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Introduction 
 

Deoxyribonucleic acid (DNA) is a linear polymer having a double helix structure and 

negative charges along the chain (1-4).  The DNA molecules have various biochemical 

functions in animate beings.  The main role of DNA is the carrier of genetic 

information from one generation to the next (5-6).  In recent years, many efforts have 

been devoted to develop materials consisting of DNA as a functional polymer (7-13).  

As a typical example, carcinogenic agents and environmental hormones having planar 

aromatic groups intercalate into DNA double helices (4,14-15), resulting in inhibition of 

interpretation of hereditary code (16).  This specific property of DNA is used as the 

most efficient adsorbents of such specific toxic agents selectively.  For this application, 

DNA must be in a water-insoluble state.  Several technological developments to 

prepare water-insoluble DNA compounds have been performed to create environmental 

cleanup materials (7-11). Nishi et al. succeeded in the insolubilization of salmon milt 

DNA by cross-linking it with ultraviolet irradiation (8-10) and by forming molecular 

complexes with other biomacromolecules (7).  Umeno et al. reported the synthesis and 

characterization of polyacrylamide gels containing DNA and their application as 

carcinogen absorbents (11).   

At the concentrated states, DNA forms various lyotropic liquid crystalline phases 

depending on the DNA concentration and the ion strength (17-21).  On the other hands, 

isotropic gels consisting of DNA prepared by using chemical cross-linking reagents and 

metal cations have been reported (22-23).  Recently, we have found that a dialysis of 

concentrated solutions of rigid or semi-flexible polymer molecules such as curdlan and 

DNA in concentrated aqueous metal multivalent cations (such as Ca2+, Mg2+, Co2+, Ni2+, 
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Mn2+, Fe2+, Cu2+, Dy2+ and Al3+) yields cylindrical liquid crystalline gel (LCG) in the 

dialysis tube (24-25).  This new material is expected to be utilized as an intelligent 

probe and an adsorbent of toxic agents with advantage of anisotropic optical properties 

and high capacity of holding solvents.  In this doctor's thesis, a mechanism of liquid 

crystalline gelation of DNA aqueous solution is studied from experimental and 

theoretical aspects, and adsorption kinetics of carcinogenic agents to DNA LCG is also 

investigated. 

In Chapter 2, the preparation method and the condition for forming DNA LCG were 

described.  Various forms of DNA LCG, such as a bead, a film, and a fiber, were 

successfully prepared by using an insolubilization reaction method.  The gel and 

optical properties of DNA LCG were also discussed.  The adsorption capacity of 

carcinogenic agents of DNA LCG beads was investigated.   

In Chapter 3, the process of forming DNA LCG is investigated experimentally and 

theoretically.  Since the ordered structure in the LCG formed in the process has 

considerable effects on the characteristic properies of DNA LCG, such as birefringence 

and Young's modulus, it is important to understand the dynamics of liquid crystalline 

gelation.  To trace the process, DNA LCG films was prepared by immersing DNA 

aqueous borate solutions sandwiched between two circular glass plates into cobalt 

chloride solutions.  To explain the dynamics of DNA liquid crystalline gelation, a 

theory based on the nonequilibrium thermodynamics with "moving boundary picture" 

(26) was modified, and the results were analyzed by the modified theory.   

In Chapter 4, the adsorption kinetics of carcinogenic agents to DNA LCG beads is 

described.  The kinetics of adsorption of toxic agents by DNA molecules has been 

studied (27-28), and the interaction was classified into external binding, groove binding 
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and intercalation.  Especially, ethidium-DNA intercalation has been intensively 

investigated (29-30), and multistep kinetics has been proposed.  Although the 

mechanism of adsorption of toxic agents into DNA composites could be explained by 

the combination of the above essential interactions, from the aspect of bioconjugate 

materials science and technology, it is more important to describe the adsorption 

behavior phenomenologically, because meso- and macro-scale structures of the 

composites have considerable effects on the adsorption behavior.  To understand the 

adsorption behavior, a theory for the adsorption kinetics of carcinogens to DNA LCG 

beads has been developed by using the non-equilibrium thermodynamics with simple 

assumptions.   
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Chapter 1 
 

Liquid Crystalline Gelation of DNA Aqueous Solution 

 

