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Abstract  

Uranium decontamination gains a great importance with the spread of 

nuclear waste in both soil and water systems across the planet. All known 

remediation methods of uranium can be exclusively based either on synthetic 

materials with high adsorbent power and known physical chemistry or life 

organisms by which the uranium eventually accumulated inside their tissues. In 

the present thesis, it was attempted to design a rational approach for uranyl 

removal primarily from waters using the reducing potential of quercetin, which is 

a plant-derived small organic molecules, along with its photochemical activities. 

Such approach, which is neither a fully synthetic nor an organism-based 

approach, was chosen here to avoid disadvantages with both traditional 

strategies. Here, complexation experiments were designed to assess the use of 

uranyl-quercetin complexes for the photoreduction of water-soluble U(VI) to 

insoluble U(IV) by comparing absorption properties of uranyl-quercetin 

complexes in acetone, water, and hydrophobic bilayer lipid vesicles. 

The UV-vis data show that uranyl quercetin complex can form in both 

hydrophobic and hydrophilic environments. In both cases the B-ring band in 

quercetin structure becomes reduced, red shifted and a pronounced absorption 

arises in the 400-500 nm range. Such data suggests that U(VI) binds at the 3-

OH and 4-carbonyl of ring C of quercetin.  

Interestingly, the results of UV-Vis spectroscopy part hint at a crucial role 

of a stable or transiently ionized hydroxyl for the efficient uranyl-dependent 

photodegradation of quercetin. FTIR spectroscopy absorption changes further 

demonstrates that the UV-vis-spectroscopic changes are indeed accompanied 

by changes in the chemical structure of the complex as expected for a uranyl-

dependent photodegradation. IR data thus suggest that U(VI) becomes reduced 

by the photoreaction, rather than merely changing its coordination shell. The 

frequency shifts in the C=C and C=O absorption range on the other hand are 

consistent with changes in force constants rather than bond breakage. Upon 

illumination condition, uranyl quercetin complex in water forms a dark precipitate. 

Uranyl precipitation and the disappearance of U(VI) IR absorption bands upon 
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illumination further demonstrate that uranyl acts as a redox partner rather than a 

catalyst in the photoreaction of quercetin. 

The formation of uranyl-quercetin complexes in the presence of lipidic 

phases has been addressed experimentally. The complex is partitioned into the 

hydrophilic/hydrophobic interface of liposomes. Its electronic absorption 

properties are influenced by the degree of hydrophobicity provided by the 

adjacent lipid headgroups. The preference of quercetin to associate with 

hydrophobic microenvironments can thus be exploited to transfer uranyl to the 

lipid water biomolecular interface. Illumination of the uranyl-quercetin complex in 

the presence of different liposomes has been performed in this study for the first 

time, to the best of my knowledge.  The data provide evidence that again uranyl 

is a redox partner for the photodegradation of quercetin also in this 

microenvironment. Uranyl in an oxidation state smaller than VI is unsoluble in 

water. Therefore, its quercetin-mediated photoreduaction of uranium provides a 

method to transfer soluble uranium to the liposome and stabilize the reduced 

photoproduct. Thereby, uranyl could be removed from solution in an insoluble 

form using cheap natural compounds. 

The binding site assignment of uranyl-quercetin complex in acetone have 

been verified here using NMR spectra and DFT theory. NMR Spectra showed 

that the observations of broadened and narrow bands in the NMR spectra of 

quercetin, upon complexation with uranyl, support an intramolecular exchange or 

site exchange within the quercetin molecule. Moreover, the complexation takes 

place around the carbonyl group with U(VI) exhibiting two possibly coordination 

modes, involving the carbonyl and the adjacent O(H) groups. This has been also 

confirmed from the DFT calculations. 

Finally, interaction experiments of uranyl-quercetin complex with DNA have 

been performed to assess an alternative uranyl-trapping and photoreduction 

system. The data show that consecutive addition of quercetin and uranyl 

destabilizes DNA. However, a preformed uranyl quercetin complex has very little 

effect on DNA structure. On the other hand, quercetin and uranyl appear to bind 

to DNA as a preformed complex in the loop portion of hairpin DNA. Therefore, 

also HP DNA is expected to be a suitable but less effective trapping system for 

the uranyl quercetin complex and its potential photoproducts. 
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 Chapter 1: General Introduction  

The thesis investigates the complexation of uranium with small molecule 

found widely in plants. Such a complex has the potential for the removal of 

uranium from contaminated sites in the environment. Therefore, the following 

section describes the sources and properties of uranium in the environment and 

briefly reviews existing methods for remediation purposes.  

1.1 Sources and consequences of uranium in the envi ronment. 

Uranium is a toxic radioactive element. It is usually found in the 

environment in the hexavalent form. Excessive amounts of uranium have entered 

into the environment through the activities of nuclear industry (Benedict et al., 

1981). The major concern related to safety of nuclear industry and nuclear waste 

disposal is the transit of uranium and other radionuclides into the food chain. The 

crucial step is its transport from the primary site of production and disposal to 

distant locations where uncontrolled propagation can occur. In this regard, the 

contact with groundwater is a critical factor, because of the potential gain of 

environmental mobility and possible contamination of drinking water. Parameters 

that affect the solubility of uranium have therefore been studied and are directly 

related to its speciation, i.e. the chemical form in which uranium exists in solution 

(Bernhard et al., 1998) . Both, the oxidation state of uranium, which can vary 

between VI and IV, as well as the presence of inorganic and organic ligands 

dramatically, affect its solubility and thus its mobility in the environment. In the 

case of high mobility and concentration, uranium disposed into the environment 

may reach the food chain and, when ingested by humans, can cause severe 

kidney or liver damage and even death (Xie et al., 2008).  

 The most important isotopes of uranium are 238U, 235U, 234U, and 233U 

(Lieser, 1980). 238U is the main isotope in natural uranium (99.274 %). It is the 

parent nuclide of the radium decay series, where it decays by emission of alpha 

particles to 234Th. 235U can be found in nature with a percentage of 0.720 %. This 

parent nuclide of the actinium decay series is an alpha particle emitter, which 

decays to 231Th. Both 238U and 235U have very long half-lives (Table 1), thus being 

primordial. 234U as daughter nuclide of 238U represents the third natural uranium 

isotope (0.005 %). With a half-life of 2.455×105 a, it decays to 230Th by emission 
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of alpha particles. The radium and actinium decay chains end with stable 

isotopes of lead. 233U is no longer present in nature. Nowadays, it is produced by 

neutron absorption of 232Th, where firstly 233Th is formed, which decays to 233Pa 

and 233U, respectively in a series by emission of one electron. 233U belongs to the 

neptunium decay series. It is an alpha emitter and decays to 229Th with a half-life 

of 1.592×105 a (Lieser, 1980) .  

The electron configuration of the element uranium is [Rn] 5f3 6d1 7s2 

(Cordfunke, 1969) . It can exist in the oxidation states U(III), U(IV), U(V), and 

U(VI). Under acidic conditions, the trivalent and tetravalent oxidation states 

appear as simple hydrated ions, U3+ and U4+, while the higher oxidation states 

form oxygenated species in solution called uranyl ions, UO2+ and UO2
2+ (Katz et 

al., 1986). Under environmentally relevant conditions the oxidation states U(IV) 

([Rn] 5f2 6d0 7s0) and U(VI) ([Rn] 5f0 6d0 7s0) are most important (Silva and 

Nitsche, 1995) . Thereby, U(IV) species appear mostly as relatively insoluble and 

immobile, while U(VI) species are predominantly more soluble and mobile (Fauth 

et al., 1985; Silva and Nitsche, 1995).  

 

Table 1: Selection of radionuclides with long half-lives present in high-level in the 
nuclear waste (Jörg et al., 2010; Magill et al., 2006) . 

Radionuclide T 1/2 

232Th 1.405×1010 a 

238U 4.468×109 a 

235U 7.038×108 a 

129I 1.57×107 a 

247Cm 1.56×107 a 

237Np 2.144×106 a 

242Pu 3.75×105 a 

79Se 3.27×105 a 

99Tc 2.1×105 a 
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1.2  Remediation methods for uranium contamination  

1.2.1 Physical methods  

For small areas of water contaminated by uranium, coagulation, 

precipitation, evaporation, extraction, and membrane separation technologies 

are used to eliminate most Uranium from the water (Tang et al., 2003) . 

Adsorption has a high removal efficiency, but costs are also higher. The 

coagulation process can be done simply and cheaply, but the standard effluent 

concentration is hard to reach, so there is a need for follow-up treatment. 

Combined with adsorption, coagulation can remove 99% of uranium. The 

extraction process can remove effluent uranium concentrations of less than 0.05 

mg / L, but it will produce a lot of waste and there is needs for further research 

trials. Reverse osmosis water treatment is efficient, but because of its high cost, 

it is difficult to have a large- scale application. The evaporation method is simple 

and effective, the removal rate is high, but there are high costs and sludge needs 

that must be dealt with.  

The adsorbents used in the adsorption are resin, activated carbon, 

activated silica, titanium adsorbent, and so on. Chen et al., (2009) used synthetic 

hydroxyapatite to remove Uranium from wastewater and studied the impact 

factors of hydroxyapatite adsorption of uranium. Their results showed that 95% 

of uranium can be adsorbed by hydroxyapatite. Temperature, pH, adsorbent 

dosage and adsorption time will affect their adsorption. After 60 minutes, the 

adsorption will achieve balance. The removal rate has a positive correlation with 

adsorbent dosage and the adsorbed time. Acidic to neutral media are conducive 

to the adsorption of uranium in order to study the mechanism of apatite removing 

of U(VI) to evaluate the technical feasibility of apatite-based permeable reactive 

barriers. In the batch adsorption experiments of U(VI) and synthetic 

hydroxyapatite, 99.5% of the dissolved uranium can be disposed in the 

equivalent range of U(VI) and total phosphorus in the suspension, so that the 

uranium concentration in solution is less than < 0.05 μM.  

Membrane separation has a great potential development as a treatment 

technology. The basic principle relies on mass transport across semipermeable 

physical partitions, selectivity coming about by differences in permeability of the 
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barrier towards the feed components resulting in the rates of mass transfer to 

differ (Sun et al., 2000) .  

The traditional approaches produce and require follow-up treatment and 

difficult to be applied for large-scale sewage treatment. When the amount of 

water and ions is small and the aqueous solution is acidic, priority can be given 

to the use of coagulation, extraction, adsorption and membrane separation 

technologies.  

Synthetic resin can effectively remove uranium from contaminated 

groundwater. Batch experiments and field column tests conducted at the 

comprehensive test site of the U.S. Department of Energy in Oak Ridge, 

Tennessee showed that: when comparing strong base anion exchange resin with 

metal chelating resins, the former was more efficient for eliminating U from the 

near-neutral pH (6.5), high pH (8), and low nitrate content groundwater, the latter 

could clear more U from groundwater with acidic pH (5) and high nitrate (Phillips 

et al., 2008) . These batch tests showed that Dowex1-x8, and Purolite A-520E 

anion exchange resins were more effective than metal-chelating resins in 

removing U from artificial groundwater with pH (8) and a low nitrate content. 

However, in groundwater of acidic pH (5) and high nitrate levels, metal chelating 

resin Diphonix and Chelex-100 anion have removed more uranium than the 

exchange resin has. This study helps to better understand the selective sorption 

kinetics of removing Uranium from the groundwater of different nitrate content 

and different pH values with different ion-exchange resins.  

1.2.2 Chemical methods  

Noubactep et al., (2005)  proposed that zero-valent iron (ZVI) be used to 

remove U from contaminated water. He studied the potential role of FeS2 and 

MnO2 as a zero-valent iron material to remove uranium from water, putting 

forward the concept that co-precipitation between uranium and iron corrosion 

products is the first mechanism of uranium removal.  Evans et al., (2004)  

removed uranium from wastewater containing phosphates by the photochemical 

method; the removal rate reached 98% by the 6th hour in the solution of pH. 

Chemical methods of removing the U contamination has high efficiency and low 

cost, but are only at an experimental stage at present. They need large-scale 

applications (Dominigo, 2001) . 
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Some studies showed that microorganisms (bacteria and fungi) and plants 

can change the extracellular binding sites and the pH by biological activity. This 

change the form and bioavailability of uranium,  so it can reduce or increase the 

transfer of uranium to the food chain, which may be used as the repair of the 

environment polluted by uranium (Dushenkov 2003; Kalin et al., 2004) . 

1.2.3 Microbiological methods  

Pseudomonas MGF-48, a gram-negative, motile, oxidase negative, 

catalase positive and yellow-pigmented bacterium, isolated from electroplating 

effluent, has been found to accumulate uranium with high efficiency (Malekzadeh 

et al., 2002) . This bacterium can rapidly absorb uranium ranging from 50 to 200 

mg/l and the amount increases in direct proportion to the concentration. The 

largest amount of uranium uptake was 174 mg per gram dry weight bacterial 

biomass, observed to occur in a stationary phase. Uptake was determined by 

flow injection analysis; maximum uranium accumulation was obtained at pH 6.5, 

with 86% of the uranium being removed within 5 minutes of incubation. Release 

of uranium bound to the cells was accomplished by the addition of a sodium 

carbonate and EDTA solution (0.1 M). The solution was reusable, serving as a 

biosorbent. Cells immobilized in polyacrylamide gel yielded 90% uranium 

removal. Pseudomonas MGF-48 showed excellent efficiency in biosorbing 

uranium when immobilized as free cells. Compared to other reports of uranium 

enrichment, we concluded that Pseudomonas MGF-48 shows excellent potential 

for bioremediation of uranium-polluted aqueous effluents.  

In the Environmental Remediation Sciences Program (ERSP) at Field 

Research Center at Oak Ridge (ORFRC), (TN) USA, Wu et al., (2007) can lower 

U(VI) concentrations (which reach up 135 µM uranium) by  dosing ethanol to the 

groundwater to stimulate growth of denitrification bacteria, ferric iron-reducing 

bacteria and sulfate-reducing bacteria. Such stimulation performed in two days 

per week, these bacteria can restore the U(VI) to U(IV) and fixate uranium. After 

two years, the dissolved uranium concentration would reach a lower level in 

groundwater. After adding sulfite to remove dissolved oxygen, the U(VI) 

concentration was reduced to the drinking water concentration limits (<30 μg/L 

or 0.126 μmol/L). Under anaerobic conditions, even without dosing ethanol, the 

uranium concentrations can be maintained at a low level. However, when sulfite 
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additions stopped and the dissolved oxygen entered the injection well, after 60 

days, the U(VI) concentration increased from less than 0.13 μM to 2.0 μM in the 

vicinity of the injection wells and the U(VI) concentration was basically 

unchanged far away from the water injection well. This is a clear quantitative 

example for the importance of the uranyl oxidation state in determining the transit 

of uranium from insoluble state into highly mobile soluble forms in the 

environment. By dosing ethanol within 36 h, Fe(III), sulfate, U(VI) was restored 

again. After two years of continuous ethanol dosing, U(VI) accounted for 60% -

80% of the total uranium in the sediment samples. The repair works was 

completed after 1260 days with uranium concentrations below 0.1 μM in the 

multi-level sampling wells. In the sampling wells, U(VI) levels were low because 

the ground water and sediment contain microbial communities restoring the 

U(VI), including the Desulfovibrio genus Bacillus and Geothrix Bacillus which was 

restoring Fe(III). 

1.2.4 Phytoremediation methods 

 Phytoremediation technology is widely used to reduce the uranium 

contamination in large areas of contaminated soil with low concentration of 

uranium. It provides the advantages of economic viability, effectiveness, absence 

of secondary pollution, and relatively small disturbance to the environment. 

Phytoremediation is a pollution-control technology for removing pollutants from 

the environment by plant and microbial systems based on a plant being able to 

accumulate one or more chemical elements excessively. The objects of 

phytoremediation are heavy metals, organic or radioactive contaminated soil and 

water. Studies have shown that the plant can purify the soil and water 

contaminants by rhizosphere filtration, absorption, stability, degradation, 

volatilization and so on.  

