a/ have also applied HPLC — UV/Visible detection
to the determination of flavonoids in red wine [6], while Chen ef al examined the

flavonoid content of cranberry juice [7]

Kosa et al mvestigated the colour pigments of chilli powder [8] and found that the
chromatographic profiles of the pigments are characteristic of the region of production
of the chilli powder Applying this research 1t 1s possible to identify chilli powder
originating from Malaysia, China and Thialand The method has been used as a
quality control tool for the determination of flavour in beer Guido et a/ dentified
two compounds responsible for the differing flavour of beer Ustilising this method

the flavour of beer samples 1n comparison to human interpretation could be predicted

[]

The quality of a product 1s affect by the processes 1t 1s subjected to HPLC — UV/Vis
has been applied as a method of monitoring processes detrimental to product quality
Bordin et a/ monitored the mulk proteins casein, lactalbumin and lactoglobuhn

following processes such as pasteurisation, dehydration and ultra heat treatment
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(UHT) [10] They report that the powdered milk suffers from denaturisation of
proteins while UHT and pasteurised milk yield chromatograms close to raw mulk
Ferrer et al exammned the formation of furfural, an unwanted by product of milk
subjected to heat treatment [11] The group report the application of this method for

real time analysis of milk undergoing heat treatment

The analysis of the active mgredients of St John’s Wort was completed by Liu et al
[12] The group determined the active ingredients of this medicinal plant to include
quercetin and rutin  Similarly the three components of garlic were examined by
Arnault et al [13] and the presence of genistein in soya beans was investigated by

Mitam et al {14]

51 2 Fluorescence detection

Fluorescence detection has been reported to be superior to UV/Vis detection for the
analysis of complex samples This 1s principally due to the selectivity of fluorescence
and the reduction of interfering peaks Jastrebova et al compared the use of HPLC —
UV/Vis and HPLC - fluorescence for the determination of folates in raw and
precessed foods [15] UV/Vis detection resulted in the observation of multiple
interfering peaks following extraction and analysis The use of fluorescence detection
allowed the determination of the specific folate peaks without prejudice from
interferences observed usmmg UV/Vis detection  The preference of fluorescence
detection over UV/Vis detection 1s confirmed by worked carried out by Vahteristo et

al for the analysis of folates i vegetables, fruits and berries [16}
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Rodriguez-Delgado report the comparison of fluorescence detection with absorbance
detection for the analysis of phenolic compounds 1n red and white wines [17] The
absorbance spectra of the wines are complex and resolution of a number of
compounds 15 not achieved using gradient elution They conclude that fluorescence
detection allows the identification of compounds not resolved mn the absorbance

spectrum of the wines without the need for gradient elution [17]

HPLC - fluorescence detection has been applied to the identification of these
aflatoxins [18] The separation of virgin olive oil, refined olive o1l and adulterated
olive 01l was completed by Cichelli et al [19] The fluorescence of chlorophyll,
pheophytins and carotenoids was monitored Using the fluorescence of these three

compounds the identification of olive 01l type was achieved

The macin content of fortified foods was examined using HPLC - fluorescence
detection by Rose-Sallin ef a/ [20] The group apphed that method to the analysis of
nmacin content of a number of infant formulaes, fortified cereals, nutritional
supplements and beverages They report that the results achieved using this new

method were consistent with those achieved using established assays

51 3 Quercetin

The metal chelation properties of quercetin have been reported by a number of
groups These properties have been used by Campana et al for the determination of
trace germanium  This bench top method allows for the spectrofluorimetric

determination but fails to distinguish between germanmum species Lian ef al report
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the use of quercetin for the determination of aluminium by reversed-phase HPLC
This method was successfully applied to environmental and biological samples The
unique complexing characteristics of quercetin have reportedly resulted 1n less

interference from foreign 10ns

5.1 4 Aims and Objectives

The aim of this study 1s to develop a novel method for the determination of Ge-132 1n
the presence of germanium dioxide Germanium dioxide has hindered analysis as its
properties are so similar to that of Ge-132 It 1s proposed to develop novel analytical
methods of determination free from germanium dioxide mnterference
The objectives of the work include,
o Development of a HPLC technique allowing separation of Ge-132 and
germanium dioxide with UV/Visible detection,
¢ Development of a HPLC technique for the determination of Ge-132 and
germamum dioxide with fluorescent detection,

e Optimisation and validation of the newly developed techniques
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5 2 Experimental

52 1 Instrumentation

Bench top ultraviolet / visible work was carried out using a Varian Cary 50 Scan
UV/Vis dual beam spectrometer, with a scan range of 800 — 250 nm Bench top
fluorescence work was completed using a Perkin Elmer luminescence spectrometer
LS50 B with sht widths of 2 5 nm and a scan speed of 100 nm / mun HPLC work
was carried out using a Hewlett Packard 1050 series system with variable wavelength
UV/Vis detector and a 1100 series luminescence detector The column used was a

Varian ODS 2, 5 pm, 250 mm x 4 6 mm 1d

5 2 2 Stock soluttons of Germanium

Germanium (1V) oxide manufactured by Aldrich and purchased from Sigma Aldrich
Ireland and Bis (2-carboxyethylgermanmum sesquioxide) manufactured by Sigma and
purchased from Sigma Aldrich Ireland were employed A 1000 mg / L stock solution
of each was prepared by dissolving 0 1 g of each solid in deionised water This was

then transferred to a 100 ml volumetric flask and made up to the mark

S 2 3 Working Standards

Working standards containing 200 mg / L of germanium sesquioxide and germanium

dioxide were obtamed by appropriate dilution of the stock solutions

189



52 4 Quercetin Stock solution

A 100 mMol stock solution of quercetin dihydrate was prepared by dissolving 3 3 g in
90 ml of methanol The solution was then transferred to a 100 ml volumetric flask
and made up to the mark with methanol A 10 mMol stock solution was made by

making a 1 10 dilution of the stock solution using methanol

5 2 5 Quercetin working solution

A 025 mMol quercetin solution was prepared by adding 125 ml of 10 mMol
quercetin stock solution to 200 ml methanol To this solution 300 mi of delomsed
water was added with sturing  The solution was degassed by bubbling nitrogen for 15

min prior to use
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5 3 Results and discussion

The aim of this study 1s the design of a HPLC method that allows the quantitative
determination of germanium sesquioxide in the presence of germamum dioxide It
has been demonstrated in chapter 4 that separation 1s not possible using simply
UV/Visible or fluorescence spectroscopy alone The apphication of HPLC
incorporating a C18 column was examined as a means to achieve the aim of
separation The common application of ultraviolet-visible detection in HPLC was the
incentive for its examination as detector of choice as well as fluorescence detection
Developmg a method using this form of detection required the mvestigation of a
number of parameters in order to make both compounds active in the ultraviolet-
visible region The parameters studied were as follows

¢ pH of the standard solution,

e Presence of an 10n pairing agent,

e Formation of a quercetin complex

5 31 pH Adjustment

Both germanium sesquioxide and germanium dioxide are inactive in the ultraviolet-
visible region of the spectrum when dissolved in dionised water The structures of
germanium dioxide and germanium sesquioxide in an aqueous medium reveal the
reason for this mnactivity Germanium dioxide consists of a germanium atom double
bonded to two oxygen atoms The electrons 1n these double bonds are held tightly in

place and require a large amount of energy The germanium sesquioxide forms a triol
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1n an aqueous solution The energy required to result in absorption of radiation 1s also
great [t 1s essential to make both of these compounds active if they are to be

determined using a UV/Vis detector

The effect of pH on the absorption of both germanium sesquioxide and germanium
dioxide i the UV/Vis spectrum was investigated By altering the pH 1t 1s possible to
shghtly change the charge across the germanium oxygen bonds and effect the
protonation of the compound, forming a charge transfer species A charge transfer
species 1s a strongly absorbing species that 1s made up of an electron-donating species
bonded to an electron-accepting species To this end the spectra of germanium
sesquioxide was monitored from pH 1 to 14 The overlapped spectra achieved for

germanium sesquioxide at pH 1 to 14 1s shown 1n Figure 5 1 [21-24]
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Figure 5.1 Comparison of UV/Visible spectrum of 20 nig / L Germanium
sesquioxide with changing pH range, 1-14.

It was found that increasing the pH ofa 20 mg / L germanium sesquioxide solution
has the overall effect of increasing absorbance at 273 nm to a maximum at pH 3. A
similar trend was observed for germanium dioxide (not shown here). Comparison of
the spectra achieved for germanium dioxide and germanium sesquioxide reveals (hat
the increase in absorbance is much greater for germanium sesquioxide than that
achieved for germanium dioxide. This work reveals a pKa at pH 4.6 for germanium

sesquioxide, this protonation is believed to occur at the hydroxyl group.

193



It was also found that no absorbance was measured for either compound after passing
through the C18 column when analysis was carried out m the pH range 3 -9 Bench
top analysis was used to determine the maximum absorbance and to confirm the
presence of an absorbing species prior to injection nto the system It is assumed that
the mjection of such a species would result m the detection of this species in the
eluting mobile phase Detection of Ge-132 was not achieved and the operation of the

system was confirmed by mnjection of a caffeine standard

5 3 2 Ion pairing

Ion pairing 1s an alternative method used for the separation of 1onisable compounds by
HPLC under reverse phase conditions [t involves the mtroduction of an 1on pairing
agent, an 1on contaming a hydrophobic site  The 1onisable end of the agent attracts
the 1omsable compound while the hydrophobic end 1s attracted to the C18 packing

Separation 1s achieved 1n a similar fashion as using an 1onic column [25-28]

In this work two 1on-pairing agents were examined as possible modes of separation of
germanium dioxide and germanium sesquioxide
1 Para hydroxy benzoic acid (pHBA),

2 Acetyl acetate
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5 32 1 Para hydroxyl benzoic acid (pHBA)

PHBA was mvestigated as a possible 1on pairing agent for the separation of
germanium sesquioxide and germanium dioxide on a C18 column, 1its structure 1s
shown in Figure 52 A mobile phase containing 70 20 10 of Methanol Buffer 5
mMol pHBA was used Again the UV/Visible spectrum of the samples was examined
over a pH range 3 — 9 with detection at 273 nm The samples (100 mg / L) were then
mnjected onto the system using the mobile phase above and at the wavelength stated

It was found that the chromatographs of both samples yielded no response

The mobile phase was made up without a buffer and the pH was adjusted directly by
the addition of HC] or NaOH as appropriate The samples were not detected over the
pH range under these conditions These results suggest that pHBA 1s not effective
when used as an 10n paring agent for the separation of germanium sesquioxide and

germanium dioxide

l
C-—-OH

OH

Figure 52  Structure of para-hydroxy benzoic acid
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5322 Ammonium acetate

Another 1on pairing agent was selected namely ammonium acetate  Samples of
germanium dioxide and germanium sesquioxide were analysised utilising a mobile
phase of methanol containing 10 % pH buffer and three different concentrations of
ammonium acetate, 1% 10mM, 10% 10mM and 10% 100mM Examples of the

resultant chromatographs are shown 1n figure 5 3
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Figure 5.3

Chromatographs achieved for the determination of Ge-132 (a)
using ammonium acetate (h). The mobile phase consisted of 90%
methanol and the stated amount of ammonium acetate, either 1%

or 10%.
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The chromatographs achieved (figure 5 3) for the samples showed no instances of
absorbance This would suggest that ammonium acetate 1s neffective when used as
an 1on pairing agent for the separation of germanium sesquioxide and germanum

dioxide and was not the subject of further study

5 3 3 Complexation

The use of chelating agents to aid the identification of metal 10ons for HPLC analysis
has previously been reported by groups such as Lian ef al [29] Quercetin was
employed 1n Chapter 4 for the determination of germanium using fluorescence and 1s
investigated here using UV/Visible detection A sample contaiming 100 mg / L
germnaium sesquioxide was treated with 106 pl of 3 mM quercetin, 94 nl methanol
and 2 ml of pH 8 buffer with the final volume being made up to 10 ml with deiomsed
water This sample was found to have a maximum absorbance at 375 nm, as shown 1n
Figure 54 A sample of 100 mg / L germanium dioxide was treated in the same
manner and the comparison ot the spectra reveals that germanium dioxide has a larger

absorbance compared to germanium sesquioxide
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Figure 5.4 Ultraviolet-visible absorbance of germanium sesquioxidc /
guercetin interaction compared to absorbance of a qucrcetin blank
at pli 8. The sample consists of 106 fil of 3 mM quercetin, 94 fil
methanol and 2 ml of pli 8 buffer with the final volume being
made up to 10 ml with deionised water