1.1 Introduction 

LCG is of current interest for its large capacity of adsorbing solvent and LCG's 

unique optical characteristics.  Gelation and liquid-crystal formation are, however, 

usually conflicting with each other since gels are isotropic materials swollen with a 

large amount of solvent and liquid crystals are anisotropic materials composed of 

rodlike molecules aligning at least in one direction.  Therefore, LCGs have been 

prepared by somewhat ad hoc maneuvers, such as embedding rodlike molecules in 

reactive multifunctional monomers, which can cross-link each other (31). It is also 

well-known that DNA LCG has been prepared by forming a DNA-surfactant complex, 

where surfactant-nucleotide interaction makes cross-linking points (12).  Recently, M. 

Nobe et al. reported a new method to prepare LCG by self-organization of one of 

rod-like polysaccharides, triple helical curdlan in aqueous NaOH in a process of dialysis 

to aqueous CaCl2 (24,26, 32-33).  Slow dynamics of concentrated Curdlan solution 

resulting from an outflow of hydroxide anions and sodium cations are combined by an 

inflow of calcium cations and chloride anions through dialysis membrane.  Random 

coil to triple helix transformation of Curdlan molecules by lowering pH and 

cross-linking of Curdlan molecules by calcium cations were coupled to form LCG in the 

process.  It is hoped that this methodology for preparing LCG could be applied to other 

combinations of rodlike polymers and aqueous metal salts.     
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Double helical DNA is a typical rodlike biopolymer having persistence length of 500 

Å and minus charges at each 1.5Å along the rod in dilute solutions (4), and forms a 

lyotropic liquid crystalline phase in concentrated solutions (17-21). On the other hand, 

“isotropic” chemical gelation of DNA with cross-linking reagents or metal cations has 

been reported (22-23). Therefore, it seems to be appropriate to apply the above method 

for preparing LCG to DNA.   

In this chapter, the condition for finding DNA LCG is examined by means of the 

insolubilization reaction used for microencapsulation (34) and the mechanism for 

forming DNA LCG is discussed.  The adsorption of one of carcinogenic agents, 

acridine orange, to the DNA LCG is demonstrated. 

 

1.2 Experimental Section 

An appropriate amount of sodium-type double-helical DNA with 10kbp from salmon 

milt (Nippon Chemical Feed Co. Ltd.) was dissolved in a buffer solution (40 mM 

sodium borate and 10 mM sodium chloride at pH 9.2) at 1 or 3 % of weight (15 mM 

nucleotide). The solution was dialyzed into 100 mM cobalt chloride by the following 

two methods and used for different parts of the experiment.  (1) To characterize the 

degree of orientation of DNA molecules, 5 mL of the DNA solution was poured into a 

dialysis tube with d0 = 6mm-25mm diameter (Sanko Pure Chemical Co. Ltd.) and 

dialyzed into 200 mL of aqueous cobalt chloride of various concentrations for 24h to 

form an LCG cylinder.  Cross-sectional strips were excised in directions perpendicular 

to and parallel with the long axis of the dialysis tubes to be observed under natural light 

and crossed nicols.  After the dialysis the cross-sectional diameter df and the thickness 

of the LCG layer LCG was measured. The shrinking ratio s defined as s = (d0-df)/d0 was 
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obtained.  (2) To find the condition of preparing LCG, 1wt% DNA solution in a syringe 

with different gauges was dripped into aqueous cobalt chloride to prepare LCG 

microspheres.  When a droplet of the viscous concentrated DNA solutions buffered by 

boric acid is dipped into the reactive fluid of aqueous cobalt chloride, insolubilization 

reaction occurs on the spherical surface of the droplet.  The interfacial layer formed by 

the initial reaction played the role of the dialysis tubing, and the dialysis from the 

spherical surface was realized to make small beads with the diameter of 2-3 mm.  Gel 

was identified by the conventional extrusion method and liquid crystal was identified 

using crossed nicols.  The weight percentage of DNA, WDNA, and molar concentration 

of cobalt chloride, CCo, were varied in the experiment.  The latter experiment was also 

tried for extradialytic aqueous solutions of different salts of LiCl, NaCl, KCl, CaCl2, 