Uranium has not yet been found to be nutrients for the plant, but the roots 

of sunflower, Indian mustard and other plants absorb U, and some plants  

transport uranium to their aerial parts (Yao et al., 2010) . There are reports about 

improving contaminated water by the filtering action of plant roots. Dushenkov 

removed uranium from water using sunflowers, the root concentration factor of 

which is 30000; wastewater on site was treated in the pilot-scale, uranium 

concentrations ultimately reached the water quality control standards of the U.S. 
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Environmental Protection Agency (Dushenkov et. al.,  1997). Sunflower is 

considered the first choice to treat U polluted water because of its bio-volume. 

There are experiments shown that celery, water purslane, small duckweed, and 

willow moss have shown enrichment for uranium in water (Joao et. al.  2006) . 

The enrichment factor of small duckweed is 2.87 × 103, 1.567 × 103 respectively 

in the still water and running water.  

There have been additional researches in foreign countries to carry out 

repairing uranium-contaminated soil by phytoremediation. The United States, 

Japan, the Czech Republic and other countries used Indian mustard, cabbage, 

tumbleweed, reeds, and sunflowers to absorb and accumulate Uranium in the 

soil (Ulmer-Scholle 2004; Huang et al., 1998; Shahandeh and Hossner, 2002; 

Chang et al., 2005 and Venek, 2002) . Tumbleweed will absorb a large amount 

of depleted uranium (DU) before flowering; Huang used acetic acid, citric acid, 

malic acid to improve the bioavailability of uranium in soil. Results showed that 

citric acid was the best. It enhanced the enrichment of uranium from less than 

5mg/kg to 5000mg/kg for the Indian mustard and Chinese cabbage growing in 

soil containing U 750 mg/kg. In China, Xia Chuanqing developed ten kinds of 

plants in soil containing Uranium 100 mg/kg, and measured uranium content of 

the aerial parts and roots of plants after harvesting in 55 d. The results showed 

that for vegetables and selected mustard of the ten plants tested; the uranium 

content of the aerial parts is higher than that of the roots. Aerial parts have a 

higher extraction of uranium, suitable for phytoremediation as uranium 

hyperaccumulators (Tang et al., 2009) . Differences of the accumulation of 

uranium in soil for spinach, cabbage, amaranth in winter were also studied, 

showing that spinach is more tolerant and uranium enrichment capability (Xu et 

al., 2009).  

There are many factors affecting phytoremediation efficiency. Soil 

properties such as pH, water content, soil texture. Organic matter content can 

affect plant growth conditions and the bioavailability of uranium. Soil conditioner 

can effectively increase the bioavailability of uranium, and promote plant uptake 

of uranium (Dushenkov et al.,   1997); soil microorganisms such as fungi can 

form symbiotic associations with plant roots, combining microbial remediation 
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and phytoremediation technology, so it can effectively repair the uranium polluted 

environment (Chen et  al., 2011) .  

From the previous studies, it was clear that the transforming uranium into 

a harmless form is a way forward in the uranium pollution abatement. 

Consequently, we here tried to analyze the interaction of quercetin flavonoid   

(one of the most common plant component) with U (VI), on the association with 

lipidic phases in biological membranes and with DNA, for a remediation 

purposes.  

 

1.3 Metal–flavonoid chelates 

The above described uranium removal methods are based on either 

synthetic materials with high adsorbent power and known physical chemistry or 

on life organisms. In the latter case, little knowledge exists on molecular 

processes that eventually lead to uranium accumulation. It is rather by trial and 

error, suitable organisms can be identified to allow transfer of uranium from soil 

or water to plant tissue. In many cases, only specific parts of the plants will 

accumulate the heavy metal, such that large amounts of "ineffective" plant tissue 

are harvested and need to be disposed of. In the present thesis, it was attempted 

to design a rational approach for uranyl removal primarily from waters. Neither a 

fully synthetic nor an organism-based approach was chosen here to avoid 

disadvantages with both strategies, i.e. cost-intensive material production or 

restriction of growth by other uncontrollable environmental parameters, 

respectively. It appears particularly attractive to exploit the redox potential-driven 

transition of uranyl from oxidation state VI to IV to transform the radionuclide from 

a soluble form into a precipitate in aqueous solution. Likewise, the material 

efficiency would profit from the miniaturization of the underlying physical design 

such that the largest possible amount of whatsoever "separation-effective 

material" should be accessible and directly involved in uranyl interactions. To 

keep costs low, a fully natural compound-based approach was chosen here. It 

takes into account a hithertho unexploited property of uranyl(VI) complexes, i.e., 

their photoreactivity. It has been shown that in complex with suitable small 

organic ligands, such as oxalate, U(VI) can act as a photooxidant. Electron 
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transfer from the ligand to the metal in the excited triplet state of the complex 

leads to the decarboxylation of oxalate and the reduction of U (VI) to U (IV) 

(Tsushima et al., 2010) .  

Although studied in detail only for a few systems, the photoreduction of 

U(VI) by small organic molecules to U(IV) may be a more general phenomenon 

that opens up a route for the precipitation of uranyl from aqueous solutions. To 

be of potential technical use, the cheap production of suitable ligands is of 

eminent importance, as well as their affinity to uranyl. With regard to the 

envisaged ligand to metal electron transfer it would also be advantageous to 

choose organic ligands that themselves exhibit reducing properties. Flavonoids 

are a large group of secondary plant metabolites that fulfills all these 

requirements. In general, flavonoids consist of a fifteen-carbon skeleton in the 

form of two benzene rings (A and B linked via a heterocyclic pyrane ring (C) 

(Kumar and Pandey, 2013). One of most widely distributed flavonoids is 

quercetin, which is the most abundant flavonoid in fruits and of high dietary 

uptake. The structure of quercetin is shown in figure 1.1. 

It was confirmed in numerous studies that flavonoids function as 

antioxidants mainly by chelating metal ions. (Hajji et al., 2006; van Acker et al., 

1998; Afanas’ev et al., 1989; Brown et al., 1998; F iorani et al., 2002; Mira et 

al., 2002; Fernandez et al., 2002; Kostyuk et al., 2001; Moridani et al., 2003, 

; De Souza and De Giovani, 2004; Anafas'ev et al., 2001; Tang et al.,2004).  

The experimental data have shown that the chelates are considerably more 

effective free radical scavengers than the free flavonoids. For example, De 

Souza and De Giovani, (2004)  using the 1,1-diphenyl-2-picrylhy- drazyl radical 

scavenging method found the antioxidant activities of the quercetin, rutin, 

galangin, and catechin complexes with Cu, Fe, Al and Zn to be more effective 

then free flavonoids. Moreover, complexes of flavonoids play an important role in 

limiting metal bioavailability and suppressing metal toxicity. For example, 

aluminum has been implicated in neurological and bone disorder. The 

complexation of Al(III) by quercetin reduces aluminum overload in the diet. By 

forming complexes, flavonoids appear to be a suitable antidote for heavy metal 

poisoning in vivo. Quercetin, as an active biological ligand, might be an 

appropriate Mo(VI) chelator in the case of molybdenum deficiency caused by 
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irradiation, since the use of molybdenum salts is undesirable because of their 

high toxicity (Yuldashev et al.,1999).  

Many metal–flavonoid complexes have been synthesized and 

characterized in the past years (Boudet et al.,2000; Cornard and Merlin, 2001; 

Cornard et al., 2001; Cornard et al., 2002;  De Sou za et al., 2003; Torreggiani 

et al., 2005; De Souza and  De Giovani, 2005; Viswa nathanand Sriram, 2000) . 

Elemental and thermal analyses, conductivity and cyclic voltammetry, as well as 

IR, Raman, 1H-NMR, 13C-NMR, UV–Vis and fluorescence spectroscopy have 

been used to assess relevant interactions of flavonoids and metal ions, the 

chelation sites, the dependence of the complex structure on the metal/ligand ratio 

and the capability of flavonoids in binding metal ions, etc. Starting in the early 

1980's until now, approximately 40 complexes of flavonoids from different 

flavonoids subclasses (rutin, quercetin, 3-hydroxyflavone, morin and hesperidin) 

with a number of metal ions or metal groups have been investigated (Malešev 

and Kuntic, 2007) . Metal–flavonoid chelates are usually colored. In the presence 

of metal ions, a bathochromic shift is typically observed in the absorption spectra 

of flavonoids. The reaction with AlCl3, described for the first time in 1962 is 

actually the earliest presented complexing reaction of flavonoids with aluminum 

as the central ion and flavone as the ligand. Already then, it was observed that 

complex formation causes a bathochromic shift in both absorption bands I (in the 

300-400 nm range) and II (around 250 nm), and that shift is reversed by 

increasing the acidity of the medium. A similar behavior is observed for all 

flavonoid subclasses possessing 5-hydroxyl-4-keto, 3-hydroxyl-4-keto and/or 

dihydroxyl groups, suggesting that these moieties are important for chelation. 

This red shift is caused by the increased conjugative effect when the complexes 

are formed to give a new 5- or 6-membered ring with the metal between the 3-

hydroxy- and keto or 5-hydroxy- and keto functional group (Figure 1.1). 

In each flavonoid molecule, there are three domains that can likely interact 

with metal ions, i.e., the 3',4'-dihydroxy group located on the B ring, the 3-hyd- 

roxyl or 5-hydroxyl and the 4-carbonyl groups in the C ring. Generally, the 

chelating properties of flavonoids toward metal ions have been attributed to the 

presence of the 3- or 5-hydroxypyran-4-one, rather than the ortho-hydroxyl 

groups in the B ring (Pietta, 2000) . IR spectroscopic results on Pd (II)–quercetin 
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(Kuntic et al., 1998b)  and UO2(II)–rutin (Kuntic et al., 1998a)   complexes also 

confirm that the benzoyl moiety is the major site for metal chelation. There are, 

however, studies proposing the catechol moiety as the major site for metal 

chelating (Mira et al., 2002; Viswanathan and Sriram, 2000). The results of 

Bodini et al., (1999)  indicate that coordination to the catechol group of quercetin 

is the strongest for iron, even in acidic media. Cornard and Merlin, (2002)   

assert the opposite, that in acidic media the ortho-dihydroxyl groups of quercetin 

are never involved in complexation with Al(III). The same authors found two 

binding sites in the Al(III)–quercetin complex; the first one involved in complex 

formation is the 3-hydroxychromone and the second one is the orthohydroxy 

groups, which are strongly dependent on the medium and pH. Depending on the 

experimental conditions, as well as with an excess of the metal ion, Torreggiani 

et al., (2005)  also found that two chelating processes occurred consecutively, 

implicating two binding sites in the Cu (II)–quercetin complex (Figure, 1.2).  

According to Malešev and Kuntic (2007) , only mononuclear complexes 

(with one central ion) were formed under the investigated experimental conditions 

(water–alcoholic solution, neutral or acidic media, maximum concentration of 

0.0025 M for rutin, quercetin, morin and 3-hydroxyflavone and 0.0015 M for 

hesperidin). The maximum number of flavonoids in a complex never exceeded 

two. Though complexes comprising a greater number of flavonoids as ligands 

are sterically unfavorable, Zhou et al., (2001)  found by fluorescence 

spectroscopy 1:3 complexes of quercetin with eight rare-earth metal ions as the 

central ions. 

 The stoichiometric composition of flavonoid complexes is typically 

determined by the following methods: the method of continual variation of 

equimolar and non-equimolar solutions, the molar-ratio method, the Bent–French 

and Nach methods (Inczedy, 1976) . According to long time experience, the most 

reliable results were obtained by the method of continual variation of equimolar 

solutions, while the method of continual variation of non-equimolar solutions is 

not recommended for metal–flavonoids complexes because of low 

reproducibility. It was also found that the Bent–French method is not sufficiently 

accurate for complexes with a 1:2 stoichiometric ratio, but is acceptable for 

complexes with a 1:1 composition. 
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Given the documented high potential of flavonoids to form complexes with 

metal ions and also with the uranyl (VI) ion, it appeared attractive to focus on 

uranyl flavonoid interactions as a potential basis for photoreductive formation of 

U(IV) from U(VI) in aqueous solution. 

1.4 Quercetin as a major representative of flavonoi d biobigments 

The thesis uses the ubiquitous flavonoid quercetin to bind and eventually 

reduce uranium in a light-dependent process. Here, an overview of the key 

properties of quercetin and its photoreactivity is given. 

1.4.1 Background of Quercetin:  

Quercetin (3, 3’, 4’, 5, 7-Pentahydroxyflavone) (Figure 1.1), a naturally 

occurring polyphenol aglycone, belonging to a group of phytochemicals called 

polyphenol flavonoids, which are characterized by a diphenylpropane (C6C3C6) 

skeleton. Specifically, quercetin is part of a sub-group called flavanols which are 

characterized by a hydroxyl group at the 3 carbon, and a double bond between 

carbons 2 and 3 (Rice-Evans et al., 1996).  

Quercetin possess anti-inflammatory and antioxidant properties of the 

flavone family, and presents in a variety of vegetables and fruits, such as onions, 

apples and grapes in low amounts. (Harborne and Williams, 2000; Rice-Evans 

et al., 1996; Davis et al., 2009). Besides antioxidant properties, quercetin 

possesses some antitumor and antiviral properties as well as aiding in adjusting 

the immune system (Russo et al., 2000).  

 

 

 



Chapter 1                                                                                                                           General Introduction 

15 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 1.1 - Structure of Quercetin  
 
 
 

 

 

 

 

 

 

 

 

Figure 1.2: Reaction Catalyzed by Quercetin 2,3-Dioxygenase (Fusetti et al., 
2002). The proposed substrate-Cu complex is shown with quercetin 
(5,7,3′,4′-tetrahydroxyflavonol). 

 
In fruits and vegetables, quercetin is present as glycosides, where glucose 

and rhamnose are two most common sugar groups (Biesaga and Pyrznska, 

2009). Hence, adequate dietary intake of vegetables and fruits may reduce the 

risk of cancer (US, Food and Drug Administration). In some other plants like citrus 

fruits and buckwheat, quercetin might exist as glycosides such as rutin and 
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quercitrin. However, in yellow onion, quercetin-3,4´-diglucoside and quercetin-4´-

glucoside are the main abundant glucosides (Biesaga and Pyrznska, 2009) . 

Nonetheless, the aglycone and other quercetin glucosides are also present but 

in lower concentrations. The physiological role of the glycosylation is to regulate 

the aqueous solubility of the flavonoids. Even the presence of multiple hydroxyl 

groups on the flavone skeleton does not suffice to render these natural 

compounds readily soluble in water without additional glycosylation.  

Quercetin is a solid at room temperature and has a yellow color in the 

visible spectrum and two strong absorbance bands in the ultraviolet (Merck 

Index, 1996) . The maximal UV absorbance bands (Figure, 1.3) of quercetin 

occur at 253 nm (band II) and 366 nm (band I) in water/acetone with molar 

absorptivity values of 20000 M-1cm-1. 

 

 

 

 

 

 
 
  
 
 
 
 
 
 
 
 
 

Fig. 1.3  : UV-Vis absorption of Quercetin in water  (example 25µM): quercetin 
has two maximum absorption bands 366 and 253 nm corresponding to 
band I ,which associated with B-ring (cinnamoyl system) and band II 
absorption involving the A-ring (benzoyl system) respectively. 
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        Quercetin alone in solution has no fluorescence chromophore, however 

complexation with metals such as Al3+ (De Souza and De Giovani, 2005; 

Gutierrez and Gehlen, 2002)  or proteins such as albumin (Sengupta and 

Sengupta, 2002) results in a strong fluorescence chromophore with absorbance 

at 430nm and emission at 500 nm. 

Quercetin is only sparingly soluble in water but readily soluble in alcohols 

(1 g / 290 mL) as well as soluble in acetic acid and alkaline aqueous solutions 

(Merck Index, 1996) . Despite the pentahydroxylflavone structure, quercetin is 

still more than 1000-fold better soluble in acetone (maximal concentration ~80 

mM) than in water (maximal concentration ~30 µM) at room temperature (Chebil 

et al, 2007; Chebil et al., 2010) . Although the low solubility in water appears to 

contradict the use of quercetin and similar flavonoids for applications of uranium-

removal from aqueous solutions, it is actually advantageous with respect to the 

desired stabilization of the water-insoluble U(IV) state. The choice for a 

hydrophobic substance was particularly desired to allow the formation of micron-

sized compartments that are provided by suspensions of water-insoluble droplets 

in an aqueous solution. It will be shown below that, the hydrophobicity of 

quercetin is a key factor in the production of such suspensions, as it partitions 

into hydrophobic phases. Therefore, non-glycosylated quercetin was used 

throughout this study. Finally, quercetin has a low toxicity with an LD 50 of 160 

mg/kg in mice (Merck Index, 1996) . In cultured human cells, quercetin has an 

LD 50 of 300 μM (Matsuo et al., 2005) . 