Both samples and a blank were injected into the system with a mobile phase
consisting of 80% methanol and 20 % water with the pH adjusted to pH 8. This work
was repeated at 375 nm and 255 nm and it was found that the blank yielded a response
and the response of the samples with respect to the blank was zero. This result would
suggest that the peak observed is due to quercetin only and that no germanium
complexes are formed. In an attempt to minimise the response of the blank and
stabilise the germanium quercetin interaction the mobile phase was altered to contain

quercetin. It was found that a steady baseline could not be achieved using this mobile
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phase meaning that 1t could not be used This work was repeated at pH 9, 7, 5 and 3

with similar results

5 3 4 Fluorescence HPL.C

Quercetm use has been described in Chapter 4 for the determination of germanium
and 1s apphed here nitially without pH adjustment A mobile phase consisting of
100% methanol containing 5 mM quercetin was used An excitation of 432 nm and
emission of 552 nm was used for mitial work Using this mobile phase it was
possible to detect standards of Ge-132 and germanium dioxide as shown n Figure 5 5

The separation of Ge-132 and germanium dioxide was not achieved utilising these

parameters
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Figure 5.5 Chromatogram showing a comparison of 100 mg/ L standards of
germanium dioxide, Ge-132 and a blank using 100% methanol, 5
mM Quercetin without pH adjustment

5.3.5 The affect of Methanol on retention

The affect of varying the % organic in the mobile phase was investigated with a view

to achieving better separation on the CI8 column. An example of the chromatographs

achieved for Ge-132 by varying methanol concentration is given in Figure 5.6.
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Figure 5.6 Chromatograms showing the effect of changing methanol
concentration on the retention of 100 mg / L Ge-132, 5 mM
guercetin without pll adjustment.

Figure 5.6 shows the affect of increasing the % methanol from 40 % to 100 %. It was

found that at 40% methanol the retention time of the germanium scsquioxide is 5.5



mun, this implies that the germanium sesquioxide — quercetin complex 1s retained on
the column As the % methanol 1s increased the retention of the complex 1s
decreased, as signified by a decrease in the retention times At 60% methanol the
retention of the complex on the column 1s very poor, the retention time bemng almost

equal to the retention time achieved at 100% methanol

A similar study was carried out for germanium dioxide and 1t can be seen that at
percentages of sixty and higher the retention times for germanium dioxide — quercetin
complex are quite similar Decreasing the percent to 50% has the effect of increasing
the retention by almost five times Further decreasing the methanol content of the
mobaile phase to 40% has the effect of increasing the retention time to 14 min  This 1s

almost and eight fold increase compared to retention when 60% methanol 1s used
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Retention Time (min)

Figure 5.7 Chromatograph achieved when a mixture containing 100 mg/ L of
both Ge-132 and germanium dioxide was injected. This was
carried out using 5mMol Quercetin, 40 % methanol at un
excitation of 432 nm and emission of 552 nm.

Figure 5.7 is an example of the type of chromatograph achieved when a mixture of
ge-132 and germanium dioxide was injected. These changes in retention as a function
of methanol concentration provide the basis for a method for the separation ofthe two
complex’s. The retention times at 40% methanol for germanium sesquioxide and
germanium dioxide arc 5.6 and 14 min respectively. This is a dramatic change and
allows the separation of the two complexes. Such separation is completely novel and

has not been reported in the literature.
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% methanol

Figure 5.8 Comparison of average peak widths of quercctin complexes of
germanium sesquioxide and germanium dioxide with changing
percentages of methanol. This was carried out using 5niMol
Quercetin at an excitation of 432 nm and emission of 552 nm.

It can be seen from Figure 5.8 that decreasing the amount of methanol in the
solvent/mobile phase has the effect of dramatically increasing the peak width of
germanium dioxide. The peak width increases from 1 min at 70% methanol to 6.5
min at 40% methanol. The change in methanol does not result in the same dramatic
increase as the case of germanium dioxide. The peak width is increased from 0.25
min at 70% to 0.5 min at 40% methanol. This effect is not fully understood until the
chromatographs are examined. Ge-132 results in a large single peak distinct of the

baseline. Germanium dioxide, on the other hand, results in a weak broad response



almost indistinguishable from the baselme and the blank  Examination of the
resolution of the two compounds 1s required before the optimal conditions can be

determined
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Figure 59  Depiction of the changes in resolution of germanium sesquioxide
and germamum dioxide with changing percentages of methanol 1n
the mobile phase This was carried out using SmMol Quercetin at
an excitation of 432 nm and emission of 552 nm

The resolution 15 a key parameter for momtoring the separation of the two
compounds It would appear from Figure 5 9 that maximum resolution 1s achieved at
50% methanol, this is not the case however The determination of the optimal mobile
phase composition 1s based on the need for separation of the two compounds After

examining the retention time data, peak width data and the resolution of the
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compounds at varying percentages of methanol it was found that separation was

achieved utilising a mobile phase consisting of 60% Water and 40% methanol

S 3 6 pH Study

The method 1n the earlier section was without pH adjustment It was believed that by
adjusting the pH of the mobile phase, better separation of the two compounds would
be achieved The optimal conditions determined 1n chapter 4 (pH 8) for fluorescence
determination were used for the determination of Ge-132 1n the presence of
germanium dioxide It was found that under these optimal conditions a negative
response resulted for germanium sesquioxide It was decided to monitor the online
response of both germantum dioxide and germanium sesquioxide with changing pH

An example of the resulting chromatograms is shown i Figure 5 10

It 1s beheved that the negative peak achieved at pH 8 1s as a result of poorer
fluorescence of the germanmm sesquioxide in relation to the excess of quercetin
Changing the pH from 8 to 6 has the effect of decreasing the intensity of this peak to
almost zero It 1s believed that at this pH both quercetin and Ge-132 are neutral
compounds It was found that by decreasing the pH further a positive peak at pH 3

and pH 4 was formed



Figure 5.10 Chromatograms showing the comparison of response achieved by
100 mg / L germanium sesquioxide at pH 3, 4, 6 and 8. In all cases
work was carried out on a Varian Pursuit C18 column using a
mobile phase of 60% 1)1 water 40% Methanol and 1 mM
Quercetin.

At pH 4 a response resulting from the introduction of 100 mg / L germanium
sesquioxide is achieved after 7.5 min, shown in Figure 5.9. Changing the pH to pH 3

results in a large response at 3.5 min with the solvent front at 2 min.

At pH 8 Ge-132 is in a neutral form while quercetin is ionised. It is postulated that
Gc-132 forms a complex with quercetin at this pH, as confirmed by the work in
chapter 4. This interaction causes the lowering of the highest electronic energy level
and a reduction in the tluorescent intensity. At pH 6 both Ge-132 and quercetin are
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neutral and no nteraction occurs between the two compounds yielding no response as
seen m figure 510 At pH 3 and 4 Ge-132 forms a charged complex to varying
degrees while quercetin 1s neutral The interaction of Ge-132 and quercetin results in
the formation of two complexes based on the varying degree of 1onisation of Ge-132
yielding different retention times Such a postulate was put forward by Yorke et al
after the 1dentification of quinolones 1solated from chicken tissue at pH 4 and 10 but
not at pH 7 [30} Chen ef al report similar findings for the determination of peptides

at pH 2 and 7 by HPLC [31}

5 3 7 Quercetin Concentration

The determination of germanium sesquioxide was achieved at pH 3 and pH 4 It was
found that the optimal conditions for the determination at pH 3 were as follows, 0 05
mM, 40% methanol, 60% water at pH 3 with an excitation wavelength of 432nm and
an emission at 525nm  Under these conditions germanium sesquioxide was found to
have a retention time of 4 50 min, as shown in figure 511 It was found that the
optimal conditions for the determination at pH 4 were as follows, 025 mM, 40%
methanol, 60% water at pH 4 Applying these conditions Ge-132 was found to have a

retention time of 5 8 min
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Figure 5.10

0 2 4 6 8 10

Time (mm)

The effect of quercetin concentration on retention time of 100 mg /
L, 40 : 60 Methanol : W ater pH 3 with an excitation wavelength of
432nm and an emission at 525nm. In all cases work was carried
out on a Varian Pursuit C 18 column
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5 3 8 Linear dynamic range

The linear range of germanium sesquioxide was determned at both pH 3 and pH 4

under respective optimal conditions The results are shown i Table 51 with an

example of the chromatogram achieved at pH 3 shown m figure 5 11

Table 5 1 Summary of Linearity studies of Ge-132

pH | Retention time Linear Range R’
(mm)
3 45 10-225mg/L 0996
4 58 10-75mg/L 0994
100 -250mg /L 0985
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Figure 5.11  The chromatograph achieved for 100 mg /1, Ge-132 (blue), 100 mg
/ L germanium dioxide (black) and blank (red) at pH 3, 0.05 mM
Quercetin, 40% methanol, 60% water with an excitation
wavelength of432nm and an emission at 525nm.

5.3.9 Interferences

This study was carried out using Ba (I1). Cr (11I). Co (I1), Cu (I1), Fe (1), Fc (I11). Mg
(1), Ni (1), Sb (111) and zZn (Il). Three concentrations ofeach metal was used e.g. 1,
100 and 1000 mg / I. under optimal conditions outlined previously. Under these
conditions it was found experimentally that none of the metals yield lluorescencc in

the same region as that achieved for the germanium quercctin complcx.
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5 4 Conclusion

The potential use of HPLC for the determination of Ge-132 in the presence of
germanium dioxide was investigated It was found that detection of Ge-132 could not
be achieved without the presence of a complexing agent The direct application of the
method developed in Chapter 4 utilising quercetin to a HPLC system was attempted

It was discovered that under the optimised conditions poor detection was achieved

Utilising pH 3 and pH 4 two methods for the detection of Ge-132 1n the presence of
germanium dioxide are reported These two methods represent the first reported use
of reverse phase HPLC with online fluorescence detection The method at pH 3 has a
linear range of 10 — 225 mg / L while two ranges of 10 — 75 mg / L. and 100 — 250 mg
/ L. were achieved at pH 4 with good regression values Both methods are free from
metal interferences with Ba (1), Cr (III), Co (1I), Cu (II), Fe (II), Fe (III), Mg (I1), N1

(1), Sb (III} and Zn (II) being investigated
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CHAPTER 6

UV/Visible and Fluorescence Characterisation of a

Range of Metal — Quercetin Complexes
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6 1 Introduction

The previous two chapters (4 & 5) have focused almost exclusively on the use of
quercetin for the determination of germanium m the form Ge-132 and germanium
dioxide Quercetin has been reported to form complexes with metals such as Al (III)
[1-5], Cu (II) [6,7], Fe (1), Fe(IIl) [8], Zn (II) [9] and some rare earth metals [10]

This work will examine the formation of metal complexes not previously reported in

the hterature

In addition to their essentiality for plant growth and human nutrition low level intakes
of heavy metals has a damaging effect on humans and animals As a result the
investigation of metals such as copper (Cu), chromtum (Cr), lead (Pb), nickel (N1) and
zinc (Zn) has been completed This work has investigated metals including Ba (II),
Cu (1I), Cr (I1I), Co (II), Fe (II), Fe (11I), Mg (II), N1 (II}, Pb (II), Sb (1II) and Zn (1I)
This research has been driven by the need for novel sensing methods for the metals
listed The utilisation of quercetin represents one such novel method of complexation
for a number of metals ncluding, Ba (II), Cr (III), Co (11), Mg (1), N1 (II), Pb (II)

and Sb (I1I)

6 1 1 Flavonoids

Flavonoids are polyphenolic compounds that occur naturally in the plant kingdom A
multitude ot substitution patterns in the two benzene rings of the basic structure occur
in nature  Varnations in their heterocyclic rings give nise to flavonols, flavones,

catechins, flavanones, anthocyanidins and 1soflavones, figure 6 1  Quercetin 1s one of
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the most common flavonols present in nature It has been reported to have antioxidant

activity as a result of its reactions with free radicals but mainly by its metal chelating