MgCl2, BaCl2, SrCl2, MnCl2, CoCl2, NiCl2, FeCl2, Dy(CH3COO)2 and AlCl3 at a salt 

concentration of 100 mM. All the salts were purchased from Wako Pure Chemicals and 

used without further purifications, and MilliQ water was used to dissolve the salts.  To 

examine the effect of buffer for dissolving DNA, 0.5 M 

2-amino-2-hydroxymethyl-1,3-propanediol (Tris)-HCl buffer at pH 9.2, 0.1 M 

phosphate buffer at pH 7.0, 20 vol% ethanol aqueous solution and pure water were used 

in place of sodium borate as an alternative buffer.  The dialysis time was 5min. All the 

preparations and measurements were made at room temperature of 24 oC.  To assess 

the capacity of adsorbing acridine orange, 0.05 g of DNALCG beads were immersed 

into 1.8 mL of acridine orange solutions with concentration in the range between 5 and 

1000 g/mL for 48 h. The optical density at wavelength  = 495 nm was measured for 

the solutions before and after immersing the beads.  The grams of acridine orange 

adsorbed to 1 g of DNA LCG microcapsules wAO was caluculated as a function of 
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weight concentration of acridine orange in dispersing solution ci from the optical 

density using a calibration curve. 

 

1.3 Results and Discussion 

In the course of the dialysis process the DNA solution gelled and a birefringence 

increasingly appeared. Figure 1 shows the upper view of the cross-sectional strip 

perpendicular to the long axis of the DNA (3 wt%) gel with the thickness of 6 mm 

observed under crossed nicols.  Black cross lines were also observed as shown in 

Figure 1.  The corresponding colored layer and black cross line were also observed in 

the side view of the strip excised parallel to the long axis along the center line, whereas 

no transmitted light was observed for the strips excised parallel to the long axis along 

off-center lines under the crossed nicols (not shown).  These results indicate the radial 

ordering of DNA molecules or their aggregates, i.e., the LCG formation.  The DNA 

solution in the inner core of the gel observed black (no transmitted light) was more 

dilute than that in the original solution and easily washed out to form a hollow cylinder 

when the dialysis time tD was less than 3h for the diameter of the dialysis membrane 

being 16mm.   At tD>3h, the whole cylinder gelled, but the core of the cylinder was 

very soft and fragile.  The diameter decreased in the course of dialysis by about 16% 

and; i.e., the inner volume of the dialysis tube became about 60% of the initial volume.  

The shrinking ratio was independent of the diameter of the dialysis tube, as shown in 

Fig. 2.  The thickness of the LCG layer after the dialysis for tD>3h was proportional to 

the diameter of the dialysis tube, as shown in Fig. 3, and to the diameter of the gel after 

the dialysis.   

This proportional relation is explained as follows.  The DNA solution becames 
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concentrated to form the liquid-crystalline structures.  Therefore, the DNA 

concentration in the LCG layer LCG  is larger than that in the original solution 0 .  

The DNA concentration in the sol phase s  decreases as the LCG layer grows.  

When s  reaches a minimum concentration min , the LCG layer growth would stop.  

The conservation law of the DNA molecule number leads to a simple relation 

min
202020

0
20 )

2
(])

2
()

2
[()

2
( DNALCGDNA

dddd

  (1) 

From the above, we have the relationship between the thickness of the outer liquid 

crystal layer DNA  and the diameter of the dialysis tube 0d .  

   0dCDNA         (2) 

with 

min

min011
2
1

LCG

C
      (3) 

The shrinking effect of the LCG may modify the expression Eq.3 of the coefficient C , 

but does not change the proportional relation Eq.2 because the shrinking ratio is 

independent of 0d  as shown in Figure 2.  