In summary, quercetin is an abundant and cheap small organic molecule 

of high biocompatibility. Its metal-complexing properties and hydrophobic nature 

in the non-glycosylated form render it a prime candidate to study its potential for 

the photoreduction of U(VI) to U(IV) in aqueous suspension. The reducing 

potential as well as the association of quercetin and other flavonoids with a 

suitable hydrophobic microphase (see below) are advantageous to form and 

stabilize U(IV) species, respectively. 

1.4.2 Oxidation of quercetin: 

Due to its low pKa values (6.74, 9.02 and 11.55) which render it negatively 

charged at neutral pH as well as a high redox potential, quercetin is susceptible 

to oxidative process (Jovanovic et al., 1994) . As a result, the oxidation products 
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of quercetin are well described in the literature (Westlake et al., 1959; Zhou and 

Sadik, 2008) . A recent article by Zhou reported over 20 oxidation products for 

quercetin (Zhou and Sadik, 2008) .  

Westlake et al., 1959  conducted some of the early work on the oxidation 

of quercetin and the microbial decomposition of rutin. Three water soluble 

products were found which were identified as protocatechuic acid (3,4-

Dihydroxybenzoic Acid), phloroglucinol carboxylic acid (2,4,6-Trihydroxybenzoic 

Acid) and a phloroglucinol carboxylic acid - protocatechuic acid ester (quercetin 

depside) (Westlake et al., 1959) . 

  

1.4.3 Photochemistry of quercetin   

Due to the strong absorbance of quercetin in the UVR range (Scott, 1964 ),   

the question of quercetin photochemistry is pertinent. Work has been done which 

showed that quercetin in an ethanol solution disappeared within 18 to 37 hours, 

as monitored by the UV absorption bands when exposed to UVC radiation 

(Kaneta and Sugiyama, 1971).  Other studies on the stability of quercetin in 

alcohol solution, in this case methanol; found that quercetin absorbance 

decreased by 17% after 15 hours of combined UVA and UVB radiation   (Smith 

et al., 2000) . In both of these experiments, air was bubbled through the alcohol 

solutions, raising the possibility of photoinduced singlet oxygen resulting in an 

oxidative decomposition (Kaneta and Sugiyama, 1971; Smith et al., 2000) . In 

contrast, quercetin appeared to be resistant to photolysis when dissolved in 1:1 

benzene: isopropanol and exposed to a mercury lamp which the authors 

suggested that, it could be the result of tautomerization and deprotonation of the 

excited state or intramolecular quenching, all of which would increase 

photostability   (Matsuura et al.,1973) .   

Exposure of quercetin deposited on cellulose to combined UVA/UVB 

radiation also resulted in photobleaching, but the extent of this effect was not 

quantitated (Smith et al., 2000) . Exposure of wool dyed with quercetin to 

combined UVA/UVB radiation also showed decomposition of quercetin, with 3, 

4-dihydroxybenzoic acid being identified as a degradation product, presumably 

being formed through the depside. The expected 2, 4, 6-trihydroxybenzoic acid 
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was not observed, though this was attributed to loss during an acid extraction 

process (Ferreira et al., 2002) . 

1.4.4 Antioxidant Properties of quercetin  

Due to the abundance of hydroxyl groups on quercetin, the low pKa values 

and high redox potentials quercetin is oxidatively labile (Jovanovic et al., 1994) . 

Quercetin rapidly reacts with radicals to form a quercetin radical species. The 

resulting radical species is quite stable with a decay rate constant of 3.4x10-6 

dm3mol-1s-1 (Bors and Saran, 1987) . These properties make quercetin an 

effective antioxidant. One of the systems which has been used to determine the 

antioxidant capacity of quercetin is the scavenging of 2,2-Diphenyl-1-

Picrylhydrazyl (DPPH) radicals, which resulted in a stoichiometry of 2.35 radicals 

per quercetin molecule in dimethylformamide and 3.19 in methanol (Dangles et 

al.,1999). In addition, quercetin has been shown to scavenge 3.7 Fe3+ ions 

reduced per molecule for the Ferric Reducing Antioxidant Power assay (FRAP) 

(Mitchell et al., 1998).  Finally, quercetin has been found to have an IC 50 of 

0.154 μM against peroxynitrite oxidation of dihydrorhodamine (Haenen et al., 

1997). 

A comparison of the antioxidant capacity of quercetin to that of other 

flavonoids has shown mixed results. In a study of the antioxidant effects of 

various polyphenols against Cu2+ induced damage to LDL, quercetin proved to 

the most effective of the compounds tested (Miura et al., 1995) . Quercetin has a 

large number of reactive centers and as such is more reactive to reactive oxygen 

species than other compounds like the quercetin glycoside rutin (Aliaga and 

Lissi, 2004).  In contrast, quercetin was found to be less effective than rutin in 

protecting linoleic acid from auto-oxidation, perhaps because of differences in 

solubility (Torel et al., 1986). 

The structural components of the flavanoids which increase antioxidative 

capacity appear to be the catechol group on the B-ring, the double bond between 

carbons 2 and 3, and the presence of a 3 and 5 hydroxyl on the C ring and B ring 

respectively along with the C-4 oxo-group, all of which quercetin has (Rice-

Evans et al., 1996) . These structural features allow quercetin to suppress lipid 

peroxidation at three points in the oxidative process, the formation of superoxide 
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radicals, which can be scavenged, the generation of hydroxyl radicals and the 

formation of lipid peroxyl radicals (Afanas'ev et al., 1989). 

 

1.4.5 Photoprotection by quercetin  

Quercetin is produced by a wide variety of plant species, usually as a 

glucoside (Formica and Regelson1995; Rice-Evans et al., 1996) . In many of 

these species, quercetin is upregulated in repose to UV radiation. In the leaves 

of canola plant, Brassica napus, three quercetin glucosides and three kaempferol 

(no 3' hydroxyl, only a 4' hydroxyl) glucosides were upregulated in response to 

UVB radiation (Wilson et al., 1998).   

Using wild type and transgenic strains of Petunia axillaris, Ryan et al., 

(1998) found that exposure to UVB resulted in an increase in total flavonol 

content in the leaves, and in particular an increase in the quercetin derivative to 

kaempferol derivative ratio compared to non-UVB exposed plants. This same 

group also showed that plants with an increased quercetin to kaempferol ratio 

due to UVB exposure (Ryan et al., 2002) had faster growth rate compared to 

those mutants, which did not produce quercetin in response to UVB, further 

suggesting a photoprotective role for quercetin  

Similar responses have been seen in the skin of apples, Malus domestica. 

In a comparison of the skins of two cultivars of apple fruit, it was shown that 

Granny Smith apples did not increase the levels of quercetin glycosides in sun-

exposed fruit while Braeburn apples showed a significant increase in quercetin 

glycosides in sun exposed portions of fruit skins (Solovchenko and Schmitz-

Eiberger, 2003) . The same study found that this increase in quercetin glycosides 

in Braeburn skin resulted in less UVB induced damage to the apples 

photosynthetic apparatus (Solovchenko and Schmitz-Eiberger, 2003) . Another 

study in the Antonovka cultivar of apples found that in shaded apples cuticular 

phenolics were responsible for UVA/UVB absorption, while in sun exposed 

apples, UVA absorption was primarily due to quercetin glycosides in the 

vacuoles. From this, the authors concluded that a build up of quercetin in cells 

just below the cuticle is a dominant factor in the apples long term adaptation to 
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high sun levels (Solovchenko and Merzlyak, 2003). However, the mechanism 

by which quercetin protects the plants is not clear.  

Quercetin was found to inhibit the peroxidation of phosphatidylcholine 

liposomes by UVC radiation at an IC50 of 6.24 μM. In the same study, to assess 

the use of quercetin topically, the authors found that less than 1% of topically 

applied quercetin crossed the epidermis of excised human skin in 24 hours 

(Bonina et al., 1996) . Another study using hairless mice, but treating with UVB 

found that topical quercetin prevented UVB induced myeloperoxidase activity, 

GSH depletion and proteinase secretion and malondialdehyde (MDA) (Erden 

and Kahraman, 2000; Erden et al., 2001) , all markers of oxidative stress 

(Casagrande et al., 2006).   

Quercetin has also been shown to affect the induction of matrix metallo 

protease-1 (MMP-1), a marker of photoaging (Moon et al., 2005) . Nakajima et 

al., (2007) have demonstrated that quercetin strongly suppresses free radical 

generation by light exposed ketoprofen .When exposed to UVR, ketoprofen can 

cause lipid peroxidation, DNA adduct formation, and a photoallergic reaction 

(Bagheri et al.,2000) , suggesting that quercetin may be effective in protecting 

against photosensitization (Nakajima et al., 2007).  

1.5 Rationale of the study  

Flavonoids are ubiquitous polyphenolic compounds synthesized as 

secondary metabolites by higher plants. Their complexes with metal ions have 

attracted attention for ecological reasons. The mobility of heavy metals in soil and 

water is greatly affected by adsorption to soil organic matter, such as humic acids. 

In contrast to polycarboxylate lanthanide complexation which has been studied 

as a model for the binding of actinides to humic acids (Barkleit et al., 2011) , 

flavonoids represent other features of SOM, i.e. they are redox-active 

polyhydroxyls and exhibit photochemistry. Their complexes with heavy metals 

and their photodegradation has been investigated as a representative case of 

environmentally relevant light-sensitive processes that can affect the mobility of 

heavy metals in the soil (Cornard et al., 1997&2002; Wang et al., 2008; Beke r 

et al., 2011; Kim et al., 2013) . Much less is known about their radioecology, i.e. 

their potential to affect also the mobility of radionuclides by complex formation. 
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Early work has explored the binding of uranyl to quercetin, a prototypical and 

ubiquitous flavonoid, to design cost-effective strategies for the removal of uranyl 

from seawater (Bots and behrends, 2008) . For a similar purpose, recent work 

has demonstrated the complex formation of uranyl quercetin complexes on 

magnetic beads. In addition to their complex redox behavior, flavonoids exhibit a 

variety of photochemical reaction pathways leading to their fragmentation upon 

intense exposure to light (Sisa et al., 2010) . In the case of uranyl complexes, the 

photochemistry can become more diverse because uranyl is known to oxidize 

small organic ligands in its excited state (Dromgoole and Maibach, 1990; 

Saewan and Jimtaisong, 2013) . In combination with the reducing potential of 

flavonoids, the question arises whether uranyl quercetin complexes will undergo 

photochemical reactions that are initiated by a change of the redox state of 

uranyl. Such redox reactions would have a crucial role for the environmental 

mobility of uranyl. U(VI) is highly water-soluble and can thus be transported in 

pore and ground water, whereas its doubly reduced form U(IV) is considered 

“immobile” as it is insoluble in water. The potential light regulation of the uranyl 

oxidation state in complex with flavonoids has not been investigated. Along the 

lines of previous research on the use of flavonoids for the bioremediation of 

uranyl-contaminated waters, photochemical redox reactions are of obvious 

importance to alter the uranyl solubility and thus its environmental mobility. 

Manipulating the partitioning properties of uranyl and its organic complexes is an 

attractive option in designing techniques for the removal of uranyl from aqueous 

solutions. For this purpose, the hydrophobicity of the non-glycosylated flavonoids 

represents another physical factor that can be exploited for the partitioning of 

putative uranyl-flavonoid complexes between aqueous and non-aqueous 

microenvironments in soil or in synthetically designed particles. Quercetin is 

soluble in water to only about 30 µM but shows a high affinity to hydrophobic 

phases such as lipid membranes (Saija et al.,1995; Kim et al., 2013)  or 

hydrophobic patches on the surface of proteins (Böhl et al., 2007) . Beyond its 

radioecological importance, our investigation lays the ground for novel 

approaches in light-regulated micropartitioning of uranyl using cheap natural 

compounds. The experiments were specifically designed to detect the 

photochemical activity of the uranyl-quercetin complex in a lipidic phase in 

aqueous suspension.  
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The goal of the project is the quantitative analysis of the complex formation 

of uranyl with quercetin as a representative flavonoid to assess the use of such 

complexes for the photoreduction of U(VI) to U(IV). The purpose of this 

photoreduction is the transformation of water soluble U(VI) species that are 

environmentally mobile into insoluble, i.e., immobile U(IV) species. The use of 

quercetin is motivated by its hydrophobicity, reducing power, metal-complexing 

capability, low toxicity and abundance in plant matter as described in the above 

referenced works. Although mainly motivated by the potential use in 

bioremediation, the data in this thesis are of direct relevance to the environmental 

situation where uranyl adsorbs to soil organic matter for which flavonoids have 

actually been introduced as models (Protti et al., 2008) 

Here, the hitherto unknown potential of quercetin is investigate to partition 

U(VI) into a hydrophobic phase and to photochemically reduce the U(VI) species 

in a non-aqueous environment. The experiments are designed to establish the 

basic knowledge of photochemical micropartitioning of uranyl in complex with 

quercetin and a lipidic phase that provides a hydrophobic microenvironment that 

could further stabilize water-insoluble redox states of uranyl. By comparing 

absorption properties of uranyl-quercetin complexes in acetone, water, and lipids, 

an evidence is provided for the efficient photodegradation of uranyl-quercetin 

complexes bound to the hydrophobic bilayer of lipid vesicles. In combination with 

infrared absorption spectra, the data evidence the coupling of U(VI) reduction to 

quercetin bleaching. In addition to indicating a crucial role of light in the 

radioecologically relevant redox chemistry of uranyl flavonoid complexes, the 

results show how uranyl-quercetin complex formation can provide a method to 

remove uranyl from contaminated water by micropartitioning into lipidic 

suspensions (Chapter 4).  

The thesis identifies quercetin as a potent "carrier of uranyl" into 

hydrophobic phases presented as synthetic liposomes for future remediation 

applications or found insitu in uranium-contaminated soils. The more recently 

reported association of flavonoids with DNA motivated another group of 

experiments in which the association of uranyl quercetin complexes with 

synthetic DNA was studied (Chapter 5).  
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Chapter 2: Spectroscopic and theoretical Methods 

Introduction of molecular spectroscopy  

The molecular spectroscopy aimed to study the interaction of the 

electromagnetic radiation with matter to derive structural information. Each part 

of the electromagnetic waves provides different information about such 

interaction. The Electromagnetic waves are produced by the oscillating electric 

and magnetic dipoles. The molecular spectroscopy has many advantages: it is 

sensitive, often non-destructive and only small amount of materials are required 

for analysis. The general principle of spectroscopy is based on induced 

transitions from lower energy states of a molecule to a higher energy state upon 

absorption of a photon. The energy of the absorbed photon must equal the 

energy gap (ΔE) between the lower state and higher state. 

ΔE= hѵ 

Where h is Plank’s constant, ѵ is the frequency in the electromagnetic radiation. 

In the current thesis, the Ultraviolet/visible spectroscopy is used to identify 

structures containing conjugation. The Infrared spectroscopy was used to provide 

information about the functional groups present in the molecules under 

investigation. The circular dichorism spectroscopy was used to investigate the 

structural conformation of DNA upon binding with uranyl-quercetin complex. 

However, the NMR spectroscopy was used to gives details about the molecular 

structure of uranyl-quercetin complex in hydrophobic environment. Besides 

spectroscopy, the Density functional calculation to investigate the uranyl-

quercetin complex in the ground state and in the excited states.  
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Figure 2.1 : Regions of electromagnetic waves spectrum and localization of the visible 

and infrared regions (modified from www.biomatforhealth.com/ 
biotherapies.html). 

  

2.1 Ultraviolet-Visible absorption Spectroscopy: 

The principle of the Ultraviolet-Visible spectroscopy (UV-Vis spectroscopy) 

depends on the absorption of the molecules of the UV-Vis light, which is located 

within the range of wavelengths from 200-800 nm of the electromagnetic 

radiation as shown in (Figure 2.1). The Absorption of this high-energy radiation 

causes ‘’electronic excitation’’ and the molecule is said to be in the excited state. 