M sadive

Flavonols Filavones Flavanones

properties [11-16]

Iscflavones Dihydroflavonols Chalcones

Figure 61  The structures of the major classes of flavonoids

61 2 Quercetin

Quercetin has been used as colorimetric reagents for the spectrophotometric and
fluorimetric determiation of metal 1ons The chelation ot metals by quercetin can
occur at three sites, the 3-hydroxyl, S-hydroxyl and the 4-carbonyl groups (the
catecholic di-hydroxyl groups) The UV / Visible spectra of the resultant complexes
shows two bands (I and II) related to the A and B ring of quercetin, see figure 6 2 [17-

19]
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OH ju)

Figure 62  Diagram of Quercetin denoting the aromatic rings resulting n
band I at 256 nm and II at 372 nm 1n the UV / Visible spectrum

Band I relates to the 3-hydroxy and 5-hydroxy groups of ring A and C while band II
relates to the catechol group of the B ring Complexation often results in the bands
being shifted to longer wavelengths than those of the uncomplexed flavonoid These
spectral shifts are characteristic of the nature of the complex and used as tests for the

hydroxyl substitution patterns in flavonoids are based on this behaviour [3,20]

6 1 3 Catechol — metal chelation

Catechol 1s a polyhenol derivative of benzene with two hydroxyl groups associated to
the aromatic ring, figure 6 3 Catechol and catechol substituted compounds have been
used successfully in the chelation and determination of metals including Cu, Sb, Fe,

U, Vand Sn [21-30]

Esteves de Silve et al report the complexation of Be (II) and Al (III) with catechol

compounds tound in coastal seawater [31] The group monitored the electronic
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spectra of the two complexes between 250 and 370 nm They report that Be (1) at pH
6 results 1n three bands and has a Amax 0339 nm Al (III) at pH 4 results n two bands
with a Amax 0339 nm  The selective determination of the two metals 1s made possible
by accurate pH adjustment Cornard ef al report the use of caffeic acid, a catechol
substituted compound, for the determination of AP’ [32] The formation of the

chelate was momitored by UV / Visible and fluorescence spectroscopy

OH

OH

A
S

Figure 63  Structure of Catechol

The use of compounds containing a catechol group as ron chelators was mvestigated
by Andjelkoive ef al  These compounds include hydroxytyrosol, protocatechuic acid
and caffeic acid The UV/Visible spectra of these compounds show two absorbance
maxima 1n the area 220-350 nm The addition of Fe (II) resulted 1n the formation of a
third weaker band n the region 450 — 650 nm, the precise maximum depending on the
catecholic species The formation of these characteristic bands forms a basis for

determination [23]

6 1 4 Quercetin — metal chelation

The B-ring (catechol) of the flavonotds has been identified in the literature as the most

important site for H — transfer and consequently metal chelation It 1s reported that
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the A-ring contributes by ensuring m — electron delocalisation between the B- and C-
rings Quercetin — metal chelation, however, can occur at three possible sites Both
the catechol group and the 3-, 5S-hydroxyl groups are capable of chelation Chelation
at the 3-hydroxyl and 5-hydroxyl groups is reported to be the result of keto enol

tautomerism at those sites [33,34]

Research groups examining both Cu (II) and quercetin have focused primarily on the
enzyme quercetin 2,3-dioxygenase {6] The engineering of such enzymes while
proving that copper and quercetin do complex does not lead to any analytical method
of Cu (II) identification Torreggiani et al report the formation of a quercetin / Cu
(I1) complex at pH 10 However the linear range 1s not reported and as such an

analytical method for Cu (II) identification 1s still outstanding [7]

Bodim et al report the formation of Fe (II) / quercetin complexes by electrolysis of
the solution and monitoring of the resultant peak by UV/Vis spectroscopy [8] This
method requires precise manipulation of the solution and a simpler method will be

sought

Zhou et al report the preparation and characterisation of eight rare earth metal (I1I)
quercetin complexes [10] They report that quercetin acts as a bidentate ligand and
formed a mononuclear complex, with one 1on bound to three higands They report that
a complex 1s formed through metal oxygen bonds at the keto oxygen and either the 3-
OH or 5-OH groups When a metal 1s coordinated to the quercetin 1t 1s bound to the

oxygen of the hydroxyl group The enhancement of the fluorescence signal upon
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chelation 1s related to the inhibition of the excited state intramolecular proton transfer

(ESPT) process between the 3 hydroxy flavone and the keto group [3,20]

6 1 5 Aims and Objectives

The principle aim of this work 1s to mvestigate the use of quercetin as a non-selective
chromogenic reagent for the determination of a range of metal 1ons This work will
investigate the formation of novel quercetin complexes of Ba (1), Cr (11I), Co (1I), Mg
(II), N1 (1), Pb (1) and Sb (III) The characterisation of these complexes will be
completed using UV / Visible and fluorescence spectroscopy Such characterisation

will identify bands based on metal quercetin interaction

This mvestigation will focus on the use of UV / Visible and fluorescence spectroscopy

for selective determination of metals The objective 1s to develop a rapid and cost

effective analytical method that allows the determination of selected metal 1ons

222



6 2 Experimental

6 2 1 Instrument

Ultraviolet / Visible work was carried out using a Varian Cary 50 Scan UV / Vis dual
beam spectrometer with a 10 mm optical path cell and a scan range of 800 — 250 nm
Fluorescence work was completed using a Perkin Elmer luminescence spectrometer
LS50 B with slit widths of 2 5 nm, a scan speed of 100 nm / mm and a 1 cm® quartz

cell

6 2 2 Reagents

All chemicals used were of analytical reagent grade Nitrate salts of Pb (1), Cu (II),
Cr (I11), Mg (I1), Ca (II) and Co (II) were used and an AAS standard Sb (I1I) solution
from Reagecon, Shannon, Co Clare was used Chloride salts of N1 (II), Ba (II), Fe
(II) and Fe (1II) were used and zinc sulphate was used to prepare Zn (II) Stock

solutions of 1000 mg / L were prepared for all metals

6 2 3 Quercetin Stock solution

A 100 mM stock solution of quercetin dehydrate was prepared by dissolving 3 3 g in
90 m!l of methanol The solution was then transferred to a 100 ml volumetric flask
and made up to the mark with methanol A 10 mM stock solution was made by

making a 1 10 dilution of the stock solution using methanol

o
[\
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6 2 4 Workang solutions

Two types of solutions were used,

1 A 250 pL portion of the 10 mM solution was transferred to a 10 ml volumetric
flask The appropriate volume of metal was added to the flask and made up to
the mark with methanol The solution was degassed by somcating for 15 min
prior to use

2 A 250 pL portion of the 10 mM solution was transferred to a 10 ml volumetric
flask containing 4 ml methanol The appropriate volume of metal was added to
the flask and made up to the mark with pH 8 adjusted water The solution was

degassed by sonicating for 15 min prior to use

6.2 5 Chromium (III) supplement

A chromium picolinate supplement manufactured by Solgar Vitamin and Herb,
Leoma, N J, USA was purchased from a local health food store Each tablet was

purported to contain 100 pg Cr (I1I)

6 2 6 Sample treatment

Two supplement tablets contaiming Cr (III) were ground nto a fine powder using a
mortar and pestle This powder was transferred to a beaker and 20 ml of methanol
added The solution was sonicated for 30 min after which time 1t was filtered and
transferred to a clean beaker This 20 ml portion was heated gently and the volume
reduced to approx 0 S mi This was transterred to a 1 ml volumetric flask and made

up to the mark with methanol The 1 ml portion was then used 1n further analysis
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6 3 Results and Discussion

Quercetin has been used as a ligand for metal complexation allowing for UV / Visible
and fluorescence detection This complexation has been investigated previously
utilising a method optimised for germanium determination The use of this method
for the determination of a range of metals was hampered by the pH adjustment
required [t 1s the aim of this study to investigate the spectra of a range of metals
following complexation with quercetin in methanol It 1s proposed to develop a rapid
method for the simultaneous determination of this range of metals based on differing

electronic interactions

6 3 1 Investigation of possible Metal — Quercetin complexation

The use of quercetin as a ligand for the complexation with various metals was
investigated It was found that the UV / Visible spectrum of quercetin in methanol
exhibited two bands at 256 nm and 372 nm These bands are believed to be due to &
> 7" transitions within the aromatic ring of the ligand molecule, see Figure 6 2 The
first band relates to the ring portion denoted 1 and the second relates to the ring

portion denoted II [49]



Figure 6.4 is an overlay ofthe UV / Visible speetra of the quereetin - metal complex’s
investigated in this study. A list of the metals eomplexed with quereetin and the

absorbance at band 1and 11 relative to quereetin blank is given in Table 6.1.

Figure 6.4 Electronic absorbance spectrum of 5 x 10'5 M Quereetin
eomplexed with 50 mg/ L of each metal in methanol.

The quereetin complexes of copper (1), lead (Il) and iron (I1) are promising as bands
occur in regions free from other interferences, as shown in figure 6.2. Closer
examination of the spectra reveals a bathochromic shirt of 1- 2 nm and an increase

absorbance intensity at band | for all metals, with the exception of chromium (I11) (sec
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Table 6 1) 1Iron (III) 1s the only metal that results m any sigmificant shift 1n
absorbance from 255 nm to 288 nm The metals have a non bonded patr of electrons
and 1t 1s believed that these n electrons have a stabilising effect on the 7t electrons on
the ring thereby lowering its energy This 1s similar to the auxochromic effect

resulting from non absorbing functional groups such as —-OH and —-NH; [49,50]

The bathochromic shifts of the different metal complexes does not provide a potential
method of selective 1dentification Selective 1dentification could be achieved only 1f
each metal was shified to a unique wavelength In the case of Iron (II) such a unique
shift results from 255 nm to 288 nm Iron (III} has an electronic configuration with
three outer electrons, in comparison to Iron (II) with a pair of non bonding electrons

These three electrons prohibit an auxochromic effect resulting from a non bonded pair

of electrons It is believed that Iron (I1I) forms a complex with quercetin
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Table 6 1 UV/Vis data for metals belhieved to have an auxochromic effect on
quercetin, detailing wavelength of maximum absorbance and
molar extinction coefficient

Metal Species Absorbance at

Band 1 £ Band 11 £

(mol' dm ") (mol ' dm™)

Blank 255 nm 371 nm
Ba (If) 256 nm 4294 371 nm 3203
Co (1) 256 nm 1594 374 nm 1373
Cr (IIT) 255 nm 1272 373 nm 1146
Fe (11) 256 nm 1622 375 nm 1359
Mg (II) 257 nm 729 374nm 486
N1 (IT) 256 nm 1830 372 nm 1658
Sb (IIT) 256 nm 3103 373 nm 2681
Zn (II) 256 nm 1749 371 nm 1583

As a result of the appearence of new bands for iron (III), copper (II) and lead (II)
these metals were further investigated to determine stoichiometry, hnear dynamic

range and lint of detection

6 3 2 Linear dynamic range

The lmear range of the selected metal complex was determimed using 1 x 107 M
quercetin in methanol For this study the quercetin was complexed with metals 1n the
range 0 1 —80 mg /L The complexes were monitored in the wavelength range 600 —

200 nm to study any shift in the bands resulting from changing concentration The
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maximum absorbance and the linear range of each of the three metals are outlined 1n

table 6 2

Table 6 2 Summary of hinearity studies

Metal complex Amax Linear Range mg /L R’

Cu (ID) / Quercetin 433nm 10-40 09881
Fe (III) / Quercetin 288ném 5-28 0 9986
Pb (11) / Quercetin 427nm  2-20 09910

6 32 1 Copper (1) / Quercetin Lineanty

The copper was found to form a deep orange coloured complex with quercetin 1n
methanol The complexation resulted in spectral changes shown in figure 6 5 namely
the increase 1n absorbance at 433 nm and the decrease in absorbance at 371 nm The
spectral changes were found to be linear in the range 10 — 40 mg / L with an R? of
09881 This high LoQ suggests that the use of quercetin complexation for copper (1I)

determination 1s not feasible without some form of pre concentration
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Electronic absorbance spectrum showing the formation of the
complex at 433 nm with increasing copper (II)