LCG phase and isotropic transparent gel phase were observed above threshold 

concentrations of both DNA and cobalt chloride, at intermediate concentrations and at 

low concentrations, respectively, as shown in the phase relationship of Figure 4 for 

boric acid concentration of 20mM.  The boundary between LCG and isotropic gel 

moved to lower DNA and CoCl2 concentrations as boric acid concentration was higher.  

LCG phase was observed in all the buffers except for dispersing pure water at 1wt% 

DNA and 100mM CoCl2, and LCG region in the diagram was wider for Tris buffer and 
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borate buffer.  Making LCG with dispersing pure water required DNA concentration of 

more than 5 wt% at 100mM CoCl2.  Therefore, LCG is formed irrespective of buffer if 

other conditions are optimized, although pH is one of the most important factors in 

determining the phase relationship.  The gel was stable and the birefringence did not 

change at room temperature in water for 10 month. The gel was also stable at 90oC for 1 

h. 

In the process of dialysis, the DNA solution turned pink at the contact with the cobalt 

solution through the dialysis membrane, and next the color of the solution changed to 

green and then to blue.  The color change is attributed to the dehydration of cobalt 

complex of [Co(H2O)6]2+ and the production of [CoCl4]2-.  DNA LCG was also 

successfully prepared in extradialytic solutions of MnCl2, CoCl2, NiCl2, FeCl2, CuCl2, 

Dy(CH3COO)2 and AlCl3 with all the buffer used and CaCl2, MgCl2, BaCl2, and SrCl2 

in 20 vol% ethanol aqueous solution.  Much higher DNA concentration around 3-5 

wt% was required for forming DNALCG for the latter salts.  Alkaline metal chlorides 

such as LiCl, NaCl and KCl did not induce LCG.  Therefore, d-block transition metals 

such as iron (divalent and trivalent), nickel, and manganese chloride aqueous solution, 

aluminium (p-block element) chloride and dysprosium (f-block element) acetate easily 

induced LCG.  In contrast, alkaline earth metals (s-block elements) such as calcium, 

magnesium and barium are marginal in forming LCG.  Thus, anisotropy of valence 

electron orbits of cations might be effective for the association of DNA molecules to 

make cross-links with ordering.  It is also suggested that divalent cations that react 

with inner base more easily form DNA LCG.   

From the experimental results the mechanism for forming DNA LCG is speculated as 

follows.  When concentrated DNA molecules come into contact with an excess amount 
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of metal cations in extradialytic solutions at the dialysis tube interface, the cations are 

adsorbed not only into the inner core of the helices to form M-form (the DNA-metal ion 

complex, in which a divalent metal ion (Zn2+, Ni2+, and Co2+) is incorporated into the 

center of DNA duplex) but also to the outer surface of the DNA double helices.  Here, 

M-form is not significantly important for forming LCG, since LCG is also formed by 

aqueous aluminium chloride, which is known not to form M-form, and binding to the 

inner core of DNA does not contribute to cross-linking. DNA molecules change the 

conformation from a semi-flexible state to a single globular state by counter-ion 

condensation in dilute solutions (35-40), whereas in concentrated solutions the 

intermolecular coupled segment-segment interactions through cations might result in 

oriented DNA association much faster than the intramolecular conformation change, 

and the orientation is fixed with the cross-linking via the cations: The transition metal 

cations are shared among segments of different DNA molecules to make cross-links. 

The boundary condition at the circular dialysis tube and the cation flow forces the DNA 

molecules or their aggregates to align radially.  The considerable decrease in volume is 

attributed to this type of ionic condensation.  The coupling of conformational change 

of biomacromolecules and the cross-links due to cations is a scenario similar to the 

LCG formation of one of polysaccharides, Curdlan, by a simple dialysis into a calcium 

ion bath, in which single to triple helical conformation change induces LCG (24).  The 

difference of the DNA LCG and curdlan LCG is in the homogeneity and packedness: 

Curdlan LCG has a birefringence gradient in the radial direction of the layer showing 

continuous color variation under crossed nicols, and forms a close-packed gel in the 

range of lower concentrations of Curdlan.  This structural difference might be 

attributed to the much more rapid and larger degree of shrinking of DNA gel, which 
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results in homogeneous growth of the nucleus of DNA mesogens produced at the 

dialysis tube surface in the first stage of LCG formation. However, we should not take 

these differences too seriously, since these could be quantitative ones. 