The molecules that are able to absorb light are called ‘Chromophores’. Each 

chromophore, absorb different frequencies depending on the chemical structure. 

The absorbed light carries information on electronic structure of the molecule. 

Two types of electronic transitions can happen upon absorption of the UV-Vis 

range of the electromagnetic radiation: A) Transition involves Π, δ, and n 

electrons (Figure 2.2), B) Transition involves charge transfer electrons. 

Absorption of organic compounds includes the transition of n or Π electrons to 

Π*. The solvent of the sample has an effect on the absorption spectrum. For 

correct and accurate analysis, if the sample to be analyzed is a solution form, a 

measurement of a pure solvent absorption should be used as a blank. 
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Quantitative evaluations are based on the Beer-Lambert law, which 

describes the linear correlation of the absorption and the concentration of the 

absorbing species: 

A = c ε l  

 A = - log (I1/I0) according to Figure 2.3, 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2.2:  Schematic overview of characteristic types and energy ordering of 

electronic transition in a molecule (Clark, 1993). 
 
   
where A is the absorbance, c is the concentration of the solution in mol / L, ε is 

molar absorptivity, which has known commonly by molar extinction coefficient in 

mol-1cm-1, l is the path length of the absorbing sample in cm and  I0 and I1 are the 

intensities of incident and transmitted light respectively. The value of ε is 

characteristic for each compound at specific wavelength. Beer-lambert law is only 

applicable for dilute samples i.e. the chromophore in the solution must be very 

low and this can be reached by dilution. When the molecular weight of the 

compound is not known, the absolute value of log10 (I0/I1) or the absorbance (A) 

for a 1% solution in a cell of path length 1 cm is used, which is obtained from the 

UV-Vis spectroscopy, will replace the extinction coefficient value (Clark,1993) . 

The exctination coefficient of quercetin in acetone-water is 20000 M-1 Cm-1
. 

In this work, UV-Vis spectroscopy was used to determine the concentration, 

uranyl complex formation and photoreaction of uranyl quercetin complexes in 
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water, acetone and lipidic phase in aqueous suspension solutions. In addition, it 

was used for the detection of uranyl complex binding to the Hairpin DNA. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3:  Illustration of Beer-lambert law (Adapted from www.wikidoc.org/index.php/ 
Beer-Lambert law). 
 

In the current study, spectra were recorded with a PerkinElmer Lambda 

35 spectrophotometer (PerkinElmer Inc., Waltham, Massachusetts, USA) in the 

range from 200-1000 nm using quartz micro cuvettes of 1 cm path length 

(minimal 180 µl sample required) at a fixed resolution of 1 nm. With the aid of 

UV-Vis spectra of the quercetin, absorption peak maxima could be determined. 

Quercetin has two maximum absorption bands 366 and 253 nm corresponding 

to band I, which is associated with the B-ring (cinnamoyl system) and band II 

absorption involving the A-ring (benzoyl system) respectively. The UV-Vis 

absorbance versus temperature of the DNA experiments were recorded in a 

wavelength range between 500 and 195 nm on a Jasco model J-815 CD 

spectrometer (Jasco, gross-Umstadt, Germany) equipped with a continuously 

stirred 1 cm cuvette in thermostatted cuvette holder, which allowed 

measurements at controlled temperatures .The temperature was increased at a 

rate of 2 C/min by means of a temperature programmer, connected to a water 

bath. Background correction was done by subtracting spectra of respective blank 
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solution. Quartz cuvettes of 10 mm optical path length were used and provided 

with a magnetic stirrer. In the UV-Vis spectra measurement, the estimated error 

was mostly ± 8 %. 

2.2 Fourier Transform Infrared Spectroscopy (FTIR):  

FTIR spectroscopy is based on absorption of Infrared radiation. As shown 

in Figure 2.1. IR is part of the electromagnetic spectrum. The IR region is divided 

into  the near IR from 14000-4000 cm-1 , the mid IR from 4000-400 cm-1, and the 

far IR from 400 -10 cm-1. In this study, the mid IR has been used as it is most 

informative on chemical group frequencies and thus on possible coordination 

effects of uranium on the spectrum of quercetin. In addition, IR allows observing 

the coordination of UO2 by monitoring characteristic uranyl oxygen stretching 

modes (Müller et al., 2013 ). In IR spectroscopy, absorption of infrared radiation 

induce transitions among the vibrational levels giving detailed insight into the 

nature of the molecule, this happens under the condition that an oscillating dipole 

moment of the molecule has been generated after absorption of IR photons. 

Fourier Transform Infrared spectroscopy (FTIR) is one of the physical useful 

technique, that gives information about compounds structure and help to identify 

the bond orders, electrostatic interactions, H-bonding, charge distributions, 

protonation states, redox states, dynamics and kinetics, (Grummt et al., 1998; 

Seeberger et al., 2000).  Attenuated total reflectance (ATR-FTIR) difference 

spectroscopy provides a powerful tool for label-free detection of structural 

changes in biological and non-biological molecules. The ATR cell is based on, as 

illustrated in Figure (2.5) that IR beam undergoes multiple internal reflection in 

the ATR crystal and formation of an evanescent field, which penetrate only the 

first 1 µm of the sample rendering ATR-FTIR spectroscopy is an excellent 

technique for the study of samples under physiological conditions. Figure (2.4) 

summarizes the FTIR processing procedures. The Michelson interferometer 

consists of a fixed and a moving mirror, inducing tunable optical path length 

differences in the recombined light beams. For a complete spectrum of good 

spectral resolution, the moving mirror needs to travel through the path length L. 

From recording spectra of a sample and a reference the absorption can be 

calculated as – Log (I / I0) as in ordinary spectroscopy.  FTIR spectroscopy has 
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many advantages, besides good signal-to-noise ratio, it is one of the most 

outstanding advantage is collecting all wavenumbers simultaneously. The 

infrared output spectrum shows the infrared absorption or transmission plotted 

against the inverse of wavelength i.e the wavenumber (cm-1). Additionally the 

horizontal axis of the spectrum shows the high wavenumbers to low 

wavenumbers according to a recommendation of the International Union of Pure 

and Applied Chemistry (IUPAC).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 : Fourier transform spectroscopy (FTIR) showed the construction of 
Michelson interferometer (Modified from  Sacksteder and Barry, 2001 ). 
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Figure 2.5:  Principle of attenuated total reflectance spectroscopy: multiple 
internal reflection of the IR beam (red) in the ATR crystal (yellow) induces 
an evanescent field penetrating the first µm of the sample (green), makes 
it suitable to study biological molecules in solution (blue) (Eichler, 2011). 

 

In this study, attenuated total reflectance Fourier transformed infrared 

difference spectroscopy was used to detect the changes of vibrational 

frequencies induced by a photoreaction, simply by calculating the difference 

spectra between a dark IR absorption spectrum from the IR absorption spectrum 

measured after illumination. This technique has been employed here to prove the 

existence of a uranyl-dependent photoreaction of the uranyl quercetin complex. 

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectra of a 

dried film of quercetin or uranyl quercetin from acetone solution on a nine-

reflections ATR diamond crystal (RESULTEC, Illerkirchberg Germany) were 

collected between 4000 and 600 cm-1 using a vector 22 FTIR spectrometer 

(Bruker, Karlsruhe, Germany) equipped with a mercury cadmium telluride 

Detector. The ATR geometry allows to easily illuminating the sample from above 

without interference with the IR measuring beam. Typically, 256 scans were 

taken in the dark as reference absorption. Then the sample was illuminated by 

positioning the tip of the fiber optic cable over the sample on the ATR unit. 

Spectral calculation resulted in light-induced absorption difference spectrum, in 

which absorptions of the photoproduct and the initial dark state are displayed as 

positive and negative amplitudes, respectively. Spectral resolution was 2 cm-1 

and spectra were averaged from 256 scans. Absorption spectra were calculated 

from the data using the clean ATR unit as reference. In case of photoreactions, 

the reference spectrum was recorded with the sample in the dark state. The 
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photoreaction was initiated as shown (see “Photoreactivity of the uranyl quercetin 

complex in water and acetone solutions” (Chapter 4) 

UV light has been produced with continuous light source device UVICO, 

which consists of a 120 Watt metal halide lamp with fiber optic coupling HXP 

R120W/45CUV. The UV light source is equipped with three optical filters. The 

filter 1 for the wavelength range from 240-400 nm and 700-1000 nm has been 

used. 

The use of high-energy UV lamp reduces the time that reagents are 

exposed to UV light to minimize unwanted side reaction and increases the yield. 

A light-tight cuvette holder was coupled by fiber optics to the UV source for 

controlled illumination of 100 µL of uranyl quercetin samples in solution.  

2.3 Circular Dichroism spectroscopy 

In the context of this study, CD spectroscopy was used to monitor the 

helical structure of DNA, which is a chiral molecule. This allows observing DNA 

melting precisely and thereby deriving stability parameters. CD spectroscopy 

uses the phenomenon that optical active chiral molecules absorb left- and right-

handed circular polarized light to different extents Figure. 2.6 Using CD in the UV 

range, again electronic transitions in the molecules occurs, but with the specific 

characteristic, that in chiral molecules different complex refractive indices for left- 

and right-handed circular polarized light give rise to different extinction 

coefficients εL ≠ εR for left- and right-handed circular polarized light. The difference 

of extinction coefficients εL and εR: 

Δε= εL- εR 

 The CD spectrum shows the difference of extinction coefficients dependent on 

wavelength ∆ε (λ).  

Not all molecules are optically active, i.e. chiral. Optical activity originates 

in the existence of two mirror-inverted but not identical forms of a molecule, the 

enantiomers.  
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Figure 2.6: Dependence of right circularly polarized light on the distance from 
the light source, S, (top) and on time (bottom) when the observer at 
position O is looking towards the source. The helix moves along the 
propagation direction without rotation, causing the vector of right circularly 
polarized light to rotate anti-clockwise in space but clockwise in time 
(Modified from Bulheller et al., 2007).  

 

In the current research, the circular dichroism (CD) melting spectra were 

recorded in a wavelength range between 500 and 195 nm on a Jasco model J-

815 CD spectrometer (Jasco, gross-Umstadt, Germany) equipped with a 

continuously stirred 1 cm cuvette in thermostatted cuvette holder which allowed 

measurements at controlled temperatures .The temperature was increased at a 

rate of 2 C/min by means of a temperature programmer, connected to a water 

bath. Background correction was done by subtracting spectra of respective blank 

solution. Quartz cuvettes of 10 mm optical path length were used and provided 

with a magnetic stirrer. 

2.4 Nuclear Magnetic Resonance Spectroscopy (NMR): 

Nuclear magnetic resonance spectroscopy or NMR spectroscopy detects 

variations of magnetic nuclear spin of an atomic nucleus, which resonates at a 

specific frequency when placed in a strong magnetic field. The difference 

between resonance of an observed nucleus and that of a reference nucleus is 

defined as a chemical shift. Slight chemical shift gives details about the molecular 
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structure. Table 2 shows the most important nuclei for the NMR spectroscopy 

with the resonant frequency for the magnetic field strength for a typical NMR 

spectroscopy .Only proton (1H) and carbon (13C) NMR were used in current work. 
1H NMR and carbon 13C NMR provides information on the number of protons and 

carbons respectively in the Molecule (Balci, 2005).  

 

Table 2:  useful nucleus in NMR spectroscopy. 

 

Nucleus Abundance (%) Sensitivity Frequency(MHz) 

1H 100 1.0 200 

13C 1.1 0.016 50 

15N 0.37 0.001 20 

19F 100 0.83 188 

31P 100 0.066 81 

57Fe 2.2 3.4 x 10-5 6.5 

 

There are two views to visualize the resonant phenomena the classical 

model and the quantum model (Figure 2.7).The classical model treats the 

nucleus as macroscopic object where the spinning charge create tiny magnetic 

fields and it aligns itself in the external magnetic field .Since the nucleus is 

spinning and has an angular momentum, a torque is excreted by the external 

magnetic field and cause a circular motion or a pression.          

ѵ0=ϒ B0/ 2π   . 

ѵ0   is the rate of pression or the circular motion produced by the external magnetic 

field B0 is the strength of the external magnetic field and ϒ is the strength of the 

nuclear magnet. ѵ0   is also called larmor frequency. The quantum model visualize 

that most useful nuclei have two quantum states and no states are between these 

two states.  

∆E=hѵ0=ϒ B0/ 2π 

∆E is the energy of the absorbed photon, which must equal the difference 

between the two quantum states provided from the quantum model, h is the 

plank’s constant and ѵ0 is the larmor frequency (Jacobsen, 2007).  
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The samples were investigated in organic solvents (Acetone) by 1D and 

2D NMR methods, including 1H- and 13C-NMR as well H, H-NOESY (Nuclear 

Overhauser Enhancement Spectroscopy). NMR spectra were recorded on a 

Varian Unity Inova 400 spectrometer with a field strength of 9.4 T and resonance 

frequencies of 400 and 100 MHz for 1H and 13C, respectively, using a 5 mm PFG 

indirect detection broadband probe. Spectra are referenced relative to the 

solvent’s residual acetone-d5 signal, with dH = 2.05 ppm (quintet) and dC = 

29.92 ppm (septet), respectively. 

 

 

 

 

 

 

 

 

 

Figure 2.7:  illustration of the classical and quantum models visualizing the NMR 
spectroscopy magnetic resonance (Modified from Jacobsen, 2007).  

2.5 Density functional theory (DFT):  

       DFT calculations help to solve one of the most important problems in 

theoretical physics and chemistry, i.e. the description of the structure and 

dynamics of a many-electron system. DFT is an approach to solve the 

fundamental equation that describes the quantum behavior of atoms and nucleus 

“the Schrödinger equation’’. The time independent Schrödinger equation is 

represented in: 

|� >= |� >� ……(1.1) 

The electronic shell structure (or the band structure in the case of crystals) is an 

important structural property because it describes directly the stability of the 
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system and the binding energy. DFT has been generalized to deal with 

multicomponent systems such as nuclei, free energy at finite temperature, 

excited states and molecular dynamics, etc. 

The electronic configuration of an atom or molecule determines its physical 

properties and is approximated by DFT calculations for ground and excited 

states: 

1-Electronic ground state : phase transitions between structures, charge 

density, nuclear vibrations and motions and many other properties. The lowest 

energy ground state of electrons determines the structure and low-energy 

motions of nuclei. 

2-Excited electronic states : low energy excitations in metals are involved in 

specific heat, transport, etc. and higher energy excitations determines spectra for 

adding or removing electrons. 

The state of the system is specified by independent-particle eigenstates, labeled 

by i (=1,…….,Nstates) , with occupation numbers �, which in thermal equilibrium 

are given by: 

�
� =

�

�
�( ℇ�

���)
±�

……. (1.2) 

The classification of materials is based upon the filling of the bonds, which 

depends on the number of electrons or occupation numbers � as in equation 

(1.2). μ    is the chemical potential, equals one-half of ɪ +A, where ɪ is the 

ionization potential and A is the electron affinity. δ  is the spin wave function and 

ℬ is the spin function of Beta orbitals. By using DFT, a great variety of molecular 

properties like vibrational frequencies, atomization energy, and ionization energy, 

electric and magnetic properties can be provided (Martin, 2004 ). 

In the current work, ab initio calculations of the electronic structure of the 

uranyl quercetin complex are based on density functional theory in a local density 

approximation. DFT is employed to elucidate the complicated and unexplored 

excited state photochemistry of the uranyl-quercetin complex.  

The geometries optimizations for quercetin and uranyl quercetin complex 

were carried out with B3LYP hybrid functional of DFT method using Gaussian 09 

program. The solvent effect (water or acetone) was treated by the conductor like 
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polarizable continuum model (CPCM). The energy-consistent small core 

effective core potential (ECP) and the corresponding basis set was used (Küchle 

et al., 1994). For oxygen, carbon and hydrogen, the 6-311+G* basis set was 

used. The calculated vibrational frequencies showed the absence of any 

imaginary frequency, which ensured the energy minima of the optimized 

structures. 
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Chapter 3: Materials and Samples preparations. 