The quercetin concentration is 1 x 104 M in all
-2

Figure 6.5
copper (I1)

concentration.
cases and the copper concentration is increased from 1.5 x 10

x 104 M

6.3.2.2 Fe (I11) / Quercetin linearity

The electronic absorbancc spcctrum of iron (111) / qucrcctin showed the formation of

two new bands at 28X nm and 420 nm. The band at 420 nm was determined to be non
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linear and emphasis was placed on the band at 288 nm The linearity of won (1II) /
quercetin complex was determined to be in the range 5 — 28 mg / L with a regression
of 0 9986 with a Amax 0f 288 nm  Kass ef a/ report the determination of Iron (III) by
UV / Visible spectroscopy 1n the range 100 — 1100 mg / L [21] This method offers a

lower limit of detection

6 323 Pb (II) / Quercetin hneanty

The electronic absorbance spectrum of lead (II) and quercetin in methanol was
recorded with a view to linearity determmation It was found that successive
additions of lead (II) to quercetin in methanol resulted n the reduction of band
intensity at 371 nm and the formation of a new band at 427 nm with an 1sobestic point
at 394 nm as seen 1n figure 6 6 The linear range was found to be 2 - 20 mg / L with a

regression of 0 991
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Figure 6.6 Electronic absorption spectrum of lead (Il) - quercetin complex
monitoring the formation of the new complex band at 427 nm by
increasing the lead (11) concentration. The quercetin concentration
is 1 x 10° M in all cases and the copper concentration is increased
from 6.1 x 106-6.1 x 104 M

6.3.3 Stoichiometry of selected metal - quercetin complexes

The stoichomctries of the selected metal - quercetin complexes are summarised in

table 6.3. These values were determined utilising the mole ratio method plotting the

absorbance against the metal : quercetin ratio. An example of this type of plot is
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given n figure 6 7 for the lead (II) / quercetin complex The intersection of the two

linear branches denotes the ratio of lead (II) to quercetin

Table 6 3 Stoichiometries of the metal / quercetin complexes mcluding
maximum absorbance and molar extinction coefficients

Maximum Molar extinction Stoichiometry
Metal Species absorbance coefficient (M ' cm™) M L
Cu(II) 433 nm 14x10° 2 1
Fe(1II) 420 nm 13x10° 1 2
PH(II) 427 nm 16x10° 31

6 331 Pb (II) with Quercetin

From figure 6 7 a stoichiometry of 3 1 was determined for lead (I) and quercetin
This means that three lead (11} 1ons complex with one quercetin molecule Cornard et
al and Smith et al report three possible chelation sites for quercetin, figure 4 1 It 1s
proposed that binding occurs at these chelation sites for the 3 1 complex formed

between Pb (I1) and quercetin (see figure 6 8) [51,52]
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Figure 6 7  Mole ratio plot of Pb (II) / quercetin complex in methanol without

pH adjustment Solutions consisted of a fixed quercetin
concentration of 1 x 10* M and Pb (IT) was vaned from 5 x 10°M
to 5x 10°M
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Figure 6 8  Proposed complexation between 3 Pb (II) 1ons and quercetin

6 3 3 2 Copper (1I) with quercetin

From examiation of a mole ratio plot a stoichiometry of 2 | was determined for the
Cu (1I) / Quercetin complex Such a 2 1 complexation has been reported 1n the
litureature by Vestergaard et al/ [53] The complexation of other divalent molecules
such as zinc leads to the proposed complexation of Cu (II) / Quercetin shown in figure
69 Cu (Il) has 9 electrons 1n its outer shells, 1t 1s postulated from the application of
VSEPR that copper forms a trigonal bipyramidal This comprises of 3 lone pairs and

2 bonded patrs electrons one of whtch 1s a double bond
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Figure 69  Proposed complexation of 2 Cu (II) 10ns and a quercetin molecule

6 3 3 3 Fe(IIl) with Quercetin

The electronic absorbance spectra shown in Figure 6 10 1s that achieved for Fe(IIT) /
Quercetin complexation This spectra shows the formation of two bands highhighted
at wavelengths 288 nm and 420 nm It can be seen that a band 1s formed at 420 nm
when a stoichiometry of 1 2 (Fe(Il) Quercetin) 1s achieved Increasing the
stoichiometry further has the effect of decreasing the absorbance of this band and

leads to the formation of the second band at 288 nm
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Figure 6.10 Electronic absorbance spectra achieved for Fe(lU) / Quercetin
complexation in methanol. The Quercetin concentration is
constant at 1 x 104 M while the Fe(lll) concentration is increased
from 2.5 x10 sto5x10 -, M.

The formation of two bands in this way and the determination of two stoichiomctrics,
1:2and 5 : 1issuggestive of the formation of two different iron (111) complexes in
methanol. Gutierrez el al. found that the UV/Vis spectrum of a methanol solution of
quercetin and aluminium gave rise to three different bands [54). The proposed
structure of the iron (111) complexes with a stoichiometry of 0.5 : 1 is shown in figure
6.11. Vestergaad et al. report the formation of a metal complex with a 5 : 1
stoichiometry [51]. Fe (I11) contains 5 outer electrons and it is postulated from the
application of VSEPR that Fe (I11) forms a trigonal bipyramidal. This comprises 5

bonded pairs electrons with no lone pair ofelectrons.
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Figure 6 11 Proposed structure of Fe(IIl) / Quercetin complex with a
stoichiometry of 1 2
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6 3 4 Study of fluorescence due to metal — quercetin complex

Following the UV / Visible study of metal — quercetin complexes the potential use of

fluorescence as a means of 1dentification was examined Fluorescence could offer a

selective and sensitive identificatton The UV / Visible absorbance spectrum

identified two absorbance bands at 255 nm and 371 nm The fluorescence resulting

from the interaction of the chosen metals and quercetin was investigated at both

wavelengths with the results shown in table 6 4 The stokes shift 1s the difference

between the wavelength of excitation and the wavelength of emission The larger the

stokes shift the better the discrimination between excitation and emission bands

allowing spectral separation

Table 6 4 The fluorescence data of metal quercetin interactions in methanol
with A 0f 255 nm The concentration of quercetin 1s 1 x 10*M n
all cases and the metal concentration 1s S0 mg / L. The relative
mtensity shown 1s the intensity of the metal — quercetin relative to
quercetin alone at the respective Ay,

Metal Species Emission Wavelength Relative Intensity  Stokes Shift
(nm) (nm)
Quercetin 508 0 253
Ba (II) 513 41 03 258
Co (I1) 512 13 88 257
Cr (1IT) 486 965 231
Fe (II) 510 2112 255
Mg (II) 485 3359 230
N1 (1) 487 199 232
Sb (I11) 484 3091 229
Zn (1I) 486 338 83 231
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The fluorescence data of the quercetin metal interactions under excitation of 255 nm
are histed i Table 6 4 The introduction of a charged metal to quercetin in methanol
can have the effect of reducing the probability of non-radiative energy dissipation
processes thereby increasing fluorescence These processes can occur as a result of
vibrational cascades, internal conversion and intersystem crossing The increased
fluorescence at the excitation A of 255 nm 1s believed to be due to the increased
rigidity gained by the quercetin structure as a result of introducing a charged metal It
1s also possible that the enhancement of the fluorescence ntensity 1s related to the
inhibition of the excited state intramolecular proton transfer process between hydroxyl

and 4-oxo groups of the C ring caused by metal chelation at the hydroxyl group[4,11]

The interaction of Ba (II), Co (II) and Fe (II) with quercetin results in a bathochromic
shift 1n the maximum with an increase 1n fluorescence relative to quercetin alone The
other metals result in a hypsochromic shift coupled with an increase 1n fluorescence
intensity  The bathochromic shifts are quite weak in the range 2 — 5 nm while the
hypsochromic shifts are larger 1n the range 21 — 24 nm The fluorescence of quercetin
— metal complexes under excitation of 370 nm was also studied It was found that
only Mg (II) and Zn (II) resulted in any change m fluorescence In both cases no shift

In maximum emission was observed however increased fluorescence did occur, Mg

(II) - 18 LU and Zn (II) - 152 LU

The quercetin complexes of Cu (II), Fe (III) and Pb (II) were also investigated and the
data 1s shown in Table 6 5 Using this data the linear ranges of the metals were

studied



Table 6 5 Summary of excitation wavelength and emission wavelength for
fluorescence of selected metal / quercetin complexes

Metal Complex Excitation Wavelength Emission Wavelength
Cu (1I) / Quercetin 432 nm 486 nm
Fe (111) / Quercetin 288 nm 485 nm
Pb (11) / Quercetin 426 nm 487 nm

6 3 4 1 Lineanty of Fluorescent complexes

The linearity of the quercetin complexes of Cu (II), Fe (III), Pb (II) and Zn (II) was
examined over the range 0 1 to 50 mg /L It was found that Cu (1), Fe (IIT) and Zn
(I} yielded non linear responses within this range For this reason the hnearity of the
three metals was not further exammned Pb (II) was found upon examination to be

linear at the lower end of the range and was subject to further study

6 342 Pb (II) / Quercetin Lineanty

Initially the hinear range of Pb (II) / quercetin in methanol was examined in the range
01to50mg/L It was found to be linear from 0 | to 1 mg / L. and the concentrations
of Pb (II) examined were reduced to 0 009 mg / L It was found experimentally that

the linear range 1s 0 02 to 1 mg / L with a regression of 0 9924 (see figure 6 12)
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Figure 6 12 Lineanty of fluorescence due to Pb (I1) / Quercetin complex under
excitation 426 nm and emssion 487 nm The quercetin
concentration 18 1 x 10* M in all cases and the hnear range 1s
determned to be 0 02 — 1 mg / L Pb (IT) with an R? value of 0 9924
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6 3 S Companison of UV / Visible data to Fluorescence data

The UV / Visible spectrum of each metal reveals that only three metals form unique
bands while the other metals result in weak shifts of existing quercetin bands, table
6 1 These unique bands are resultant of the complexation of Cu (II), Fe (III) and Pb
(II) with quercetin  The other metals studied yield a weak shifi and increased
absorbance, 1t 1s believed that the metals result m an auxochromic effect The
auxochromic behaviour of the metals listed 1n table 6 1 occurs for both band I and II
The exammation of the fluorescence spectrum of the metals at 255 nm and 370 nm
was conducted to further understand the interaction between quercetin and each metal
It was found an excitation of 370 nm yielded no increase in fluorescence compared to

quercetin in methanol, with the exception of Mg (I1) and Zn (II)

The evaluation of the data achieved from studying the metal quercetin interaction at
an excitation wavelength of 255nm 1s given 1n table 6 4 The metals under discussion
here include Ba (1), Co (II), Cr (11I), Fe (II), Mg (II), N1 (I), Sb (IIT) and Zn (II) 1t
can be seen that large stokes shfts occur for most metals with a fluorescence intensity
higher than quercetin  The reduction in probability of non-radiative energy
dissipation processes by the introduction of a charged metal has been discussed The
increased fluorescence at excitation 255 nm ts believed to be due to the increased
rigidity gained by the quercetin structure as a result of mntroducing a charged metal It
1s also possible that the enhancement of the fluorescence intensity 1s related to the
inhibition of the excited state intramolecular proton transfer process between hydroxyl

and 4-oxo groups of the C ring [35-41]



Quercetm complexes of Cu (I1), Fe (III) and Pb (II) were formed and this was
confirmed by the identification of unique peaks i the UV / Visible spectrum It was
found that linear ranges of 10 —40 mg /L, 5—28 mg /L and 2 — 20 mg / L for Cu
(I1), Fe (IIT) and Pb (II) were achievable A study of the fluorescence linearity reveals
Cu (II) and Fe (III) to be non — linear while a range of 0 02 — 1 mg / L was achieved
for Pb (II) The use of fluorescence for the determination of Pb (II) was found to be
one hundred times more sensitive compared to UV / Visible spectroscopy Using
fluorescence a lower limit of 0 02 mg / L was achieved in comparison to 2 mg / L by

UV / Visible spectroscopy

Bahemuka et al report a method for Pb (II) determination utilising AAS, this method
has a limit of detection of 0 03 mg / L [42] The method reported by this research
offers a lower limit of detection in comparison to Bahemuka ef a/  Fluorescence
spectroscopy has a number of advantages over AAS including, less expensive
operation, ease of analysis, shorter analysis time and greater mobility of equipment
The reaction of quercetin / Pb (II) and its fluorescence 1s significant from a sensing
pont of view The Cu (II) / Quercetin complex absorbs 1n a stmilar region of the UV
/ Visible spectrum as Pb (II) / Quercetin thus himiting 1ts use  Employing fluorescence

detection reduces the potential of Cu (II) to interfere as a result of poor fluorescence

6 3 6 Effect of pH on Quercetin complexation

It has been reported that flavonoids are extremely sensitive to the surrounding
medium particularly pH As such the affect of pH on quercetin — metal fluorescence

1s nvestigated in this section The formation of fluorescent complexes has been
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reported and was investigated here in the range X« 200 - 600 nm and X*m200 - 700
nm using the pH range 2-12. Examples of typical spectra achieved are given in
figure 6.13 and a plot of intensity versus pH is shown in figure 6.14. It can be seen
from figure 6.12 that at pH 3 the introduction of Sb (lll) into a quercetin solution
results in the formation of a fluorescent complex. Similar plots were achieved for the

other metal quercetin complexes and a summary ofthis data is given in Table 6.6.