It is interesting to examine the functional abilities of the DNA LCG. As a 

demonstration, the DNA LCG was immersed in an aqueous solution of one of the 

cancer-causing agents, acridine orange.  Figure 5 shows that grams of acridine orange 

adsorbed to 1 g of DNA LCG microcapsules wAO as a function of acridine orange 

concentration in dispersing solution ci. wAO is proportional to ci with the slope of 21.5 

ml/g up to around 8 x 10-4 g/mL and then reaches a constant of 0.018 g/g.  This means 

that acridine orange was in equilibrium between DNA LCG microsphere phase and 

dispersing solution phase up to cs ~ 8 x 10-4 g/mL, and the maximum adsorption of 

dried DNA LCG microcapsules is wAO
sat ~ 0.018 g/g.  From this value the number of 

acridine orange molecules adsorbed to DNA is estimated as 
9.1

100/
/

NRDNA

AO
sat

AO
MW

MC

per 

one unit pair, where MAO and MNR are the molecular weight of acridine orange and 

nucleotide pair, respectively, and the weight percentage of DNA WDNA in the gel was 

estimated from the initial concentration of DNA of 1% and shrinking ratio of 60% as 

1.7 wt%.  Since acridine orange molecules are trapped in DNA in the major groove of 

DNA double helix and interstices between base pairs and part of acridine orange would 

compete with Co2+ for binding to DNA LCG, the value obtained seems to be reasonable, 

and it indicates that acridine orange is effectively adsorbed.  This also shows that DNA 

molecules are not much damaged in the process of LCG formation, and the DNA LCGs 

newly prepared, are good intercalators as an absorbent of this kind of toxic compounds. 
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Figure 1.  DNA liquid-crystalline gel observed from the upper view of the 

cross-sectional strip perpendicular to the long axis of dialysis tube under crossed nicols. 
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Figure 2.  Relationship of the shrinking ratio and the diameter of the dialysis tube. 
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Figure 3.  Relationship of the thickness of LCG layer and the diameter of the dialysis 

tube. 
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Figure 4.  Phase relationship of DNA aqueous cobalt solution at boric acid 

concentration 20mM. Circles, triangles, squares, and diamonds denote LCG, isotropic 

gel, coexistence of precipitates and solution, and isotropic solution, respectively.  The 

lines show the roughly estimated phase boundaries.  The molar ratios of Co2+ and 

nuculeotide are ca. 1:2, 1:30, and 1:330 at the points A, B, and C, respectively. 
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Figure 5.  Grams of acridine orange adsorbed to 1 g of DNA LCG microspheres as a 

function of acridine orange concentration in dispersing solution. 
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Chapter 2 
 

Dynamics of Liquid Crystalline Gelation of DNA 

 

2.1 Introduction 

In chapter 2, we introduced that dialysis of concentrated DNA solutions into 

concentrated aqueous metal multivalent cations (such as Ca2+, Mg2+, Co2+, Ni2+, Mn2+, 

Fe2+, Cu2+,  Dy2+ and Al3+) yields cylindrical liquid crystalline gel (LCG) in the 

dialysis tube.  Formation of the ordered network structure could be attributed to the 

shear that is induced by cylindrical symmetric flow of metal cations, and is expected to 

be universal to the systems consisting of intradialytic rigid polymer solutions and 

extradialytic cross-linking agent solutions separated with a dialysis membrane.  During 

the dialysis, the DNA molecules are both oriented and cross-linked to form LCG from 

the interface between the extradialytic metal cation solution and the intradialytic DNA 

solution, i.e., the dialysis membrane.  At the final state or after long enough dialysis, 

however, the DNA gel consists of an outer LCG phase and an inner amorphous gel 

(AG) phase.   