3.1 Materials: 

Quercetin (3, 3`, 4`, 5, 7-pentahydroxyflavone) was purchased from sigma 

Aldrich Co. Germany), was of the highest quality available (98%). Dimyristoyl 

phosphatidylethanolamine (DMPE) and Dimyristoyl phosphatidylglycerol 

(DMPG) were purchased from Avanti polar lipids, INC. Deuterium Acetone and 

Deuterium Acetonnitrillie were obtained from Deutero GmbH. 

Hairpin DNA were purchased from Microsynth, the Swiss DNA co. was 

used without further purification. The Hairpin DNA has the following sequence: 

5’CGCGCGTACGCGCG3’. The pH of the sample solutions was adjusted by the 

addition of aliquots of 1 and 0.1 M NaOH and HClO4.The reagents used, are of 

analytical grade and used as supplied without further purification. 

3.2 Uranium preparations: 

Uranium stock solutions samples were prepared by dissolving appropriate 

amounts typically 10 µL of UO2(NO3)2.6H2O stock solution of 10 mM in 200 µL 

distilled water. Aliquots of the uranium stock solution were diluted as required. 

The pH of the sample solutions was adjusted to pH 7.4 or 3.5 by the addition of 

aliquots of 1 and 0.1 M NaOH and HClO4.  

Concentrated quercetin stock solutions were prepared by dissolving 1 mg 

quercetin in 10 ml of spectroscopic grade acetone. The concentration of 

quercetin stock solutions was determined by a 1000-fold dilution of the stock 

solution. The absorption spectrum of the resulting solution was measured. The 

quercetin concentration of the diluted solution was estimated from the molar 

extinication coefficient of quercetin at 370 nm peak (2.0 x 104 M-1cm-1) 

(Kudrinskaya et al., 2010).  Subsequent dilutions from this stock were made as 

needed. The concentration of the stock solution was then back calculated from 

the concentration of the dilute quercetin solutions and was typically 30 µM. Buffer 

solutions were prepared in high-purity water from a Millipore Milli-Q system 

(resistivity greater than or equal 18 M Ω cm).The U(VI) – Quercetin complexes 

were obtained by freshly mixing aliquots (typically 10 µL) of U (VI) nitrate stock 
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solution of concentration 10 mM  and quercetin at different molar ratios at pH of 

3.5 or 7.4 . On adding the uranium (VI), the color of the quercetin changed from 

deep yellow to deep brown depending on the concentration of the metal. 

3.3 Preparation of quercetin liposome samples: 

The method used was lipid thin film formation and extrusion (Bangham et 

al., 1974): The desired quantity of DMPE or DMPG (typically 600 µL or 800 µL 

respectively) in chloroform: Methanol: water (65:35:8) (v: v) has been taken out 

from a solution of concentration 25 mg/ml in three brawn glass vials. The solvent 

was evaporated with a stream of nitrogen to deposit a lipid film on the walls of 

each vial. Last traces of organic solvents were removed by vacuum drying for at 

least 1 h. The film was hydrated with the required amount of H2O (typically 1-2 

ml) followed by incubation in water bath at 60 °C (for DMPE) and at 50°C (for 

DMPG) for two hours with repeated vigorous vortexing every 10 min. 5 freeze-

thaw cycles is following by extrusion of the material through a polycarbonate filter 

of 100 nm pore size. The unilamellar vesicles (ULVs) were prepared by 

sonicating the lipid dispersion with Elma transonic cleaning baths, analogue unit 

model (from Elma GmbH & Co.KG) for 1 min before extrusion to facilitate good 

extrusion. Quercetin was added as a powder in typical amount of 1 - 1.2 mg to 

the lipid at the re-suspension phase and co-incubated for the two hours in the 

water bath. Quercetin concentration was 1 mg / ml and the DMPE lipid was 4 mg 

/ ml, while in the case of DMPG 5 mg/ml has been used. 

3.4 Preparation of HP DNA uranyl-quercetin samples:  

Hairpin DNA powder was dissolved in Tris Hcl 0.5mM pH 7.4, 0.1mM NaCl, 

prepared in doubly distilled water at concentration of 1 mg/ml (as a stock 

solution). Choosing the buffer with this low concentration and low ionic strength 

was based on the required high stability of the Hairpin stock solution (Xodo et 

al., 1991). Subsequent dilutions from this stock were made as needed. The 

concentration of the stock solution was then back calculated from the 

concentration of the dilute DNA solutions. The purity of Hairpin DNA was checked 

by monitoring the ratio of A260/A280 = 1.80. 
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The U (VI)–Quercetin complexes were obtained by mixing freshly prepared 

solutions of U (VI) nitrate and quercetin at different molar ratios with specific pH. 

On adding the uranium (VI), the color of the quercetin changed from deep yellow 

to deep brown depending on the concentration of the metal in the presence and 

absence of Hairpin DNA. 
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Chapter 4: Uranyl quercetin complex formation and                     
photoreactivity in different physical environments 

 
         The complexation of flavonoids with metal ions can be followed by 

characteristic absorption changes. We have used this monitor here to study the 

complex formation of quercetin and uranyl (VI). We are particularly interested in 

identifying the local environment of the complex when it forms in the presence of 

the lipidic phase of a vesicle. For this purpose, UV-Vis spectra of uranyl quercetin 

complexes in both an organic (acetone) and in aqueous phase have been 

recorded. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: UV-Vis absorption spectra of uranyl-que rcetin complex 
formation. Quercetin (see structure) at 21 µM in acetone with varying 
concentration of uranyl nitrate (from bottom to top: 40, 75, 150, 300, 600 
µM, 1.3, 2.5, 5, 10 mM). Inset: UV-Vis absorption spectra of uranyl-
quercetin complex formation in aqueous solution. Quercetin was 33 μM 
(0.5 mM, Tris-buffer pH 7.4, 0.1 mM NaCl) in the presence of uranyl 
nitrate at concentrations of 0, 10, 20, 30, 40 µM. The estimated error of 
the amplitude between independent experiments is ± 8 %.Here the 
formation of new peaks is of most interest. The estimated error in 
wavelength is ±1 nm. 
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4.1 Uranyl quercetin complex formation in water and  aceton solutions 

The changes in UV–Vis absorption of quercetin in the presence of 

increasing concentrations of U(VI) were measured in acetone (Figure 4.1) and in 

water (Figure 4.1 inset). It has been shown that flavonoids spectra exhibit two 

major absorption peaks in the region 240 – 400 nm. One of them is commonly 

referred to as Band I (300 – 400 nm) and the second as Band II (240–280 nm). 

Band I is considered to be associated with absorption due to the B-ring 

(cinnamoyl system), and Band II with absorption involving the A-ring (benzoyl 

system).The increased number of hydroxyl groups of the A-ring causes a notable 

bathochromic shift in Band II and to a smaller extent on Band I, whereas on 

increasing the oxygenation of the B-ring, a bathochromic shift in Band I occurs 

(Marby et al., 1970) . UV spectral data of quercetin also show two peaks in a 

similar wavelength range (Pawlikowska-Pawl ęga et al., 2007) .In the present 

results, quercetin shows absorption maxima at 369 nm (band I) and 251 nm 

(band II) in acetone solvent while in water solvent quercetin has two maxima at 

368 nm and 251 nm, which is corresponding to (band I) and (band II) respectively 

(Figure 4.1). The intensity of the 369 nm band, in acetone solvent, decreased 

gradually with addition of U(VI), and new absorption peaks arised at 431 and 

~495 nm indicating complex formation (with isosbestic point at 385 nm). On the 

other hand, the intensity of 369 nm band of quercetin, measured in aqueous 

solution, decrease and its peak position shifted to 385 nm as a result of 

successive addition of uranyl concentrations, similarly to the quercetin-uranyl 

complex in organic solvent, the appearance of new peaks has been observed in 

aqueous solution but at maxima 458 nm and 560 nm which reveal the complex 

formation in water. In addition, more than isosbethic point has been observed 

(261, 292 and 407 nm). 

The data show that uranyl quercetin complex can form in both organic, i.e 

hydrophobic and in hydrophilic environments. In both cases the B-ring band 

becomes reduced, red shifted and a pronounced absorption arises in the 400-

500 nm range. However, the extent of the effects and the frequency position of 

the resulting absorption maximum clearly differ for the two solvents. 
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Figure 4.2:  Photoreactivity of the uranyl-quercetin complex in acetone . A) 
The characteristic absorption bands of the uranyl-quercetin complex in 
Acetone at 438 and 500 nm in the dark (black) vanish upon 60 s 
illumination of the sample with UV light (red) [ illumination source see 
chapter 2.2]. Inset: Result of the same experiment in the absence of 
uranyl showing the photostability of quercetin. (quercetin 52 µM, uranyl 
101 µM), the estimated error of the amplitude is ± 8 %.The salient 
observation is the appearance of new red-shifted bands, indicating 
complex formation between quercetin and uranyl. 

The 3- and 5-hydroxyls and the 4- carbonyl are prime candidates for 

coordinating U(VI). By analogy to other complexes, the peak at 431 nm suggests 

that U(VI) binds at the 3-OH and 4-carbonyl of ring C of Quercetin (Leopoldini 

et al., 2006) . This agrees with a large number of experimental data on metal 

complexes that involve the same groups and particularly the 3-OH exhibits 

greater chelation power and larger effect on Π electron delocalization, thus 

mediating the red shift of the UV-vis absorption (Boudet et al., 2000; Zhang et 

al., 2010) as seen here also with U(VI). 
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Figure 4.3: Photoreactivity of the uranyl-quercetin  complex in water . No 
differences were observed in the absorption spectra before (black) and 
after (red) illumination of the uranyl-quercetin complex in aqueous 
solution (quercetin 13.6 µM, uranyl 3.1 mM, Percholic acid-NaOH, pH 
3.5). Inset: Result of the same experiment in the absence of uranyl, 
indicating that free quercetin in water is photostable, the estimated error 
of the amplitude is ± 8 %.The salient observation is the appearance of 
new red-shifted bands, indicating complex formation between quercetin 
and uranyl. 

. 

4.2 Photoreactivity of the uranyl quercetin complex  in water and acetone 
solutions  

The photoreactivity of the uranyl-quercetin complex was addressed by UV-

Vis spectroscopy. Figure 4.2 shows the absorption of the complex in acetone at 

a molar ratio of 2:1 (uranyl: quercetin). Upon illumination, the characteristic bands 

in the 430-550 nm range vanish, indicating the photodegradation of the complex. 

Quercetin alone is stable under this illumination conditions that fully abolish the 

absorption of its complex with uranyl in acetone, evidencing the uranyl-

dependence of the reaction. The UV-Vis absorption of the uranyl-quercetin 

complex in pure water has been also recorded. Its absorption maximum is at 438 
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nm and shows no photoreactivity. The complexation of quercetin with metals is 

affected by the protonation state of its hydroxyls (Malešev and Kuntic, 2007).  

Figure 4.3 shows the UV-Vis absorption of the uranyl quercetin complex at pH 

3.5. Its absorption maximum is at 425 nm. It is thus less red-shifted relative to 

that of quercetin (which shows negligible pH-sensitivity of its absorption between 

pH 3.5 and 7.4) than for the complex close to neutral pH (Figure 4.1 Inset). 

Although the absorption of the "acidic complex" is more similar to that in acetone, 

illumination did not cause photodegradation of the complex in water at this pH 

(Figure 4.3) as in acetone. The data hint at a crucial role of a stable or transiently 

ionized hydroxyl for the efficient uranyl-dependent photodegradation of 

quercetin. 

4.3 Infrared spectroscopic observation of uranyl-de pendent photo- 
degradation of quercetin. 

Whereas the UV-Vis data monitor the electronic transition of quercetin, they 

do not reveal further details on the redox state of the bound uranyl. Therefore, 

we have used FTIR spectroscopy to observe the vibrational spectrum of uranyl 

as an indicator of light-induced chemical and structural changes in the complex. 

Uranyl exhibits well-known U-O stretching modes in the 600-1000 cm-1 range 

(Foerstendorf et al., 2014) . Figure 4.4 compares the IR absorption of a pure 

quercetin film with that of the uranyl quercetin complex. The uranyl bands are 

well resolved at 944 and 924 cm-1 as additional bands (Figure 4.4 b) relative to 

the absorption of quercetin alone (Figure 4.4 a). Frequency shifts are evoked by 

uranyl in the wavenumber range typical of C=C and C=O stretching modes 

(arrows). The most prominent effect is the downshift of intensity from ~1620 cm-

1 and ~1570 cm-1 to 1528 cm-1. Therefore, these bands are potentially caused by 

chemical bonds that are directly involved in uranyl coordination. This is supported 

by the fact that they also experience the largest absorption change upon 

illumination of the complex (Figure 4.4 c) as expected for directly coordinating 

groups. Irrespective of a more specific band assignment (see discussion), the 

strong light-sensitivity of the IR absorption changes demonstrates that the UV-

Vis-spectroscopic changes are indeed accompanied by changes in the chemical 

structure of the complex as expected for a uranyl-dependent photodegradation. 

Importantly, also the uranyl bands show clear light responses. The absorption 
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changes are represented as light-induced differences, such that vibrational 

modes formed by illumination exhibit a positive sign, whereas the depletion of the 

initial modes causes negative bands. Remarkably, the uranyl absorption changes 

at 944 cm-1 and 925 cm-1 are purely negative. This evidences not only the 

involvement of uranyl in the photoreaction but demonstrates the depletion of 

U(VI)-specific vibrational modes upon illumination. The IR data thus suggest that 

U(VI) becomes reduced by the photoreaction, rather than merely changing its 

coordination shell. In the latter case, the frequency shift of U(VI)-specific 

vibrational frequencies would cause difference bands with positive and negative 

lobes, rather than the observed purely negative depletion bands. In the same 

manner, the negative bands between 1200 and 1400 cm-1 are indicative of the 

light-induced breakage of chemical bonds in quercetin. The frequency shifts in 

the C=C and C=O absorption range on the other hand are consistent with 

changes in force constants rather than bond breakage. 
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Figure 4.4: ATR-FTIR spectra of quercetin. Infrared absorption of a film dried 
from 10 µL of a 450 µM quercetin stock solution in acetone in the 
absence (a) or presence of uranyl nitrate(10 µL from 450 µM uranyl) 
stock solution (b) on the surface of an ATR crystal (uranyl : quercetin is 
1:1 ). Illumination (light source and illumination time as in experiments 
in Figures 4.2 and 4.3 ) causes absorption changes plotted as a 
difference spectrum (c) with light-induced absorption decreases 
(negative bands) and absorption increases (positive bands) caused by 
photoproduct formation. Inset: photograph of the uranyl quercetin 
complex in water (D2O) after illumination (left) and without illumination 
(right) uranyl: quercetin is 2:1.   
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Also visibly, the photoreaction of the uranyl-quercetin complex can be 

followed. Figure 4.4 (Inset) shows the formation of precipitates upon illumination 

of the uranyl quercetin complex in water. Since U(VI) is soluble in water (see 

control) such a precipitate formation evidences a light-induced redox reaction of 

uranyl. The precipitate have been re-dissolved in acetonitrile and showed 

absorption at 475 nm i.e. different from the uranyl-quercetin complex in acetone 

and is likely to be associated with a reduced form of uranyl [U(IV)]. 