Figure 6.13  Fluorescence spectra of Antimony - quercetin and qucrcctin at pll
3, 0.25 mM qucrcctin,60% Water and 40% methanol at X* 320
nm.
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Figure 6.14 Plot of Fluorescence intensity of antimony quercetin complex verus
guercetin with respect to pH at ex 320 nm em 620 nm

It is apparent from Table 6.6 that the majority of metal / quercetin complexes occur at
pH 11 and 12. It is also interesting to note that these complexes have a X 320 nm
and a X*x 620 nm. The examination of these results identifies two metal / quercetin
complexes with unique excitation wavelengths and emission wavelengths yielding
large fluorescence intensity relative to quercetin. These are the complexes of Cr (111)

at pil 3 and Sb (I11) at pll 3, the linearity’s of both will be investigated.
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Table 6 6 Summary of fluorescent peaks achieved for metal / quercetin

complexation
Complex pH Aex Aem Relative Intensity

Ba (II) 11 320 620 44 1

12 268 410 153
Cr (III) 3 268 410 204 78

12 320 620 182 07
Co (II) 11 320 620 2095
Cu (1D 12 320 620 62 28
Mg (II) 12 320 620 389
N1 (1I) 12 320 620 2702
Sb (III) 3 320 620 15118
Zn (IT) 5 268 410 123

9 268 410 2165

6 3 6 1 Cr (IIT) determination in commercial supplements

The addition of Cr (IlI) to a quercetin solution at pH 3 results in an increase in
intensity from 5 14 to 209 92 at ke 268 nm, Aey 410 nm  The emussion spectrum
achieved for Cr (III) / Quercetin at Aex 268 nm 18 given 1n Figure 6 15 The linearity

of this complex was studied due to the large increase in intensity
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Figure 6.15 Emission spectrum of Cr (I11) / Quercetin and Quercctin at 268
nni at pH 3, 0.25 mM Quercetin, 60% HjO and 40% Methanol.

Using the conditions 268 nm at pH 3, 0.25 mM Quercetin, 60% H20 and 40%
Methanol the Cr (111) / Quercetin complex was found to demonstrate a linear range
between 10 - 100 mg / L with a regression 0of 0.996. This LOD is larger then that
reported by Mulaudzi el al. but the range is much greater having a wider application
[43]. The latter group report a linear range of 1 -25 mg / L. Using the method
described here the chromium (111) content of a commercial supplement was

determined and the results are shown in Table 6.7.
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Table 6 7 Analysis of Cr (1II) supplement

Tablet No Experimental Conc Expected Conc % Recovery
1 196 20 98

2 189 20 945

3 206 20 103

4 202 20 101

5 193 20 96 5

The determination of Cr (III) in a commercial supplement was completed and 1t was
found that an average content of 197 mg / L with a %RSD of 3 4% was achieved
when n=5 Examination of the literature confirms that this 1s the first reported use of

quercetin for the determination of Cr (III)

63 62 Sb (I1N)

The mtroduction of Sb (I1I) to a quercetin solution at pH 3 results in an increase n
intensity from 17 93 to 169 11 at kex 320 nm, Aey 620 nm  The emission spectrum
achieved for Sb (III) / Quercetin at Aex 320 nm 1s given n Figure 6 13 The linear
dynamic range of this complex was found to be 3 — 25 mg / L with a regression of

09952 and a mit of detection of 0 75 mg / L.



6 4 Conclusion

The formation of complexes between quercetin and metals such as Al (I11I), Cu (II), Fe
(D), Fe (III) and Zn (II) have been documented This work represents the first
mnvestigation of quercetin complexes of the following metals Ba (II), Cr (1Ii), Co (1I),
Mg (II), N1 (I), Pb (II) and Sb (III) Both UV / Visible and fluorescence spectroscopy
were employed for the characterisation of metal — quercetin complexes It was found
that quercetin complexes of Cu (II) at 433 nm, Fe (III) at 288 nm, 420 nm and Pb (II)
at 427 nm were formed with M L stoichiometries of 2 1,5 1,1 2and3 1

respectively The other metals mnvestigated had an auxochromic effect on quercetin

Examination of the fluorescence spectra achieved for the metals Ba (1I), Cr (III), Co
(I, Fe (II), Mg (1I), N1 (I), Sb (III) and Zn (1I) was completed It 1s postulated that
the resultant stokes shifis are caused by reduction in probability of non-radiative
energy dissipation processes or the inhibition of the excited state intramolecular
proton transfer The fluorescence spectra of the three metals behieved to form
complexes was nvestigated It was found that only the Pb (II) — quercetin complex
yielded a linear response n the range 0 02 — 1 mg / L. This work represents the first

reported complexation of Pb (II) and quercetin for the determunation of Pb (II)

The formation of metal complexes was mvestigated at pH 8 It was found that all of
the metals formed fluorescent complexes at pH 11 and 12, however, two metals Cr
(I11) and Sb (II) formed complexes at pH 3 at unmque Xex and A,  Using this method,

the linearity of Cr (1I1) and Sb (III) was determined to be 10 — 100 mg / L and 3 — 25
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mg / L respectively with regressions of 0 996 and 0 9952 respectively Utilising this

method the Cr (III) content of a commercial supplement was determined

This novel method of Cr (III) determination 1s more rapid and less expensive than
other methods reported earlier in section 6 1 2 It 15 a selective method of analysis not
hindered by the presence of metals such as Co (II) and Cu (II) as 1s the case of FIA
The analysis of Sb (III) has traditionally been carried out using GFAAS, IC,
voltammetry and potentiometry These methods of analysis make online or remote
sensing impracticable The use of this novel complexation method for the remote

determination of toxic Sb (III} warrants further study in the future

251



6 5 References

1

10

11

12

13

H Lian, Y Kang, S B1, Y Arkin, D Shao, D L1, Y Chen, L Dai, N Gan
and L Tian, Talanta, 62 (2004) 43-50

G Smuth, S Thomsen, K Markham, C Andary and D Cardon, J
Photochemistry and Photobiology A Chemistry, 136 (2000) 87-91

A Gutierrez and M Gehlen, Spectrochimica Acta Part A, 58 (2002) 83-89
H Lian, Y Kang, A Yasin, S Bl, D Shao, Y Chen, L Daiand L Tian,
J Chromatography A4, 993 (2003) 179-185

J Cornard and J Merhn, J Inorganic Biochemustry, 92 (2002) 19-27

F Fusetti, K Schroter, R Steiner, P van Noort, T Pyning, H Rozeboom,
K Kalk, M Egmond and B Dukstra, Structure, 10 (2002) 259-268

A Torreggiani, M Tamba, A Trinchero and S Bonora, J of Molecular
Structure, (2005) article in press

M Bodini, G Copia, R Tapia, F Leighton and I. Herrera, Polyhedron, 18
(1999) 2233-2239

H Sedaira, Talanta, 51 (2000) 39-48

J Zhou, L Wang, ] Wang and N Tang, J [Inorganic Biochemistry, 83
(2001) 41-48

M Veatergaard, K Kerman and E Tamuya, Analytica Chimica Acta, 538
(2005) 273-281

N Sugihara, T Arakawa, M Ohmshi and K Furuno, Free Radical
Brology and Medicine, 27 (1999) 1313-1323

X Poteau, G Saroja, C Spies and R Brown, J Photochemistry and

Photobiology A Chemistry, 162 (2004) 431-439

252



14 M Fernandez, M Mira, M Floréncio and K Jennings, J [Inorganic
Biochenustry, 92 (2002) 105-111

15 N Cook and S Samman, Nutritional Biochemustry, 7 (1996) 66-76

16 G Cao, E Sofic and R Prior, Free Radical Biology and Medicine, 22
(1997) 749-760

17 G Smith and K Markham, J of Photochenustry and Photobiology A
Chenustry, 99 (1996) 97-101

18 B Sengupta and P Sengupta, Biochemial and Biophysical Research
Communications, 299 (2002) 400-403

19 E Falkovskaia, P Sengupta and M Kasha, Chemical Physics Letters, 297
(1998) 109-114

20 P Purkayastha and N Chattopadhyay, Int J Molecular Sciences, 4 (2003)
335-361

21 J Limson and T Nyokong, Aralytica Chimica Acta, 344 (1997) 87-95

22 B Szpoganicz, S Gidaman, P Kong and P Farmer, J Inorganic
Biochemstry, 89 (2002) 45-33

23 M Andjelkovic, ] Camp, B De Meulenaer, G Depaemelaere, C Socaciu,
M Verloo and R Verhe, Food Chemustry, 98 (2006) 23-31

24 S van Acker, D van den Berg, M Tromp, D Grniffioen, W van
Bennekom, W van der Viygh and A Bast, Free Radical Biology and
Medicine, 20 (1996) 331-342

25 A Roshal, A Gngorovich, A Doroshenko, V Pivovarenko and A
Demchenko, J Photochemistry and Photobiology A Chemustry, 127
(1999) 89-100

26 L Dangleterra and J Cornard, Polyhedron, 24 (2005) 1593-1598

253



27

28

29

30

31

32

33

35

36

37

38

39

S Khokhar and R Apenten, Food Chemustry, 81 (2003) 133-140

J Cornard and J Merhn, Polyhedron, 21 (2002) 2801-2810

M Maurya, S Titinchh and S Chand, J Molecular Catalysis A
Chenustry, 214 (2004) 257-264

T Kawabata, V Schepkin, N Haramaki, R Phadke and L Packer,
Biochemical Pharmacology, 51 (1996) 1569-1577

J Esteves da Silva and A Machado, Marine Chenustry, 54 (1996) 293-
302

J Cornard, A Caudron and J Merlin, Polyhedron, (2006) article 1n press
N Nemkovich, J Kruchenok, A Rubmov, V Pivorarenko and W
Baumann, J Photochemistry and Photobiology A Chemustry, 139 (2001)
53-62

P Yiand Y Liang, Chemical Physics, 322 (2006) 382-386

E Sikorska and A Koziolowa, J of Photochemistry and Photobiology A
Chenustry, 95 (1996) 215-221

C Hicks, G Ye, C Levi, M Gonzales, I Rutenburg, J Fan, R Helmy, A
Kassis and H Gaffney, Coordination Chenustry Reviews, 21 (2001) 207-
222

E Sikorska, A Koziolowa, M Sikotski and A Siemuarezuk, J of
Photochemistry and Photobrology A Chemustry, 157 (2003) 5-14

G Estm, J Rama, A Perewra, R Cachau and O Ventura, J of Molecular
Structure (Theochem), 487 (1999) 221-230

M Cuma, S Scheiner and T Kar, J of Molecular Structure (Theochem),

467 (1999) 37-49



40 S Dennison, J Guharay and P Sengupta, Spectrochumica Acta Part A, 55
(1999) 1127-1132

41 S Dennison, ] Guharay and P Sengupta, Spectrochimica Acta Part A, 55
(1999) 903-909

42 T Bahemuka and E Mubofa, Food Chemistry, 66 (1999) 63-66

43 L Mulaudzi, J van Staden and R Stefan, Anal Chim Acta, 467 (2002)

51-60

255



CHAPTER 7

Conclusions and Future Work
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7 1 Progression of Research