To trace the process quantitatively, in this study, it was attempted that DNA aqueous 

borate solutions were sandwiched between two circular cover glasses and immersed into 

concentrated cobalt chloride solutions. Immediately after the immersion, cross-linking 

reaction occurred at the cylindrical surface between the DNA solution and cobalt 

chloride solution.  Since the interfacial layer formed by the initial reaction played the 

role of the dialysis membrane, the dialysis from the cylindrical surface was realized.  
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The time courses of the thickness, the weight fraction of DNA and cobalt cations, the 

birefringence and the turbidity of the film consisted of outer LCG and inner DNA 

solution have been measured.  The positional dependences of the weight fraction of 

DNA and cobalt cations were also measured.  To explain the DNA LCG formation 

process, a modification of the theory used for the curdlan LCG formation dynamics (26, 

33) was required.  The experimental data were explained by the modified theory 

consistently.  

 

2.2 Experiments  

2.2.1 Preparation  

Sodium type double stranded DNA extracted and purified from salmon milt was 

provided by Japan Chemical Feed Co. Ltd. The nominal average base pair examined by 

the electrophoresis is 10kbp. Cobalt chloride and sodium tetra-borate were purchased 

from Wako Pure Chemicals. MilliQ water was used as solvent.  DNA was dissolved in 

20mM sodium tetra-borate aqueous solution at 1.0wt%. This concentration is much 

lower than the threshold to form DNA liquid crystal without any cationic ions.  In 

order to prepare a DNA LCG film with reference of phase diagram of DNA+ 

tetra-borate+ cobalt chloride+ water (25), the DNA solution was sandwiched between 

two circular glass plates with the radius R= 6, 7.5, and 9 mm, and then immersed into 

100mM cobalt chloride solution at 20ºC.  DNA LCG was formed from the interface 

between the DNA solution and cobalt chloride solution toward the center of the DNA 

solution until the critical immersion time tI for completion of about 120min, 180min, 

and 240min, respectively for R= 6, 7.5, and 9 mm.  The resultant DNA LCG film 

consisted of an outer LCG layer and an inner amorphous layer at the final state. At the 
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immersion time t < tI, the inner amorphous layer was solution, whereas at t > tI, the 

whole solution gelled, but the core of the cylinder was very soft and fragile, where tI is 

the time required for gelation of the whole film.   

 

2.2.2 Measurements 

(1) Swelling ratio 

The thickness l(t) and the cross-sectional area a(t) of DNA aqueous solution 

(initially) or gel (finally) as shown in Fig. 6 was measured with a cathetometer at 

immersion time t, and the time course of the shrinking ratios of DNA solution or gel 

defined as  (t) = l(t)/l0 in thickness and '(t) = a(t)/a0 in cross-sectional area were 

obtained, where l0 and a0 are the thickness and the cross-sectional area of the DNA 

solution before the immersion, respectively.  

(2) DNA and cobalt concentration 

The samples prepared at R = 9 mm were sliced concentrically into one to four 

sections at each immersion time and denoted as S1, S2, S3, and S4 from the outside to 

the center; S1 (7 mm < r < 9 mm), S2 (5 mm < r < 7 mm), S3 (3 mm < r < 5 mm), and 

S4 (inner solution region), respectively, where r is the distance from the center.  The 

volume of S4 decreased with t from that of the whole intradialytic solution at the initial 

state to zero at the final state.  The DNA weight fractions of each section w1 through 

w4 corresponding to S1 through S4 were determined at different immersion times 

(30~480 min) based on the Bartlet method (41): 0.1g of each strip was immersed in 10g 

of MilliQ water, and 1g of 30% hydrogen peroxide were added to it. 0.6 ml of the 

solution was mixed with 0.6 ml 10N sulfuric acid in a test tube, and then heated at 180 

ºC for 3 h in an oven. Then the solutions were mixed with 4.4 ml of milliQ water, 0.2 ml 
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of 5% ammonium molybdate solution, and 0.2 ml of Fisk-Sabbarow reagent solution; 

0.125 g of 1-amino-2-naphthol-4-sulfuric acid mixed with 50 ml of 15wt% sodium 

hydrogen sulfate aqueous solution and 0.25 g of sodium sulfate. They were heated again 

in boiled water for 7 minutes. The total phosphate concentration was determined by 

measuring the optical density of the solution at the wavelength of 830 nm. The weight 

fraction of DNA was calibrated with standard DNA solutions with known weight 

fractions. 