4.4 Observation of uranyl-quercetin complex associa ted with lipid vesicles 

This paragraph addresses the following question: Does uranyl form a 

complex with quercetin at the water / lipid interface of liposomes?  This question 

explores the potential use of light-dependent uranyl reduction in a hydrophobic 

microphase that may allow a simple procedure to remove U(VI) from waters in 

two steps: 1. a photochemical reduction that makes uranyl insoluble in water but 

sufficiently stable against re-oxidation in a hydrophobic microphase, 2. the 

separation of this phase by simple centrifugation. The above data demonstrate 

the formation of uranyl-quercetin complexes in both acetone and water. Only in 

acetone, photodegradation can be observed under conditions where quercetin 

alone is not degraded. Uranyl precipitation and the disappearance of U(VI) IR 

absorption bands upon illumination further demonstrate that uranyl acts as a 

redox partner rather than a catalyst in the photoreaction of quercetin. With the 

spectral references of the uranyl-quercetin complex in media of different 

hydrophobicity, we have addressed the formation of uranyl-quercetin complexes 

in the presence of lipidic phases. Quercetin has been shown to localize to the 

polar head group region of phospholipids (Pawlikowska-Pawl ęga et al., 2007; 

Ioku et  al., 1995; Wójtowicz et al., 1996; Hendric h et al., 2002; Ratty et  al., 

1988). Several factors affect the incorporation of the flavonoids into membranes: 

electrostatic interactions, formation of hydrogen bonds with polar groups of the 

phospholipids, hydrophobic interaction with fatty acyl chains and by the molecular 

geometry of phospholipids (Areias et al., 2001) . Also, Van Dijk et al., (2000)  

evaluated the affinity of flavonoids to liposomes by measurements their capacity 

to quench the fluorescence of a membrane probe. Quercetin showed high affinity 

and it was attributed to the planar three-dimensional structure of flavonols 

compared to a tilted configuration of flavanones. At the same time, relative 
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hydrophobicity measured as the partition coefficient between water and olive oil, 

was higher for flavones and flavanones than for flavonols, to which quercetin 

belongs (Van Dijk et al., 2000) .These partitioning properties render quercetin a 

substances that can reside at the hydrophilic/hydrophobic interface of 

biomembranes. Experimentally, I have followed the protocol of Kim et al., (2013 ) 

who suggested that flavonoids should be first added to liposomes and later the 

metal ion should be added to produce complexes inside the hydrophobic region 

of the bilayer to ensure the interaction with the phospholipid of the liposome, 

which agree with our experimental protocol. Figure 4.5 shows the absorption 

spectrum of free quercetin in water (Figure 4.5 a) and in association with large 

unilamellar vesicles (LUVs) prepared from DMPE (Figure 4.5 b). The peak at 369 

nm is clearly visible on the scattering background of the LUVs. The addition of 

uranyl resulted in the immediate formation of the bilobal absorption with peaks at 

391 and ~431 nm (Figure 4.5 c), demonstrating the accessibility of quercetin in 

LUVs to form a complex with uranyl. Although measured in aqueous suspension, 

the peak positions are more similar to those of the complex in aceton than in 

water, in agreement with a hydrophobic microenvironment provided by the LUVs. 

Upon illumination of the LUV-bound uranyl-quercetin complex, bleaching of the 

UV-vis absorption was observed (Figure 4.5 d). To further address the role of the 

lipidic microenvironment, the same experiment was conducted with LUVs 

prepared from DMPG (Figure 4.5 inset). Here, the addition of uranyl caused a 

more red-shifted absorption of the complex. The band at 445 nm is closer to the 

uranyl quercetin complex absorption in water (Figure 4.3) whereas that at 431 in 

DMPE-LUVs is closer to that in acetone. The spectral shifts correlate with the 

degree of hydrophobicity of the phospholipid head groups in the two types of 

vesicles. The data suggest a topology of the uranyl-quercetin complex close to 

the head group region in a position that senses the more hydrophilic glycerol and 

more hydrophobic ethanolamine moieties in DMPG and DMPE, respectively. 
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Figure 4.5: UV-Vis absorption spectra and photoreac tivity of uranyl-
quercetin complexes in LUVs. a) and b) showed for comparison the 
absorption of quercetin alone in water and in quercetin-loaded LUVs 
made from DMPE, respectively; c) instantaneous formation of the 
uranyl-quercetin complex in DMPE-LUVs (identical sample as in (b)) 
after addition of uranyl nitrate (0.4 mM), d) as in c) after 60 s illumination. 
Inset: uranyl-quercetin complex in LUVs made from DMPG before 
(upper trace) and after illumination (lower trace). The estimated error of 
the amplitude is ± 8 %.Formation of the complex and appearance of new 
bands was of the most interest. 

 

 

Furthermore, another experiment has been conducted to view the 

photoreaction initiated by different successive accumulative illumination periods 

ranging from 5-130 sec. Figure 4.6 shows the incremental photoreaction of the 

uranyl-quercetin complex in DMPE-LUVs. A clear photodegradation upon 130 
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sec has been observed along with a new peak in the longer wavelength, 

specifically at 960 nm has grown up after this UV-light illumination time (Figure 

4.6 inset). This peak is an indicator of U(V) formation, an intermediate oxidation 

form of insoluble uranium appeared as a suspension, has been observed before 

formation of the precipitation in water Figure 4.4 inset photograph,  in the sample. 

U(V) form is always unstable and precipitate as it turns into U(IV), an immobile 

uranium form in the solution. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Incremental photoreaction of uranyl quercetin complex in DMPE-
LUVs. The photoreaction was evoked by illumination periods ranging 
from 5-130 seconds. For clarity only the data are shown at which 
accumulated illumination times of 0, 10, 25, 40, 60, 90, and 130 s were 
reached. Inset: Enlarged view of the long wavelength region for spectra 
before (thin line) and after 130 s of illumination (thick line). The estimated 
error of the amplitude is ± 8%.Formation of the complex and appearance 
of new bands was of the most interest. 

 

In summary, the data show that quercetin is a suitable and cost-effective 

natural compound that participates in a photoreaction with U(VI) in the 

hydrophobic microphase of lipidic vesicles. This property opens a new route to 

light-driven bioremediation of uranyl-contaminated waters. Insoluble uranyl 
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species of a redox state smaller than VI can thus be trapped in the hydrophobic 

core of a lipidic bilayer, where they become stabilized. Associated with such 

vesicles they can be removed from water by a simple centrifugation step. 
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Chapter 5: Interaction of U(VI)-Quercetin complex w ith 
DNA. 

5.1 Introduction 

 In the previous section, it was shown that the affinity of uranyl to 

quercetin can be exploited to the transfer U(VI) from solution to a hydrophobic 

microphase provided by the quercetin-doped lipidic vesicles. There, a 

photoreaction can reduce U(VI) and the resulting uranyl species are stabilized 

in the vesicle with which they can be removed from suspensions as a means of 

bioremediation of uranyl-contaminated water. 

  Since quercetin has been reported to bind also to DNA, the following 

experiments were done to investigate whether quercetin can also form uranyl 

complexes in association with DNA. Such assemblies could potentially also be 

useful in remediation processes that employ cost-effective biomaterials. 

Metal is related to endogenous Reactive Oxygen Species (ROS) 

generation and excess generation of ROS (i.e., hydroxyl radical) induced by 

metals can result in damage to many kinds of biomolecules, including DNA 

(Kulms et al., 2002) , which is involved in carcinogenesis (Galaris and 

Evangelou, 2002; Wojciech and Kazimierz, 2002, Hall iwell and Gutteridge, 

1999). Therefore, with continual exposure to high concentrations of toxic heavy 

metals, including uranium, any DNA would quite likely suffer structural damage, 

such as condensation and fragmentation (Landweber and Dobson, 1999 and 

Templeton and Liu, 2010).  Such damage to DNA by heavy metals could result 

by any of the following mechanisms: (1) interaction with the DNA in the mode of 

groove binding; (2) incorporation into the center of the DNA duplex and 

subsequent interaction with the DNA base binding; and (3) binding to the 

phosphate group (Richter, 2003 and Shamsi and Kraatz, 2013). Moreover, 

genotoxicity of uranium was reported in several terrestrial and aquatic 

invertebrates and vertebrates (Barillet et al., 2005, Thiébault et al., 2007, 

Lourenço et al., 2010, Simon et al., 2011 and Perei ra et al., 2012).  In aquatic 

species, DNA damage was detected at concentrations of 20 μg L −1, 100 μg L−1 

and 100 mg L −1, respectively in the bivalve, Corbicula fluminea, in the zebrafish 

Danio rerio and in the goldfish Carassius auratus. Studies showed that uranium 
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caused different possible lesions on the DNA molecule through DNA adducts, 

strand breaks or oxidative stress (Yazzie et al., 2003; Stearns et al., 2005; 

Barillet et al., 2007 and Periyakaruppan et al., 20 07).  

Flavones are characterized by a planar structure due to double bonding in 

the central aromatic ring. Three pyrene rings can be connected in various ways 

to form planar structures that have the potential to intercalate into DNA and 

form stable complexes. Several studies revealed that flavonoids bind to DNA 

via grooves or intercalation (Tan et al., 2009; Rusak, 2010) . Upon binding to 

DNA, the intercalating or groove binding flavonoid exhibits a red shift in its 

excitation spectra. During flavonoid-DNA binding, the wavelength of emitted 

fluorescence shifts to the red end of the spectrum, which arises due to 

substituent-induced changes in the bond lengths and angles of the pyrene 

rings. Structural information on flavonoids could be obtained by comparison of 

their UV–Vis spectra and fluorescence data, as the observed spectral shifts are 

often characteristic of their substitutions (Liu, 2010).  

The aim of the present study in this chapter was to examine the 

interaction of uranyl-quercetin with a specific hairpin DNA sequence (HP DNA) 

and consequent changes in the DNA secondary structure. Such an examination 

may help to generate a biomolecule-based remediation approach similar to the 

one proposed above with vesicles. Using its intrinsic DNA affinity and the 

demonstrated complex formation with quercetin, uranyl-quercetin complexes 

may become integrated in larger DNA-assemblies that can be removed from 

aqueous solutions by simple separation techniques of DNA, such as 

precipitation. 

5.2 Effects of uranyl and quercetin on structure of  Hairpin DNA and 

binding mode  

The uranyl-ion concentration used here has been selected at 80 µM as an 

ideal uranyl concentration for the interaction with HP DNA-Que. This selection 

is based on the stability conditions of DNA, as determined by CD 

measurements (Figure 5.1.C&D) and UV-Vis spectra (Figure 5.2 A&B and C) 

using 10 different Uranyl concentrations ranging from 10 µM to 100 µM. In 

addition, it is noted that, when quercetin is added from a concentrated acetone 
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stock solution residual acetone affects the UV-vis spectra of the HP DNA, as 

acetone UV absorption peak overlap with the peak of the HP DNA at 

approximately 260 nm. Consequently, considering all of these effects, the best 

choice was to work with a methanolic stock solution of quercetin and uranyl 

concentration of 80 µM to ensure enough uranyl concentration but prevent DNA 

condensation by charge neutralization. For melting studies, however, also 30 

µM uranyl nitrate was used. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 :CD spectra of HP DNA  in the presence of (A) quercetin (0- 65.5 
µM) from acetone solution (B) in the presence of uranyl (0-100 µM).(C) 
CD spectra of HP DNA-quercetin with increasing concentrations of 
U(VI) (0-100 µM ),(Que is 3.3 µM from acetone solution). (D) CD 
spectra of HP DNA-quercetin with varying amounts of Uranyl (0 -100 
µM) (Que is 33µM from MeOH solution), HP DNA is 23µM in Tris-Cl 
0.5 mM pH 7.4, 0.1 mM NaCL at 30 ˚C. No obvious difference between 
figure (C) and Figure (D) of CD spectra lead to conclusion that 
concentration of quercetin and solvent does not differ in the effect of 
the uranyl/Que complex on HP DNA. The estimated error of the 
amplitude is ± 8 %.Formation of the complex and appearance of new 
bands was of the most interest. 
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To examine how the uranyl ion alone affects the HP DNA, CD and UV-Vis 

spectra of HP DNA in the presence of ascending uranyl concentrations have 

been recorded. Figure 5.1 A and B show the effects of quercetin and uranyl 

alone on HP DNA structure respectively. Very little influence is caused by 

quercetin on the CD signature when it is varied between 0 and 65.5 µM. Thus, 

there is little influence of quercetin on base stacking. Uranyl lowers the CD 

signal, indicating reduced base stacking and or partial DNA condensation. Both 

substances together, however strongly destabilize the HP DNA in a synergistic 

manner. This is observed at both low (3.3 µM) and high (33 µM) quercetin 

concentration.  

By adding successive amounts of uranyl to HP DNA-Que, at a quercetin 

concentration of 33 µM, the background absorption gradually increases in a 

scatter-like manner (i.e. it gets stronger in the short wavelength range). At 

concentrations above 0.09 mM, the intensity of the 256 nm band of HP DNA 

showed a significant decrease (Figure 5.2 B), which is an indicator of DNA 

condensation. However, such a decrease did not occur when the mixture 

contained a low (3.3 µM) concentration of quercetin. The UV-Vis results support 

the CD data that quercetin increases the potential of uranyl to condense DNA.  
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Figure 5.2: UV-Vis spectra of: (A)  HP DNA in the presence of uranyl (0-100 
µM), (B) HP DNA-quercetin with increasing concentrations of U (VI) (0-
100 µM), (Que is 33 µM from MeOH). (C) HP DNA-quercetin with 
varying amounts of Uranyl (0-100 µM) (Que is 3.3 µM from acetone); 
HP DNA is 23 µM in Tris-Cl 0.5 mM pH 7.4, 0.1mM NaCL at 30 ˚C. 
Uranyl(VI) has been added to sample (b). (a), represents HP DNA is 
shown for comparison.The estimated error of the amplitude is ± 8 
%.Formation of the complex and appearance of new bands was of the 
most interest. 
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CD spectrum of free HP DNA has a positive peak at approximately 280 

nm and a negative peak at 252 nm, which corresponds to B-DNA. These bands 

are caused by stacking interactions between the bases and the helical 

suprastructure of the polynucleotide that provides an asymmetric environment 

for the bases. Upon the addition of the uranyl to the DNA-Que solution, the 

molar ellipticity decreases at 280 nm and 206 nm, while increases at 252 nm. 

These changes are coupled with a small shift in the maximum wavelength of 

the positive band, as concentration of uranyl become higher (Figure 5.1 C&D), 

indicating partial denaturation of the double strand. However, there are no 

differences whether low quercetin concentration from acetone (Figure 5.1 C) or 

high quercetin concentration from methanol was used (Figure 5.1 D).   

As has been mentioned in the last chapter, UV-Vis spectra of quercetin 

recorded an absorption maxima at 368 nm (band I) and 251 nm (band II) in 

Tris-Cl 0.5 mM pH 7.4, 0.1 mM NaCl buffer (Figure 5.3 A). Here, however, the 

changes in UV-Vis absorption spectra of quercetin and uranyl-quercetin 

complex in the presence of successively increased concentrations of HP DNA 

were measured in Tris-Cl 0.5 mM pH 7.4, 0.1 NaCl and represented in Figure 

5.3 A and Figure 5.4 A, respectively. This allows addressing the question of 

possible effects of the order of addition of quercetin and uranyl binding on the 

association with DNA. In the previous experiments, quercetin was pre-bound to 

HP DNA and uranyl added after that. Here, HP DNA has been added to either 

quercetin alone as a control or to the preformed uranyl-quercetin complex. 

Measuring of HP DNA-quercetin alone and with U(VI) shows the absorption 

increase of HP DNA at 256 nm as expected for the increasing HP DNA on the 

background of a constant quercetin or quercetin/uranyl concentration. 

Additionally, two isosbetic points at 302 and 400 nm are observed during DNA 

addition in the presence of quercetin, whereas there is only one crossing point 

at 300 nm when HP DNA is titrated to a preformed uranyl-quercetin complex. 

The isosbestic points provided evidence of DNA binding to both quercetin and 

the uranyl-quercetin complex. Although little effect of quercetin on HP DNA 

base stacking was observed (Fig. 5.1 A), a spectral shift and a hypochromic 

effect of HP DNA on the quercetin band I at 372 nm can be seen.  The intensity 

of the 372 nm band decreased gradually with addition of HP DNA, 

accompanied by a red shift from 372 to 376 nm, indicating that quercetin could 
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at least partially intercalate into HP DNA base pairs. Similar to the 

hypochromism of DNA bases upon stacking, quercetin experiences a drop of its 

absorption cross section. Figure 5.3 B shows again that at all ratio of HP 

DNA/quercetin, an identical CD signature was obtained, indicating little effect of 

quercetin on HP DNA structure, despite a partial intercalation. 

The corresponding experiment in the presence of a pre-formed uranyl- 

quercetin complex is shown in Fig. 5.4 A. The expected increase in DNA 

absorption upon addition of the HP DNA is visible at 256 nm. However, there is 

hypochromic effect of the added HP DNA on the absorption of the uranyl-

quercetin complex observable. The height of the two peaks of quercetin and the 

uranyl-quercetin complex at 372 nm and 452 nm, respectively, are affected by 

the addition of DNA (Fig. 5.4 A inset). The CD spectra of HP DNA at the 

different DNA / uranyl-quercetin ratios are unaffected (Fig. 5.4 B). Thus, the 

spectra reveal a clear interaction between a pre-formed uranyl-quercetin 

complex and HP DNA based on hypochromism.  