This programme of research was driven by the increased interest in health and well
beng, particularly n the role of diet A healthy body has been linked with the
consumption of certain types of food (vegetables) and supplements Researchers have
investigated the antioxidant and nutrient content of food with the exclusion of
germanium  The literature review has identified the antioxidant properties of
germanium and the medicinal properties of ge-132 This work aimed to identify
foods and supplements contamning germanium and develop methods for the
determination of ge-132 The progression of this research 1s shown i Figure 7 1 with

the man advances highlighted
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7 2 Uniqueness of Research

This programme of research represents the development of a number of methods
allowing the determmation of germanium and Ge-132,
e The 1dentification of a novel range of foodstuffs and supplements containing
low level concentrations of germantum using GFAAS
e The application of a unique score system for identification of Ge-132 utilising
mid-IR spectroscopy has been completed
e The first reported reverse phase HPLC methods for the determination of Ge-
132 1n the presence of germanium dioxide

* The investigation of novel quercetin / metal complexation was completed

7 2 1 Development of GFAAS method for Germanium

The development of a novel GFAAS method allowing the analysis of germanium
content in food samples was completed for a range of foods, herbal remedies and
pharmaceutical formulations was completed and presented in Chapter 2 The method
involved the development of digestion techniques for a range of sample matrices
Optimusation of the method was completed with the determination of dynamic linear
range, limit of detection, limit of quantification and characteristic mass In total
germamum was quantified in 28 samples including vegetables such as beetroot (3 23
ng / g), garlic (2 78 pg / g) and potato (1 85 pg / g) and tablet formulations such as

aloe vera tablet (20 83 pg/ g), ginger tablet (9 96 pg / g) and ginseng tablet (5 48 ug /
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g) The nvestigation of such a range of samples for germanium 1s not presented

previously 1n the literature

7 2 2 Quahtative determination of Ge-132 1n foodstuffs utihsing IR Spectroscopy

The application of nud-IR spectroscopy for the characterisation of synthesised Ge-132
has been reported This synthesis of Ge-132 was repeated and the IR spectrum was
compared to commercially available Ge-132  The work present in Chapter 3
represents the first comparative examimnation of mud-IR spectra of Ge-132 and
germanium dioxide  The samples from Chapter 2 were examined by mmd-IR
spectroscopy for the qualitative 1dentification of Ge-132 It was found experimentally
that Ge-132 could be 1dentified 1n garlic, carrot, ginseng root and potato This work
represents the first qualtative identification of Ge-132 1n foodstuffs by IR

spectroscopy

7 2 3 Quantitative fluorescence method for germanium determination

A method was developed utilising 40% methanol containing 025 mM quercetin
dihydrate and 60% dI water adjusted to pH 8 This method yielded a maximum
response at excitation 432 nm and emission 526 nm Using this optimal method 1t
was found that the linear ranges ot 5 — 170 mg / L and 5 — 70 mg / L were achieved
with regressions of 0 9863 and 0 9678 for ge-132 and germanium oxide respectively
It was found that Cr (IIT) and Sb (III) yielded fluorescent complexes at pH 3, 0 25 mM
quercetin, 40% Methanol and 60 % water These complexes were observed at Ae 268

nm, Aey 410 nm and Aex 320 nm, ey 620 nm with hinearities of 10 - 100 mg / L and 3



— 25 mg / L respectively This represents the first reported complexation of quercetin
with Cr (III) and Sb (III) The application of this work allowed the determination of

Cr (I11) 1n a chromium supplement

A HPLC method was developed that selectively detected ge-132 without prejudice
from germanium dioxide This method at pH 3 has a linear range of 10 — 225 mg /L
while two ranges of 10 — 75 mg / L and 100 — 250 mg / L were achieved at pH 4 with
good regression values Both methods are free from metal interferences with Ba (II),
Cr (I1I), Co (II), Cu (II), Fe (II), Fe (11I), Mg (II), N1 (II), Sb (III) and Zn (II) being
investigated Thus represents the first reported use of HPLC — fluorescence for the

determination of ge-132

7 2 4 Characterisation of quercetin/metal complexes

Quercetin has been reported to form complexes with metals such as Al (III), Cu (II),
Fe (II), Fe (1II) and Zn (1I) This work mvestigated the formation of quercetin/metal
complexes not previously reported New complexes mvolving Ba (II), Cr (IiI), Co
(D), Mg (II), N1 (II), Pb (II) and Sb (II1) are reported in Chapter 6 with the fluorescent
and UV/Vis characterisation All of the metals were found to form complexes but
only Cu (II), Fe (IIT) and Pb (II) yielded analytically advantageous spectra The
stoichiometry, linear dynamic ranges and molar absorptivities of these quercetin/metal
complexes were reported This work represents the first reported formation of a
quercetin complex of Pb (II) Under excitation of 426 nm and monitoring of emission
at 487 nm Pb (1I) was found experimentally to have a linear response 1n the range 0 02

— 1 mg / L. with a regression of 0 9924



7 3 Future Research

The results of this programme of research have 1dentified a number of novel research

opportunities These opportunities for further research include

Expansion of sample range for GFAAS analysis,

Expansion of the sample range used for the identification of Ge-132 using IR
spectroscopy

Determination of ge-132 n foodstuffs by application of the designed HPLC
method and comparison with results of IR spectroscopy,

Completion of an ethnopharmacological study of the medicinal applications of
traditional Irish foods and correlation to Ge-132 content,

The synthesis of novel germanium compounds based on Ge-132

The investigation of the chemotherapeutic properties of the novel germanium
compounds

Investigation of a wider range of metals for the formation of quercetin
complexes,

Investigation of the use of quercetin for the simultaneous determination of a
range of metals by FIA and HPLC with uv/vis and fluorescence detection,

The design of prototype sensors based on the selective reactions found in this

research — particularly for Cr (III), Pb (II) and Sb (11I)
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7 3 1 Ethnopharmacological study

It 1s proposed that future research would analyse the ethnopharmacy and traditional
pharmaceutical knowledge of rural Irish commumities The study would focus on the
identification of natural materials from which a remedy is reportedly produced, the
preparation of the remedy and the mode of application of the remedy to the affected
person Fresh specimens would be gathered and these would then be subject of
further investigation for ge-132 content It 1s proposed that this information would be
gathered by mterviewing people who still retain the traditional knowledge of natural

remedies

7 3 2 Synthesis and analysis of novel germanium compounds

It 1s proposed that the synthesis of novel germanium compounds based on Ge-132 1s
completed Using the method of Ge-132 synthesis as a template and by changing the
starting materials, namely the o,  unsaturated compound, the formation of novel
compounds will be investigated The a, B unsaturated compounds used will be chosen
to investigate the effect of

1 Changing the number of carbons

2 Changing the position of the carbons

3 Changing the functionality
The novel compounds will be applied to cancerous cell lines and the results achieved

will be compared to Ge-132
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Conferences attended and Poster presentations
6" Science and Computing Research Colloquium, June 2002

Novel organo-germanium complexes as alternative chemotherapeutic agents

56" Irish Universities Chemistry Research Colloquium, June 2004
Graphite furnace atomic absorption spectroscopy for the quantitative determination of

germanium 1n real food samples including Chinese herbal remedies

Analytical Research Forum, June 2004
The design of a graphite furnace atomic absorption spectroscopy method for the
quantitative determination of germanium in real food samples ncluding Chinese

herbal remedies

Reaction Mechanisms VII, July 2004
The synthesis and characterisation of novel germanium sesquioxide compounds as

potential chemotherapeutic agents

Publications
The Irish Scientist Year Book, 2002

Novel organo-germanmum complexes as alternative chemotherapeutic agents

Food Chemistry, 2005 1n press, available online

The determination of total germanium 1n real food samples including Chinese herbal

remedies using graphite furnace atomic absorption
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The determination of total germanium in real food samples
including Chinese herbal remedies using graphite furnace

atomic absorption spectroscopy
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Thk paper outline* the dewkfuncnt ci a method for the delernor_ilicii o f total prrminjuni in foodtlu&i ubJasif graphite fur-
nace aton a: abaocption It v x found that by varying the dryng time* sitetfereccot could bernm *n*«| Metak indudng cairimn,
cobalt,copper. magnet*«, nickel, lead and zinc were letted for potentialinterference* It *au found expenmentally that none o f the
lated metal* interfered with that method The optimal funaoe condition.« *eie determined to be; drying for #0* (85*C for 10a,
95*C for 40 axnd 120 C for 10a), jahng at 7(0 C for 8* jnd alotmaUon at 2600 T for 13 afollowed by a tube ckan for 2 a
at2W 0*C -aid i lampcurrent of 5mA for analyaa at 2652 nm. The method waa found to haw a hnear range 0f3J 125 ug/1w*h
a bout ofdetection ar.d acharacterailk nuat 0f0.051 jndOQS3 nggerm-BUum, respectively The ajmpk*cho*en for analyak include
vegetable«, fruit jnue*. Chine* herbal remediea and over the counter formulation* It wa found that the aloe veta U bkt. gnaeng
labkt jnd gr.ger tabletcooLamed 2083, 5.48 and9.96]ig/g Other fooda found tocoulan grtnunium nett potato, garhe and car-
rot. havng 185,279 xul 060 ug/g of germanium The food found to contan the highetl concentration of grtmmium waa Soya
mace havng 9.39 ug>g
C 2005 hia*viex Ltd. All righu reserved.
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I.  Introduction ural killer cdls <NK cdk) (Montenegro, Bonnia, A

Dcdercn, 1996). It has the overall result of activating

In a healthy body cel« with cancer potential are con-
tinuously formed and destroyed by the bodies own
immune system. this is a process known as immunomoJ-
ubtion Carboxyethylgermanium sesquioxide orGe-132
exhibits a numher of biological activities that have a
wide variety of applications in the health care industry
(Aso et al., 1985). The immunomodulating activities of
Ge-132 have heen identified as the protection of inter-
feron and the killer T cells and the augmentation of nat-

* (onetpaaiinjinter Tel; -353 11005165. fa t 353 : 1005i0l
Fmod jkiiréjt. asairtfAajvica * tT Rejoin

olwt t.V.te vefwin maer <3005 | Isever 1*1 Al njftlt rewnwl
dtclOQOlk./) JoodchemJD0505011

the body’sown immune system to destroy non-function-
ing or malfunctioning cels aich astumour cells. Ge-132
exhibits activities other then those immunonjodulating
ones outlined, h has been shown to have anthinlomma-
tory, anti-arthritic and photo protective effects (Brut-
kiewicz A Suzuki, 1987). This work aims to create a
direct method for total germanium to identify foodstuff*
and over the counter remedies that contain germanium
allowing for further extraction of Ge-132.

The intake of nuaoniAricnis and antioxidanls has
been studied with a view to understanding their chemo-
therapeutic behaviour and their cancer preventative
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properties (Shirai, Asamoto, Takahashi, A Imaida,
2002). Chemotherapeutic behaviour isaimed at destroy-
ing an existing tumour while preventative behaviour
aims at suppressing the formation of a tumour. A
healthy diet provides sustenance and nourishment for
growth, development yielding health and wel-being
(Hambly, Saunders, Rijken, A Rowland. 2002; Bush A
Wiliams, 1999). It has been suggested that the develop-
ment of tumours ii the resultofa poor or malfunctioning
immune system (Stake, 1999). Studies have reported an
inverse relationship between the consumption of green
vegetables such as broccoli, cabbage and cauliflower
and other veptables such as garlic, onion, tomatoes
and caiTots and cancer formation has been wel docu-
mented (Manson, 2003; Greenwald, Clifford, A Milner.
2001). This tumour suppression has been accounted for
by the presence of antiosidants in the vegetables (Ames,
1998). The antiosidants counteract the production of
Tree oxygen radicals as aresult of radiation or anaerobic
conditions in the body (Stoll, 1998).

Graphite furnace atomic absorption spectroscopy
(GFAADS) or electrothermal atomic absorption spec-
troscopy is a microanalytical technique based on the
Beer-Lambert's law used Tor the analysis of total met-
als (Butcher A Sneddon, 1998; SaHin. 1968). GFAAS
is a widely used technique and can he applied to both
sold and liquid samples without complex sample
manipulation prior to analysis. The versatility of
application from environmental samples to food and
drug sanples coupled with its low limits of detection
make it an ideal instrument for the analysis of a wide
variety of samples (Deaker A Maher, 1999; Tan A
Marshall. 1997). It has been applied to the analysis
of metals in samples such as dogfish to haby food
(Lima, Barbosa, A Krug, 2000; Silva, Wllie, Stur-
geon. Santdli, A Sella. 1999, Scoog, Holler. A Nie-
man, 1998; Vioas, Pardo-Martines. A Hernandes-
Cordoha, 1999).