To further study the possible binding of the uranyl-quercetin complex to 

HP DNA, a careful analysis of its absorption peaks in the presence and 

absence of HP DNA was performed and does indeed indicate an interaction. 

Figure. 5.5 A shows the effect of uranyl addition to a pre-formed quercetin-

bound HP DNA. Interestingly, complete disappearance of the quercetin peak at 

373 nm (superposition of free and bound quercetin) has been observed when 

only 10 µM U(VI) was added (one third of the quercetin concentration) and the 

two characteristic peaks of the uranyl-quercetin complex appeared. This shows 

that quercetin is accessible for uranyl in the presence of DNA. Finally, the 

experiment in Fig. 5.5 B shows the complementary approach, i.e., addition of 

HP DNA to a pre-formed uranyl-quercetin complex. The red shift of the two 

peaks of the uranyl-quercetin complex is a clear indication that DNA does 

interact with the preformed complex, whether or not by intercalation needs to be 

shown. However, this spectral effect could be explained by quercetin getting 

protected from the surrounding water (Wang et al., 2007; Li et al., 2005)  when 

bound to DNA. In this state uranyl can nevertheless bind to quercetin as shown 

above, but will also bind to the phosphate backbone. 



Chapter 5                                                                         Interaction of U(VI) - Quercetin complex with DNA 

59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3:  UV-vis absorption spectra of quercetin  (A) in the presence of HP 
DNA (0–23 µM) in Tris-Cl 0.5 mM pH 7.4, 0.1 mM NaCL at 37 ˚C 
(quercetin (33 µM). (B) CD spectra of increasing amounts of HP DNA 
(0-23 µM) in the presence of quercetin (33 µM) in Tris-Cl 0.5 mM pH 
7.4, 0.1 mM NaCL at 37 ˚C . The estimated error of the amplitude is ± 
8 %.Formation of the complex and appearance of new bands was of 
the most interest. 
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Figure 5.4:  UV-Vis absorption spectra of uranyl-quercetin  (A) in the 
presence of HP DNA (0 - 23 µM) in Tris-Cl 0.5 mM, pH 7.4, 0.1 mM 
NaCL at 37 ˚C (quercetin is 33 µM). (B) CD spectra of uranyl-quercetin 
complex under the same condition as in A).Uranyl is 30 µM. The  
estimated error of the amplitude is ± 8 %.Formation of the complex and 
appearance of new bands was of the most interest. 
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Quercetin has no CD signature and also the U(VI)-quercetin complex did 

not show a CD signal despite the strong absorption of the band II in the UV at ~ 

250 nm. It is thus remarkable that in the presence of HP DNA a small CD signal 

occurs reproducibly at 230 nm. This can be clearly seen in all CD spectra 

where either quercetin or the uranyl-quercetin complex was present together 

with HP DNA. In combination with the UV-vis data, the quercetin-dependent CD 

signals of HP DNA show an induced CD of quercetin when it gets exposed to 

the chiral environment of the stacked bases upon intercalation. As long as 

uranyl stays below ~10 µM and quercetin is in excess, the HP DNA is stable 

enough to harbor the uranyl-quercetin complex. With increasing uranyl 

concentration DNA becomes strongly destabilized, probably by increasing 

uranyl binding to the backbone phosphates. 

In summary, UV-Vis, DNA CD signature and induced quercetin CD signal 

provide evidence that uranyl-quercetin complexes can stably intercalate into 

DNA at ~ 10 µM concentrations of uranyl and an excess of quercetin. 
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Figure 5.5: UV-Vis spectra of: (A)  HP DNA-quercetin in the absence (red line) 
presence of uranyl (10 µM) (blue line), (B) uranyl-quercetin before (red 
line) and after (blue line) addition of HP DNA. Free quercetin (black 
line) has been shown for comparison. HP DNA is at 23 µM in Tris-Cl 
0.5 mM pH 7.4, 0.1 mM NaCL at 37 ˚C, quercetin is 33 µM, uranyl is at 
10 µM). The estimated error of the amplitude is ± 8 %.Formation of the 
complex and appearance of new bands was of the most interest. 
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5.3 Effects of uranyl and quercetin on the thermal stability of Hairpin DNA 

The impact of uranyl-quercetin complex on the thermal stability of HP 

DNA has been studied in this section. Figure 5.6 & 5.7 and 5.8 show the 

denaturation profiles for HP DNA-Que, HP DNA-U(VI), and HP DNA/Que-U(VI) 

samples, respectively. The results indicate that both HP DNA and HP DNA-Que 

exhibited biphasic profiles, characterized by duplex-hairpin transition at low 

temperature and a hairpin-coil transition at high temperature. By contrast, the 

HP DNA/Que-U(VI) showed only the hairpin-coil transition (Figure 5.11). 

Although the ionic strength of the used buffer was very low, the HP DNA was 

found to be very stable in this medium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 :Effect of quercetin on HP DNA  (A) CD melting spectra of Hairpin 
DNA in the presence of quercetin (B) UV-Vis melting profile of Hairpin 
DNA in the presence of quercetin [HP DNA] = (23 µM), [Que] = 33 µM, 
in in Tris-Cl, pH 7.4, 0.1 mM NaCl. Temperature has been measured in 
the range of 30 – 96 ˚C. Inset: Absorption of the same sample in the 
300-400 nm range.The estimated error of the amplitude is ±8 %. 
Formation of the complex and appearance of new bands was of the 
most interest. 
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Figure 5.7 : Effect of uranyl on HP DNA  (A) CD melting spectra of hairpin 
DNA in the presence of uranyl. (B) UV-Vis melting spectra of HP 
DNA/Que in the presence of uranyl. [HP DNA] = (23 µM), [U(VI)] = 80 
µM in Tris-Cl, pH 7.4, 0.1 mM NaCl. Temperature has been measured 
in the range of 30 – 96 ˚C. The estimated error of the amplitude is ±8 
%. Formation of the complex and appearance of new bands was of the 
most interest.  
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Figure 5.8 : Temperature-dependent CD and UV-Vis spectra in the  
presence of both quercetin and uranyl (A)  CD melting spectra of 
hairpin DNA-quercetin in the presence of uranyl. (B) UV-Vis melting 
spectra of HP DNA/Que in the presence of uranyl. [HP DNA] = (23 
µM), [Que] = 33 µM, [U(VI)] = 80 µM in Tris-Cl, pH 7.4,0.1 mM NaCl. 
Temperature has been measured in the range of 30 – 96 ˚C. The 
estimated error of the amplitude is ± 8 %.Formation of the complex and 
appearance of new bands was of the most interest. 
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Figure 5.9  UV-Vis melting spectra of  (A) HP DNA (B) HP DNA in the 
presence of quercetin. [HP DNA] = (23 µM), [Que] = 3.3 µM, [U(VI)] = 
80 µM in Tris-Cl, pH 7.4, 0.1 mM NaCl. Temperature has been 
measured in the range of 30 – 96 ˚C. The estimated error of the 
amplitude is ± 8 %.Formation of the complex and appearance of new 
bands was of the most interest. 
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Figure 5.10  UV-Vis melting spectra of  (A) HP DNA in the presence of uranyl 
(B) HP DNA-Que in the presence of uranyl. [HP DNA] = (23 µM), [Que] 
= 3.3 µM, [U(VI)] = 80 µM in Tris-Cl, pH 7.4, 0.1 mM NaCl. 
Temperature has been measured in the range of 30 – 96 ˚C. The 
estimated error of the amplitude is ± 8 %.Formation of the complex and 
appearance of new bands was of the most interest. 
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The concentration of uranyl solvent and concentration of quercetin differ 

between Figures 5.6 - 5.8 and Figures 5.9 & 5.10. Under the conditions of 

Figures 5.9 & 5.10, the UV-Vis melting profile of HP DNA-Que/uranyl, added in 

that sequence, was more sensitive to show the effect of the uranyl/Que 

complex on the HP DNA stability with high signal to noise ratio (Figures 5.9 & 

5.10) than the spectra obtained from the CD technique (not shown ). 

In summary, the concentration of quercetin needs to be about equimolar 

with that of the HP DNA to observe DNA destabilization upon formation of the 

uranyl-quercetin complex (compare Figure 5.8 and 5.9). The data further show 

that HP DNA in the presence of quercetin or uranyl exhibits a melting midpoint 

temperature (Tm) in the 75-85 °C range (Figure 5.6 and 5.7) . In the presence of 

both, uranyl and quercetin the Tm is decreased to 55-65 °C. The data allow to 

address the question whether quercetin and uranyl bind only independently or 

as a pre-formed complex. The lack of a CD signature of the uranyl-quercetin 

complex in the 400-500 nm range when bound to DNA argues against 

intercalation of the complex. However, the absorption red-shift of the uranyl-

quercetin complex absorption upon addition of DNA does indicate binding of the 

preformed complex (Figure 5.4 A). Therefore, the most plausible interpretation 

is the binding of uranyl-quercetin to the HP loop region, where it destabilizes 

the DNA structure. The data suggest that the DNA-bound uranyl-quercetin 

complex forms most efficiently by adding uranyl to quercetin-bound HP DNA. 

This is indicated by the complete disappearance of the absorption peak of 

DNA-bound quercetin upon addition of even small amounts of uranyl (Figure 

5.5 A). 
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Figure 5.11  CD melting profile spectra of  HP DNA alone (a, blue trace), in 
the presence of quercetin (b, red trace) and in the presence of Que-
uranyl (c, black trace). [HP DNA]=(23µM), [Que]=33µM in acetone, 
[U(VI)]=80µM in Tris-Cl, pH 7.4,0.1mM NaOH. Temperature measured 
in the range of 30 – 96˚C. 
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Chapter 6: Nuclear Magnetic Resonance Spectroscopy 

(NMR)  

In the previous two chapters, it has shown that quercetin can bind to 

uranyl (VI) in hydrophobic phase of quercetin contained lipid vesicles and hair- 

pin DNA. In order to understand the binding sites of the uranyl on quercetin, the 

NMR signals of quercetin before and after binding to uranyl (VI) have been 

recorded.  

6.1 NMR spectroscopic investigation of quercetin 

Figure 6.1 and 6.2 show the 1H NMR and 13C NMR spectra, respectively, 

of quercetin measured in acetone d6. It has observed that, the Signals of the 

hydroxyl protons, except 5-OH are very broad. Interestingly, the proton of 5-OH 

can be observed with a rather narrow signal. In addition, the carbonyl group can 

be detected, as the intramolecular hydrogen bonding reduce the exchange rate 

and facilitate the observation of this carbonyl group. There are clear differences 

between the rings A and B of quercetin (see figure 1.1 quercetin structure), both 

carbons and their attached protons of ring A are more shielded when compared 

to those of ring B, which indicate high electronic density at these sites. In 

addition, the OH bearing carbons of ring B (145 – 148 ppm) exhibit significantly 

lower chemical shifts than those of ring A (162 – 165 ppm). Consequently, the 

chemical shift differences of adjacent carbons in ring A are much larger than in 

ring B. 
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Figure 6.2 : 13C-NMR spectrum of quercetin in acetone-d6 

 

The chemical shift is a sensitive probe for the electronic density around 

the nucleus. Furthermore, the electronic cloud around the nucleus serve as 

shielding from the external magnetic field and this produce different chemical 

shifts in NMR spectroscopy. The ring-A of quercetin show larger chemical shifts 

differences of the adjacent carbons than those of ring B due to different OH 

group substitution on each ring (the meta and ortho for ring A and B 

respectively) . 

6.2 NMR spectroscopic investigation of U(VI)-querce tin complex  

A broadening of particular carbon signals of quercetin has been observed 

upon binding with U(VI) according to Figure 6.3. The most broadening signals 

are those of carbons 2, 3, 4, 4 a, and 5, so that they could not be observed. The 

broadening observed for carbons 6, 7 and 8 a was less, so they are observable. 

The broadening is an indicator of reaction exchange (i.e molecular dynamics). 

 

 

 

Figure 6.1 : 1H-NMR spectrum of quercetin in acetone-d6. 
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Figure 6.3 : 13C-NMR spectra of quercetin (A) in absence and (B) presence of 
equimolar U(VI) in acetone-d6.The arrows indicate the broadening in 
quercetin bands upon complexation with uranyl, which reveal also the 
site exchange and the molecular dynamics within quercetin molecule. 

 

On the other hand, the 1H NMR spectra shows broadening of all signals except 

H-5’. There is 3J coupling between H-5’and H-6’. The 3J coupling of H-5’ splitted 

into a doublet with J value of 8.5 Hz (See figure 6.4). 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 6.4 : 1H-NMR spectra of quercetin (A) in absence and (B) presence of 

equimolar U(VI) in acetone-d6 

 

NOESY (Nuclear overhauser enhancement spectroscopy) analysis of quercetin 

and equimolar U(VI) in acetone-d6 shows 1H spectra as projections (Figure 6.5). 
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The protons of 5’ and 6’ (see quercetin structure in Figure 1.1) show NOE, which 

results from the spatial proximity. This means that the ring B of the quercetin is 

not changed upon complexation with uranyl.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.5 NOESY spectrum of quercetin and equimolar U(VI) in acetone-d6 with 

the 1H spectra as projections.  
 

 

 

 

 

 

 

 

 

 

 

Figure 6.6  Site exchange in U (VI)–quercetin complexation. 
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In summary, NMR data of quercetin and quercetin-uranyl prove 

binding of quercetin and uranyl(VI) and that uranyl coordinate to two 

positions on the structure of quercetin  involving the 4-keto carbonyl group 

and the adjacent OH groups, giving a bidentate complexation geometries 

(See Figure 6.6).  
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Discussion  

Recently, there has been an unprecedented interest in plants and 

microbes, with radionuclides for decontamination of sediments and waters 

impacted by nuclear waste (Lloyd et al., 2003; Kumar et al., 2007; Prakash e t 

al., 2013). Flavonoids as a known pigments in plants can interact with the 

phosphate groups of phospholipids in liposomes intercalating between the 

flexible acyl chains of lipids as 'interstitial impurities' (Saija et al., 1995 ). 

Moreover, flavonoids are a redox-active polyhydroxyls and exhibit a variety of 

photochemical reaction pathways leading to their fragmentation upon intense 

exposure to light (Sisa et al., 2010) . For that, their complexes with heavy metals 

and their photodegradation has been investigated in relation to their 

environmental impact on the mobility of heavy metals in the soil (Cornard et al., 

1997&2002; Wang et al., 2008; Beker et al., 2011; K im et al., 2013). In the 

current study, the quercetin, which is the most common flavonoid, has been used 

in identifying the potential of flavonoids to affect the mobility of radionuclides. 

Thus, this study is moving forward towards its goal by monitoring uranyl-quercetin 

complex in a lipidic phase in aqueous suspension under two different photo-

conditions using UV-vis and light-induced FTIR difference spectroscopy. The 

absorption spectra of quercetin, which is a representer of the flavonoids in this 

work, in different solvents and in liposomes by Pawlikowska-Pawl ęga et al., 

(2007) revealed high affinity of the chromophore quercetin to low polarity 

environment including phospholipids. . Additionally quercetin has a planar 

structure due to presence of the double bond at C2=C3 on the C ring (Areias et 

al., 2001; Terao and Piskula, 1999).  Such a chemical aromatic structure does 

not confer high flexibility to conformational changes but rather results in a more 

rigid structure of quercetin (Arora et al., 1998). 

In the present UV-Vis spectral data, quercetin shows absorption maxima at 

369 nm (band I) and 251/254 nm (band II in acetone/water solvents). The data 

show that uranyl quercetin complex can form in both organic, i.e hydrophobic and 

in hydrophilic environments. In both cases the B band of quercetin becomes 

reduced, red shifted and a pronounced absorption arises in the 400-500 nm 

range. The 3- and 5-hydroxyls and the 4- carbonyl groups are prime candidates 
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for coordinating U(VI). By analogy to other complexes, the peak at 431 nm 

suggests that U (VI) binds at the 3-OH and 4-carbonyl of ring C of quercetin 

(Leopoldini et al., 2006) . This agrees with a large number of experimental data 

on other metal complexes that involve the same groups, thus mediating the red 

shift of the UV-vis absorption (for example Boudet et al., 2000; Zhang et al., 

2010). 