This work aims to develop a method for the analysis
of germanium in foods utiising the drying temperature
as a means of reduction of interferences This optimised
method was applied to a diverse range of samples
including vegetables, liquid extracts and commercially
availahle tahlct formulations. Analytical validation is
not possible as certified reference materials for the sam-
ples tested are not availahle.

2. Expt-ism*«al
2.1. Reagents

All experiments were carried out utiising analytical
reagent grade chemicals using deionised water A
1000 mg 1" stock solution of ICP grade germanium
wes purchased from Reagacon (Shannon, Ireland).

Tahfc i
Graph* fannerw M al coadm aiitra la «codili))

Sttprum Is<c 700*C 2600*C 2»0<C
Dnrwe »* 10* 10i
ca
Auaaaaauoa Ui
Taheclru 2a

Working solutions weie prepared by the appropriate
dlution of this standard stock solution.

Concentrated sulphuric add, nitric add and hydro-
chloric acid were used for the digestion of samples (Sig-
ma Aldrich, Irdand).

2.2. Apparatus

Absorbance was achieved and monitored using a
Varian GTA | 10equipped with a programmable sample
dispenser (PSD 55) and acoated graphite partition tube
(Varian) with wall atomisation. The source of radiation
used was a germanium hollow cathode lamp. Table |
shows the GFAAS furnace analysis conditions.

2.3. Samples

Table 2 depicts the samples analysed and the source
for each sample.

2.4 Sample preparation

2.4.1. Fresh samples

For the purpose of this study fnit. vegetables and
plants are termed fresh solids. The sample was first
washed in ddonised water and chopped into snall

TiMt2

i he tunpie>uuJnad ud the tame* adcad

Sisapkf x u a titvjw Some

Ftoh toaaato Sapenmrta avaitbk » K

Saperaurtet ivjilihie wfcK

Onora pepper Sapenmrkct arubhle wiiek

YeBow pepper Suprniuxaei available »»IcS
Red pepper Saprnmrket available wnfcK
Freth cartat Sapermarkei  available »ulcN
P otilo Supermarket iviiiih ir »xIrK
Gaffa Supermarket im iliir » *IrK

Opprm» herb Cime for aHenutwe ar& ae

Doagquu Cloac foraverminr mediar
Pchuueea <tane forahenuinr nrd cjr
Gager uhka ( kac forahenuinv rirvti. me
Siherua Grneai «traci Ctaac forikeraumacdcae
Ganeng Ouraaic Sappfaei Co Isa. Irmene»
Baahoa (hox Oceaaic Suppbei Co |jd . Iranenei
iiWw tur IfcaJt~ x| Store

Tvp tan mace llea**««! Stare

Pearl harirv Ifcikfcfo&Jd Stnre

IJeadt*vd Stare
lleaJtMwt itane

AJw t«n tihlrt
Gsneaijt tahlrt
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proes A 5 gquantty of the samplk wastmnsferred toa
250 ml round bottom flask fitted with a Lichig con-
denser To ths appamtus 20ml of a 101 ratio of con-
centrated mtric and sulphuric acd was added The
digest was allowod to stand for 24h afier whih time
the solvton was heated gently to boilng The digest
was refluxed untl al) the vapour turned from a brown
to a white plume at wlach pomt the condemser was re-
moved The sample volume was allowed to reduce to
about I m! followed by the addition of 10 ml of daion-
1sod water The sample was redwoed to approx | ml, al-
lowed to cool and transferrad to a S0 ml volumetnie
fiash

242 Dehydnrted samples

These mclude drug formulations and dried foodstnfi
such as flour The sample was ground up to a fine pow-
der In the casc of drug formulations 5 tabkis were sed
inall cases A9 | g waight ofthe powder wag tramfe med
to an cvaporating dish and 10m! of mtnc ackd was
added The digest was brought to the boil and the vol-
ume was redooed to 1-2ml To thus 1 ml of perchlone
aad waz added and the digest waz redixed to drymess
A 20 m! volume of deionsed water was added and the
vohime waz agam redoced to almest dryress followed
by transfer to a 50 ml volumetnc flash.

243 Lguid samples

Tlus group of samples mclodes froit juces The frut
Jmoe carten was shaken pnor to openmg and 10 m! of
the juke sampk was transferred to a glass vile apd oen-
tnfuged for 40 min. After this tme the supematant was
removed and tramsferred to a S0ml volumetre flask
The samples were spbsequently dilutoed as requmrsd

3 Results and discussnn

Ths stdy involed the optmusabon of a GFASS
method for the determination of germanium in foods
A digestion method was developed fora variety of sam-
plksto obtam a consitent matrix, negating the need for
complkx matching techmgues Tle optinusation of
GFAAS 1nvolved the modification of drying times and
temperatues and lamp intersity

31 GF445 devig thmee and @mparaure

Tle drying bime 15 descrihed as the time required for
the evaporation of the hquid plase of a sample cnating
the remainung solid phase onto the mrer surfaoe of the
tuhe If the temperature is too lugh it msults in apd
drying and sputicring of the sample throoghout the wbe
and nito tle quartz windows 1n a random and irrepro-
dvahlk manrner The leads to lormation of the atomc
cloud 10 differing reglon of tle tnbe Far snbiequent sam-

pks, resulting 1n difermg absarption readings for sim-
lar concentrations of the metsl It 5 important to use
a temperature that dries the sample but does not camse
sputtering The drying stage can be wad to mummuse
the formation of potential and ceal interferenoes, ;v par-
ticular the formation of refractory compounds of the
metal To roduction of errors resulting from sputtering
and from the formation of refractory compoundz can
be achieved by utlsing a lower drying temperature for
an extended period of ime

The drying tem perature nsod 18 dictated by the boiling
point of the ample matrix, 1n thiz case water The drying
umes allocated to the stags at 95°C and at 120°C were
long cnough to reduce sputtenng and interfere noes from

refractory complex formation and stll remam econonu-
cal The absorbance and reproducibility of samples were

studied for differing imes nmamely 3, 14, 20, 3¢ and40 s st
85 °C The effcts of difierent drying times on the absor-
bance and %RSD values were stundled It waz found that
increasing the tome has the effoct of iIncmasmg the absor-
barce readings and decrcasing the relative standard devi-
aton. It has been determuned that at drying times of S
and [0 s thx sample absorbance 15 low and the %RSD
13 high comparad to the results obtained for 20, 30 and
40 8 As a corsequence bath of thase drying times were
ruled out for use 1n the optmused method Sonilar re-
sponses were achieved after 20, 30 and 40 s n regards
to absorbance and %RSD values To further determune
the optimal drying ume 1t was deaded to viually mspoct
the sigral output achkved

Fig 1A shows that by incmasing the drying tmes
causes the formation of a saxcondary peak after the do-
sirad germagum peak. Ths sccondary peak 1s formed
afier 205 drymg and ncreasesto give a largar respons:

i

)

“

-

238
A

Fig ¢ The remponses due o 2tomuganon of the tvo sample =ath
maeasmg drymg 1umer The dimg tmer are marezang from op to
hotomm theorderof 2} 51 (W Wa w204, «d}J0aand (et W5 (A}
n the remqonse v doeved for @mat diget and BB the reqpanse for
Gmreng uhln diget n= 2,
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|
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The formation of thii secondary peak may indicate the
formation of a weak refractory compound or may indi-
cate the presence of another metal in the sample (Butch-
er A Sneddon, 1998). Thii secondary peak occurs in a
region of little importance and has little cficct, Le, a
non-read region. The ginseng tablet digest shown in
Fig. IB 4iows no such seoondary peak formation.

The formation of such a secondary peak could lead to
potential interferences. Examination of the outputs re-
veals that the secondary peak formed is further resolved
from the main atomic peak after V) sdrying compared
with 20 and 40 s (see Fig. |A). It should also be noted
that the secondary peak is lessintenseafter adrying time
of 30s compared to the 20 and 40 « drying tiroes. The
combination of these results in conjunction with the
absorbance and %RSD achieved at each drying time
suggests that a drying temperature of 85 XT for a time
of 30s yields the optimal response (Butcher A Sneddon.
1998).

3.2. lunrp ntensty

The intensity of the radiation required to pa«
through the graphite tube depends on whether the ger-
manium is a high absorbing or weak absorbing species
(Skooget al, 1998). If the intensity is not optimised then
maximum ahsorption of radiation by the atomic doud
will not occur. To thii end the ahsorption of germanium
standirds in the range 0 to 25 My t~1was monitored over
live bmp intensities in the range 3-7 mA. It was found
that an increase in the lamp intensity from 3 to SmA
yields an increase in absorption of the germanium stan-
dards. It was found also that increasing the lamp inten-
sity above 5mA has the effect of yielding lower
absorbance readings. These results suggest that the lamp
intensity yielding maximum absorbance is SmA.

3.3. Lineanty

The linearity of the method was investigated and the
linear range for the optimised method was. determined to
be 3J7-125 MyH , with » Rlvalue 0f0.9982 <«= 3). It
was found increasing the germanium concentration
above 125 Mg T ! leads to non-adbeience of Beers law
(SkoogA West. 1996). A positive interference is caused
by increasing the germanium concentration above
125 MyI" I It is not expected that the samples germa-
nium concentration will exceed 125Mgl* 1 as a result
the inear range of this method is acceptable.

3.4. l.»ruto fdetection

The limit of detection was determined to be
3.37 Mgl ' 1nr0.051 ng germanium based on a 15ml injec-
tion The limit of detection was determined based on a
signal of thicc time» the standard deviation of the blank.

3.5. I"nit o f quantification

The limit of quantification was determined to be
20 Mg1“* or 0_3 ng germanium based on a 15 \A infection.

3.6. Characteristic mass

The characteristic mass m defined asthat mass of de-
ment that yiddi an absorbance of 0.0014 and is calcu-
lated (Butcher A Sneddon, 1998). It was found
experimentally that the method has a characteristicma*
0f0.053 ng germanium.

3.7. interference study

A number of metals were investigated as possible
interferents. These indude caldum, cobalt, copper, mag-
nesium, nickd. lead and zinc (Chang, Sung, A Huang,
1999; Denkhaus A Salnikow, 2002; Taylor, Branch,
Halls, Owen, A White, 2000).

Two concentration of each of the seven metals were
tested, 1000 and 100 Mgl~* The absorbance and repro-
ducitiity of the metal concentration was monitored. It
was found that all the metals had low absorbance read-
ings and high "/«RSD's. The visual inspection of the sig-
nal outputs reveal that none of the metals, exduding
1000 Myl-1 magnesium, resulted in a consistent signal
output i.e. peak.

The response due to 1000 Myl~! magnesium, shown
in Fig. 2, is simiar to the response resulting from
2MgT germanium with %RSD of 17.1%. It was found
that the response due to magnesium occurred after the
germanium response in a non-read area. This suggests
that magnesium wl not interfere with germanium anal-
ysis hut wil appear asa weak peak after the main peak.
Reducing the concentration of magnesium to 100 Mgl” 1
has the cficct of eliminating any response. Ai a result of
the interference study it can be conduded that none of
the metals tested had the capabilities of hdng a possihlc
interference.

To minimise all possible interferences a digestion
blank was created using the same chemicals and diges-
tion technique as used on the samples. It was found
that the blank yidded a response similar to that
achieved for water. For the purpose of matrix match-
ing it was assumed that the digested samples had the

a t. T ME* w

Tan 2i
Fig | P\ ngaal rwpoatt xclatved wineaa uX>a;f 1liti-n.lir.I of
aaafneuioa » u n*n jadrr iptsruJ cond**» <4rvag far w)t. iihay

fort « aai av>auutk->a for | iafalLmad byx tuKickrinfor 2i«Ska
limp current o(i MA xaj jaxKu» at Ifci2 am

269



U UtMakm a al | Food Cktmutry 97 (2006) 411417 41S

time consistency as water, biased on the hlank analysis
A certified material has not been used to verify the
accuracy cf the method, as a suitable sample of known
Ge content m not available.

3.8. Sample analyas

Data reliability is maintained through the use of stan-
dard additions method for sample analysis. The method
outlined previously for the determination of total ger-
manium was applied to the samples listed in Tabic 3.
The type of sample tested induded vegetables, herbal
remedies, pharmaceutical formulations and Chinese
foods. The optimised method was appfied with success
directly to the «Sgetfs of this wide variety of samples.

The increase in eastern medicines and herbal treat-
ments has lead to the devdopment of a number of over
the counter plant based formulations. It is noticeable
that the tablet formuhtiom (aloe vera tablet, ginseng
tablet and ginger tablet) have a much hi®ier germanium
concentration compared to the fresh samples and re-
quired further dilution to alow for accurate analysis.
Such high germanium concentrations was expected as
tablet formulations, marketed as “one a day”, are in-
tended to give a high percentage of the recommended
daly allowance of vitamins and rainerak

3.3.1. Herbal remedies

A comparison of some heibal remedies has been
conducted including peppermint herb, ginseng tablet.
frcdi ginseng and bamboo shoot. It was found that the
aloe vera tablet contained the highest amount of total

Tab* >
Totd jrrmiaura conte* oiunpbi determined bv GFAAS undo
ipiaiui coKlitkw

Saacfe Nia« Concentrat»» «JLSD
Toauto 0J6 111*
Onwo 029 ™
Green pepper 016 611
Yeftmr pepper 02« not
Red pepper 0.4* 1546
Gaffe 2 « 927
Carrot 060 149
Potato IAS 400
Aloe vera tablet VLtt 16)
Gmrag obltt 54» 10TT
G «per tablet 946 6JO
Peppermint herb U6 1210
Doopquaj 04% 140
Trinuea S21 2410
Sinerun <in«ni 0JS TOO
Gmvitw root ow 140
Bamboo U»ot 042 24)
Sova Im r 164 440
lvp «ovamace 4 » 515
Pearl bark« 7.10

Throe nqthaui of each «impie type each a&Jmd m triplicate to
uormm hr mtiril viruire

Fig t Csnpim eiyrnii— ow ntitn et phatiuni m
ChHwc herhil rasedr* PM  Pcppemait herh. DQ - Donp gnu.
Rck Ftkixtc, SB M<nu ;0*Dg «tract. OR - O anj root.
RS- kahnA iW t, S Son (bar. TSM Soyaaaa aad PB -
Paul bariw

germanium having between 20.05 and 21.95 pgg"1(see
Fig. 3). Ginger and ginseng tablets contained leu germa-
nium having between 6.5 nd 12.92 Mgg“land 5.08 and
6.26 Myg- respectivdy.

3.8.2. Gnseng

The comparison of the germanium content of ginseng
tablets, fresh ginseng and Siverian ginseng extract was
conducted. It was found that ginseng root contains be-
tween 0.35 and 041 MI8* total germanium and the
Siberian ginseng extract contains 0.38 Mgg“1 germa-
nium. The difference hetween the upper and lower ger-
manium concentration in the ginseng root results from
the analysis of different roots. It is interesting to note
that the Siberian ginseng extract has a germanium con-
centration in between the range achieved for the fresh
root Th» may suggest that the maximum amount of
germanium retained within ginseng ij within the range.

These concentrations of ginseng root and extract are
much lower then those achieved for the tablet formula-
tion. This was to be expected as the tablets are much
more concentrated heing formed from the dehydrated
plant. Only one tablet is required daiy whereas 100g
of fresh ginseng could he consumed on a daly basis.
Taking this into consideration the amount of germa-
nium in the tablet is almost equivalent to the daily
intake of germanium from fresh ginseng. The germa-
nium concentration of bamboo shoot was also con-
ducted and it was found experimentally to contain
0.42-0.43 Mgg-1 germanium. This concentration of ger-
manium is within a similar range as that achieved for the
fresh ginseng and the ginseng extract.

3.3.3. Soy-aproduits

It was found that soya mince contained a concentra-
tion of germanium similar to the tablet formulations. It
was found to contain between 9.35 and 9.45 Myg™! ger-
manium. Soya flour was found to contain between 3.42
and 3J71 |tg g** germanium. Both soya mince and foya
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flour are products derived from the «oya bean Other
samples to he tested include pearl barley (US-
I~ g f“1 germanium), peppermint oi extract
(2.56 Myg_| germanium). Echinacea<621 Myg_| germa-
nium) and Dong quai (0.43 Mgg” germanium).

The samples chosen have all been reported to yield
some therapeutic properties in patients. These properties
range from anti-viral to anti-inflammatory and are us«d
in the treatment of a diverse range o f ailments such as
irritable bowel syndrome (peppermint herb) and the
common cold (Kang, Ansbhacher, A Hammoud, 2002;
Pitiler A Ernst, 1998).

3.8.4. Fresh legetuNes

The comparison of the average germanium concen-
tration of widely available and commonly used fresh
vegetables was conducted, shown in Fig. 4. The com-
parson of thai group has revealed that garlic contains
the largest concentration of total germanium having
2.79]igg"1 Garlic has boen reported to have a num-
ber of medicinal properties, in particular the ability to
boost the immune system. Other foods studied include
tomatoes (0.3-0.39 Mgg"* germaniian), onions (027-
0.32 Mgg"1 germanium) and carrots (0.57-0.62 Myg_|
germanium). It is interesting to note that potato was
found to contain 1.85 Myg“1 germanium. The determi-
nation of total germanium in potato has not been car-
ried out previously.

3.8.5. XutumHy coloured food

The relationship that food colour has on germanium
absorption and retention was studied by the compariwn
of germanium content o f three coloured peppers, Fig. 5.
It was found the green pepper contained the least
amount of germanium (O.15-0.17 Mgg'S and red pep-
per contained the most (0.43-0.56 Myg"1 with yellow
pepper falling in between <0.25-0.32 Mgg germanium).
The pigments contained within the peppers are (1-caro-
tenes and the differing colours result from different pig-
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ments. It has been reported that groen peppers contain
lutein, yellow peppers contain /eaxanthin and red pep-
pers contain capsanthin. Upon examination of the struc-
ture of there three compounds it is apparent that
capsanthin is more polar compared to luetin and zea-
xanthin. Zeaxanthin is more polar than luetin, the polar-
ity of the compounds may be the key to germanium
absorption and retention. This rdationuhip between fi-
earotenes and germanium uptake is again suggested by
the high concentration of germanium in the carrot sam-
ples (Breithaupt, 2000; Homero-Medez A Minguez-
Mosquera, 2001). Excluding the garlic and potato sam-
ples it was found that the concentration of germanium
in the fresh vegetables was simlar to the concentrations
of the fresh Chinese samples.

3.8.6. Fruit juices

The germanium content of a number of commer-
cially available fruit juices was examined Fruit juices
are a suspension of fruit particles and juice. The pre-
treatment process utiised aims to remove the particu-
late matter from the liquid phase. In doing so the solid
particulate is discarded, this means that only the Squid
phase is kept. The results obtained for the study show
that grapefruit and orange juice contain similar total
germanium concentrations. These germanium concen-
trations are higher then the other two samples. Both
oranges and grapefruit are both classed as citrus fruit
while apples are classed as malaceous fruits and pine-
apple dassed as miscellaneous fruits. It has been sug-
gested that germanium forms a complex with natural
sugars such as fructose and mannitol (Chen. Mou,
Yan, A Ni, 1997) such a result may suggest a complex-
ation with natural adds.

4. Conclusion
Given the rccent increase in health awareness the coo-

ler« of food and pharmaceuticals is bdng hrought into
question. It h necessary to develop methods to allow
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the publiz to make informed decsions regarding foods/
pharmaceuticals based on ther content A methad for
the quanttative determunation of germamum 1n a widc
variety of foodstufs and pharmaccutical formulations
was developed Utbsing this method, germanum was
found to oocwr n 24 sampkes tested These amples n-
clud: over the connter tabkt formulation of aloc vera,
@omeng root, garlie and potato It was found that the
concentrabon of germanmm in the fresh food samples
was 1n 3 simular range as that of the freah Chinese vepge-
tables, 9 29-2 78 pg g

Further investigation o the relatiomslup between
pigment and germanmm retention 8 being camaod ovt
following the comparton of the germamum concentra-
ton of thee diftrent coloured peppers.
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Ge - 132 Synthesis

The synthesis of ge - 132 has been attempted utilising five separate methods, outlined
below. The production of the compound has been successful using two of the five
methods;

1. The reaction of trichlorogermane with acrylic acid in an excess of
hydrochloric acid followed by hydrolysis (Norihiro Kakimoto, Synthesis 1985,
3.272-274)

2. The reaction of methyl trichlorogermane with acrylic acid in an excess of
hydrochloric acid followed by hydrolysis (modified from Norihiro Kakimoto)

3. The reaction of ethyl trichlorogermane with acrylic acid in an excess of
hydrochloric acid followed by hydrolysis (modified from Norihiro Kakimoto)

4. The complex reaction of germanium tetrachloride with acrylic acid and
tetraethyl disiloxane

5. The reaction of germanium dioxide with sodium hypophosphate hydrate in an
excess of hydrochloric acid followed by the addition of acrylic acid and

hydrolysis ofthe solution (Chinese Patent)

It was found that only method 1and method 5 resulted in the production of ge - 132.
Method 1 involved the reaction of trichlorogermane with acrylic acid in an excess of
hydrochloric acid. This reaction was carried out at 14°C + I°C. This resulted in the
formation of a white solid precipitate which was conlirmed by I.R. to be bis 2-
carboxyethyl germanium sesquioxide. Method 5 required the addition of germanium
dioxide and sodium hypophosphite to an excess of hydrochloric acid. The mixture
was refluxed for two hours at 100 °C resulting in the formation of germanium

chloroform. The liquid chloroform was allowed to cool to below freezing and acrylic
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acid was added A white precipitate formed instantaneously The mixture was
allowed to cool for 3-4 hours and the precipitate was filtered off and hydrolysed

forming ge- 132, confirmed by [ R analysis

Methods 2 and 3 were variations of method 1 It was hoped that germanium
chloroform would be formed with the release of methane and ethane respectively
The reactions were attempted using the same conditions as method 1 It was found
that under these conditions no reaction occurred The temperature of the reactions
were ncreased to mvestigate if this resulted in any reaction, this too failled The
amount of acrylic acid was varied to make 1t in excess with respect to the germanium
compound and vice versa with no compound formed The fourth method was a
complex reaction between germanium tetrachloride, tetracthyl disiloxane and acrylic

acid over fourteen days This didn’t result in the formation of ge - 132

Overall Reaction mechanisms

The first stage of this synthesis 1s the formation of germanium chloroform
Germanium dioxide 1s transformed into trichlorogermane by its reaction with
hydrochloric acid in the presence of sodium hypophosphite hydrate Figure B — 1
shows the overall reaction of trichlorogermane with the a, 3 unsaturated to form

germanium chloroform
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R1 R3 R1R3

— + HGeCl, — Cl,Ge COOR,
R2 COOR R2 H

Figure B-1 Overall reaction for the formation of Germanium chloroform

The mechanism for this reaction 1s electrophilic addition with the trichlorogermane
forming a dipole in the presence of the «, B unsaturated and excess hydrochloric acid
The negative portion of the molecule attaches to the less substituted double bonded
carbon having the effect of breaking the double bond This gives the new compound
a negative charge and results 1n the instantaneous reaction with hydrogen radicals to

form germanium chloroform

R1 R3 R R3
— + H GeCl, — R2
COOR
R2 COOR GeCl,
RA1 R3 R1 R3
RZ‘H + H . CI3Ge44——{ COOR,
GeCIs COOR R2 H

Figure B -2 Reaction mechanism for germanium chloroform production

The germanium chloroform 1s then hydrolysed to produce germanmum sesquioxide, as

shown n Figure B - 3
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R1R3 R1R3
ZCISGe~’——‘{>COOR4 + 3HO0 — 0,| Ge COOR,
R2 H R2 H
2
R1 R3
ZCiaeeﬁ*——’—COOR4 + 3 H,0
R2H
R1 R3 R1R3
BCl Ge COOR, + 3HO 3HCl + O, Ge COOR,
R2 H R2 H

Figure B —3 Hydrolysis of germanium chloroform
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