Interestingly, current photoreactivity data of the uranyl-quercetin complex, 

addressed by UV-vis spectroscopy evidence the photodegradation of the 

complex in contrast to free quercetin, which was stable under the illumination 

conditions. The complexation of quercetin with metals is affected by the 

protonation state of its hydroxyls. The protonation degree was also discussed in 

the work of others (Ollila et al., 2002) . It was shown that quercetin insertion on 

the planar lipid bilayer is strongly pH-dependent. The deepest insertion occurs in 

acidic medium. In such conditions, quercetin is neutral and completely 

liposoluble. In our work, the addition of uranium to the quercetin encapsulated 

into liposomes lead to changing the pH to  the acidic, which enhance deeper 

incorporation of the complex into the Liposomes. The UV-vis absorption of the 

uranyl quercetin complex at pH 3.5 showed absorption maximum at 425 nm. It is 

thus less red-shifted relative to that of quercetin (which shows negligible pH-

sensitivity of its absorption between pH 3.5 and 7.2) than for the complex close 

to neutral pH. Although the absorption of the "acidic complex" is more similar to 

that in acetone, illumination did not cause photodegradation as in acetone. The 

data hint at a crucial role of a stable or transiently ionized hydroxyl for the efficient 

uranyl-dependent photodegradation of quercetin. At physiological pH, its location 

is shifted further towards the aqueous environment (Ollila et al., 2002; Terao et 

al., 1994; Pawlikowska-Pawl ęga et al., 2003). In contrast, within alkaline media, 

deprotonation of quercetin happens and the reaction site of the flavonoid is 

restricted to the hydrophilic domain of the membrane. Negatively charged 

quercetin molecules become sandwiched between polar head groups at the 

bilayer surface (Movileanu et al., 2000).  Others (Ollila et al., 2002)  have also 

investigated the effect of protonation on the partitioning between the polar and 

nonpolar phase of membranes. They showed that an increase in the pH of the 

water phase favors the hydrophilic character due to deprotonating of the hydroxyl 

groups. 
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Whereas the UV-vis data monitor the electronic transition of quercetin, they 

do not reveal further detail on the state of the uranyl. Therefore, we have used 

FTIR spectroscopy to observe the vibrational spectrum of uranyl as an indicator 

of light-induced chemical or structural changes in the complex. Uranyl exhibits 

well-known U-O stretching modes in the 600-1000 cm-1 range (Müller et al., 

2013).Figure 4.4 compares the IR absorption of a quercetin film with that of the 

uranyl quercetin complex. The uranyl bands are well resolved at 944 and 925 

cm-1. In addition, frequency down shifts in the higher wavenumber regime are 

evoked by uranyl (arrows). Among these, the most prominent is the down shift of 

intensity from ~1620 cm-1 and ~1570 cm-1 to 1528 cm-1. These bands are 

potentially caused by chemical bonds that are directly involved in uranyl 

coordination. These bands also experience the largest absorption change upon 

illumination of the complex as expected for directly coordinating groups. 

Irrespective of a more specific band assignment (see below), the strong light-

sensitivity of the IR absorption evidences the photochemical reaction deduced 

from UV-vis spectroscopy. Importantly, the uranyl bands show clear light 

responses. The absorption changes are represented as differences, such that 

vibrational modes formed by illumination show positive sign, whereas the 

depletion of the initial modes causes negative bands. It is remarkable that the 

uranyl absoroption changes are purely negative. This evidences not only the 

involvement of uranyl in the photoreaction but more specifically it demonstrates 

the loss of U-O oscillators upon illumination. The IR data thus, suggest that U(VI) 

becomes partially reduced. In the case of U(IV) formation, the oxygens would be 

fully removed in accordance with the observed purely negative IR difference 

band. Furthermore, the calculated vibrational Infrared of the complex of 

equimolar uranyl-quercetin in acetone support this experimental IR data (figure 

7.3).    

The coordination of uranyl to quercetin in the dark state has been  predicted 

by NMR spectroscopy. The observation of broadened and narrow bands in the 

spectra of quercetin upon complexation with uranyl support an intramolecular 

exchange or site exchange within quercetin molecule. As the nuclei at and near 

the binding sites are always the most affected. Also from the particular signals 

that showed large broadening, it can be concluded that complexation takes place 

around the carbonyl group with two possibly coordination modes, involving the 
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carbonyl and the adjacent OH groups, resulting in bidentate 5-ring or 6 ring 

complexation geometries. The signal broadening of H 6 and H 8 is in agreement 

with the findings from the carbon spectra, but that of protons 2’ and 6’ is yet hard 

to explain. Furthermore, as the OH signals cannot be observed under these 

conditions, it is not possible to decide whether the coordinating OH groups 

remain protonated. For that reason, DFT calculation has been done to further 

investigate the binding sites. The next paragraph below show the DFT predictions 

for the dark and light states of the uranyl-quercetin complex. 

The structure of the uranyl (VI)-Que complex has been obtained by using 

the Density functional theory (DFT) calculations; the B3LYP level of theory has 

been selected based upon that it gives the appropriate treatment of the electron 

correlation of uranyl (VI). The optimized structures of quercetin in complex with 

uranyl(VI) ion  are shown in figure (7.1) showing three  possible coordination 

modes of uranyl (VI) to quercetin: site 1,’’no chelate’’ and site 2 (Figure 7.1 A,B 

and C respectively). These calculated sites reveal that uranyl(VI) bind to 

quercetin  in a bidentate mode between the carbonyl group in ring C of quercetin 

and both OH groups in ring C and ring A (see figure 1.1 the quercetin structure). 

The no-chelate complex mode represents the transition state between complex 

A and complex C. In this complexation mode, there is no chelation and the uranyl 

only binds as an open ring serves as intermediate state between site 1 and site 

2. However by comparing the calculated Gibbs free energy, it has been found 

that "Site 2" (see Figure 7.1 A) is the most stable complex, while "Site 1" (Figure 

7.1 C) is less stable than "Site 2" by 10.3 KJ/mol and "no chelate" mode (Figure 

7.1 B) is also less stable than "Site 2" by 14.4 KJ/mol. These results suggest that, 

"Site 2" is the most dominant possible complex species and the more favorable 

form energetically in solution; however, the presence of the "Site 1" and "no 

chelate"  complexes cannot be excluded.  
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Figure 7.1: The optimized structures and the Gibbs energy in the aqueous phase of the 

uranyl (VI)-Que complex and the transition between them. The Gibbs energy 
value is relative to the complex A.  

 

          It is worth to mention that the planarity of the flavonol quercetin has been 

lost after coordination of uranyl (VI) to site 1(Figure 7.1 C) and a tiltation of the 

ring B has been obviously observed. On the other hand, this tiltation persists as 

long as uranyl (VI) ion is binding at "Site 1" but the tiltation has not been observed 

when uranyl (VI) ion is coordinating to "Site 2" (Figure 7.1 A) or in the intermediate 

state between "Site 1" and "Site 2" (Figure 7.1 B). Besides the tiltation of 

quercetin molecule, there is a broken hydrogen bond between the C6’-H atom 

and the C3-OH group, which explained the loss of quercetin to its planarity. 

Mitrasinovic et al., (2013 ) have mentioned that the presence of the 

intramolecular hydrogen bond between C3-OH group and C6’-H atom is 

responsible of the planarity of the quercetin molecule and the binding mode of 

C 
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quercetin with a receptor depends upon the spatial orientation of the C3-OH 

group. 

 

. 

 

 

 

 

 

 

 

 

 

 

 
 
Fig 7.2 Mulliken spin density α-β of the lowest-lying triplet state of uranyl-quercetin 

complex in water. An undefined atom in quercetin donates an electron to the 
uranyl and lead to the reduction of uranyl(VI) to uranyl(V). 

 

 

The reduction of uranyl by quercetin was not observed in acetone. 

Therefore, the optimized structures in aqueous phase have been chosen to 

theoretically examine the photoreaction of the complex. Furthermore, the 

structure of the complex in acetone has been found not to differ so much from 

that in water. In addition, the "Site 2" has been chosen for this photoreaction 

calculation because it is more stable than the other possible complexes. Figure 

7.2 showed that upon photo-excitation there is two unpaired electrons distributed 

through the entire uranyl-quercetin complex besides occurrence of electron 

transfer from quercetin to uranyl. Consequently, it was claimed that uranyl has 

been reduced to the uranyl (V) (the lower oxidation state of uranyl) after accepting 

electron from the quercetin upon the photo-excitation, but this electron transfer 

cannot be assigned to one specific atom on quercetin. 
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Figure 7.3: Calculated vibrational IR energies of uranyl-quercetin complex in acetone of 
1:1 complex. 

 

The ensemble of the UV-Vis, FTIR and DFT results provide evidence for 

the formation of a photoreactive uranyl-quercetin complex of largely hydrophobic 

nature. Uranyl binds preferentially at the carbonyl functional group of quercetin 

in a mode that allows the photoreduction of uranyl in the complex. Whereas its 

topology in liposomes is well characterized in the sub-headgroup region, the 

binding mode to DNA is less unique. An intercalative binding mode is indicated 

by UV-Vis absorption and a CD signal at 230 nm, but chirality was not observed 

in the 400-500 nm range of formation of the uranyl-quercetin complex. Decrease 

of the peak intensities of uranyl-quercetin complex and a red shift is a typical 

indicator of an intercalating mode (Long and Barton, 1990). The observations 

of isobathic points in the UV-Vis curves provided evidence of HP DNA complex 

formation and confirm the presence of an equilibrium state between 

quercetin/uranyl-quercetin and HP DNA (Ni et al., 2007).  Additionally, 

Hypochromic effect essentially indicated the intermolecular interaction between 

the ligand and DNA bases appearing in the loop portion of the Hairpin DNA 

(Fukuda et al., 1990).  The gradual shift of the ligand peak was also observed by 

̽ 
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(Liang et al., 2013)  upon interacting of the 9-hydroxyfluorene with DNA, which 

they attributed to the formed hydrogen bonds between the nucleases and the 

ligands. In comparison to the liposome system, the binding of uranyl-quercetin to 

HP DNA appears less defined and less suitable to be used for further applications 

in bioremediation. 

 

 

 

 

  



Discussion and Conclusion 

83 

 

Conclusion 

Results of this study indicate clearly that, Insoluble uranyl species of an 

oxidation number smaller than VI can be trapped in the hydrophobic core of a 

lipidic bilayer by quercetin, where they become stabilized. Quercetin has been 

selected here for its suitable photochemistry, reduction properties and its cost 

effectiveness. A uranyl-quercetin complex associated with lipid vesicles can be 

removed from water by a simple centrifugation step. This property opens a new 

route to light-driven bioremediation of uranyl-contaminated waters.  

The role of light in this study is to accelerate the redox reaction between 

quercetin and uranyl and fastly initiate the consequent co-precipitation, which is 

the major evidence of insoluble form of uranyl formation. However, liposomes 

play an important role in stabilizing the uranyl-quercetin complex before and after 

photoreaction. 

The work presented here, shows that quercetin and uranyl bind also to DNA 

as a preformed complex in the loop portion. Therefore, hairpin DNA is expected 

also to be a suitable trapping system for the uranyl quercetin complex and its 

potential photoproducts. However, the liposome system is particularly favored 

over a DNA-based trapping of photoreduced uranyl, because the hydrophobic 

environment can accommodate the water-insoluble uranyl species with oxidation 

state <VI. In addition, the multiple binding modes (intercalation and groove 

binding) lead to a less specific system. Thus, the main conclusion from this work 

is the proposal of uranyl-flavonoid complexes as a general cheap strategy to 

exploit uranyl photochemistry for environmental remediation based on natural 

compounds, rather than the less controllable organism-based removal of uranium 

from contaminated sites. 
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Symbols and Abbreviations 

aceton d6 deuterium acetone 

CD Circular Dichroism 

COSY Correlation Spectroscopy 

DFT Density Functional Theory 

DMPE Dimyristoyl Phosphatidylethanolamine 

DMPG Dimyristoyl Phosphatidylglycerol 

HSQC Heteronuclear Single Quantum Coherence 

NMR Nuclear Magnetic Resonance  

NOESY Nuclear Overhauser Enhancement Spectroscopy 

NOE Nuclear Overhauser Enhancement 

Que. Quercetin  

U(IV) Uranium of oxidation number 4  

U(VI) Uranium of oxidation number 6 

HP DNA Hairpin DNA 

UV-Vis Ultraviolet-visible 

FTIR Fourier transform infrared  

IR  Infrared 

ATR Attenuated total reflection 

ATR-FTIR Attenuated total reflectance-Fourier transform infrared 

Th Thorium 

MDA Malondialdehyde  
 

DPPH 
 

2,2-Diphenyl-1-Picrylhydrazyl 

13C NMR Carbon Nuclear magnetic resonance 
 

1H NMR Proton Nuclear magnetic resonance 
 

ZVI Zero-Valent Iron  
 

ORFRC   Field Research Center at Oak Ridge 
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NOESY Nuclear Overhauser Enhancement Spectroscopy 

ECP Effective Core Potential 
 

LUVs large Unilamellar Vesicles 
 

B-DNA beta DNA 
 

ROS Reactive Oxygen Species  
 

acetone-d5    deuterium acetone 
 

CPCM Conductor like Polarizable Continuum Model 



99 

 

Acknowledgements 

Praise is to the GOD, the lord of the worlds, who guided and aides me to bring forth 

to light this work and by who grace this work has been completed. 

To my supervisor Dr. habil. Karim Fahmy, Head of Biophysics Department, HZDR, 

who gave me the basic idea of this thesis, I sincerely thank you for the guidance you have 

provided and for the critical review of this thesis. I greatly appreciate the extra effort you 

went to fit your supervisory duties and manuscript revisions into your hectic schedules.  

I would like to express my gratitude to my supervisor Prof. Jochen Guck, Professor 

of Cellular Machines, Physics Department, Technical University Dresden, from who I have 

learned a lot, due to his support and advising until this work come to light.  Also, I would 

to thank Prof. Herwig Gutzeit, Chair for Zoology and Developmental Biology, for his 

contributions by his expert opinions and constructive discussion that was always pushing 

me to improve this work. 

I would also like to extend my sincere appreciation to Prof. Satoru Tsushima, 

Biophysics Department, HZDR, for his help in DFT calculation and to my colleague Jerome 

Kretzschmar, Biophysics Department, HZDR, for his help in the achievement of the NMR 

experimental part.  

Thanks to all members at Biophysics section, HZDR, who were there always to lend 

a helping hand and divert me when I needed a break. 

I wish to express sincere appreciation to the entire HZDR community. This work 

would not have been possible without their help and friendship. I would especially like to 

thank Frau Annette Weißig, HZDR international office, for her support in overcoming my 

accommodation obstacles inside Germany and her consultations in all walk of life. 

Financial support was provided mainly by Deutsche Akademische Austauschdienst 

(DAAD), which was essential for this work to finance the author in relation to travel, 

accommodation and visits to conferences and workshops. I express my sincere thanks to 

them for their good care and splendid organization. 

This thesis would have been much different (or would not exist) without these 

people. 

 

 

 

   Thank you All, 

           Enas Attia        

                                                                                                   



Erklärungen zur Eröffnung des Promotionsverfahrens  

 
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige 

Hilfe Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel 

angefertigt  habe; die aus fremden Quellen direkt  oder indirekt übernommenen 

Gedanken sind  als solche kenntlich gemacht. Weitere Personen waren an der 

geistigen Herstellung der vorliegenden Arbeit nicht beteiligt. Insbesondere 

habe ich nicht die Hilfe eines kommerziellen Promotionsberaters in Anspruch 

genommen. Dritte haben von mir weder unmittelbar noch mittelbar geldwerte 

Leistungen für Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der 

vorgelegten Dissertation stehen 

Ich bestätige, dass es keine zurückliegenden erfolglosen 

Promotionsverfahren gab. Die Arbeit wurde bisher weder im Inland noch im 

Ausland in gleicher oder ähnlicher Form einer anderen Prüfungsbehörde 

vorgelegt. Ich bestätige, dass ich die Promotionsordnung der Mathemathik und 

Naturwissenshaften Fakultät der Technischen Universität Dresden  vom 

20.03.2000 anerkenne. 

 

_____________________           _______________________ 

Ort, Datum             Unterschrift  

 

 
 