The cobalt concentration CCo was determined by chelatometric back-titration using 

the sample with R = 9 mm at different immersion times (20~360 min):  0.02g of the 

outermost LCG layer and inner DNA solution or amorphous gel were used for this 

measurement.  Each sample was dissolved in 20ml of 0.01M Na2(EDTA·4Na) with 

gentle stirring of the solution for 24 h and then mixed with 2 ml of ammonium buffer at 

pH 10. A few drops of eriochrome black T (EBT) were added to the solution as an 

indicator. The cobalt content of the samples was determined by back-titration using a 

0.01M zinc sulfate standard solution. 

(3) Birefringence and turbidity 

Measurements of birefringence and turbidity of DNA LCG or solution were 

performed by a laboratory made device (26) for the sample with R = 7.5 mm. The time 

courses of birefringence and turbidity were measured at a constant position in the 

outermost portion of the sample, e.g., distance from the center of the circular glass 

plates r = 7mm.  The distance between the liquid crystal front line and the 

circumference of LCG, i.e., the width of the LCG layer, x was also measured as a 

function of the immersion time t for the samples with R = 6, 7.5, and 9 mm. This 

experiment was also done for the samples with 1 wt% DNA and various cobalt chloride 
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concentrations in the range between 50-800 mM, and with various DNA concentrations 

in the range between 0.42wt% and 1.2 wt% and 100 mM cobalt chloride, at R = 7.5 

mm.  

All the measurements were performed at 20ºC. 

 

2.3 Theoretical Background 

The experimental data of the growth process of DNA LCG formation were analyzed 

by a theory based on the following assumptions (26). (a) All cobalt cations flowing into 

the inner polymer solution are used up to produce the LCG layer. (b) The LCG layer 

does not capture the cobalt cations as a sink; all of the cobalt cations flowing into the 

LCG layer arrive at the inner polymer solution to realize a steady state. Under the 

assumptions, only the motion of the boundary between the LCG layer and the sol core is 

required to express the time course of gelation (the moving boundary picture for the 

dynamics of LCG formation (26)).  Expressing the boundary motion in terms of the 

LCG layer width )(txx  and introducing the scaled width R
xx~

 and the scaled 

immersion time 2
~

R
tt

, we have  

   
tKxxxxy ~~

2
1~

4
1~1ln~1

2
1~ 22

  (1) 

where K is related to the diffusion coefficient of cobalt cations CoD  as 

   
KD

s

g
Co

     (2) 

Here, CoD , g, and s are the diffusion coefficient of cobalt cations in the LCG layer, 

the critical concentration of cobalt cations for forming gel, and the concentration of 
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cobalt cations in extradialytic solution. 

Let us review the derivation of eq.(1) briefly.  In terms of the concentration of 

cobalt cations at the distance r  from the center in the LCG layer )(r  and the 

chemical potential of cobalt cations in the LCG layer )(G , the influx velocity of 

cobalt cations along the radial direction in the LCG layer is expressed as 

   r
rkv G ))((

    (3) 

where k  is the mobility of cobalt cations. The flux density vector of cobalt cation is 

given by 

   )()(
e)()( r

rvrj
rjrj rr

     (4) 

where re
r

 is the unit vector along the radial direction.  From the assumption (b), we 

have 

   
01div

r
rj

r
j
r

    (5) 

Using (3) and (5), we have 

   )]()()()([

1

ln

000 GsGGsGs ffkA

r
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 (6) 

where s  and 0  are the cobalt cation concentrations in the LCG layer at the 

boundaries with the extradialytic solution and with the inner DNA solution, respectively.  

The function Gf  is defined as )(/)( GGf . 

The assumption (a) gives the relationship; 

   dxxRdtRRj g ))((2)(2 0 ,  (7) 
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where 0  is the cobalt cation concentration in the inner DNA solution.  From (6) and 

(7), we have a differential equation; 
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with 

   0g
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In terms of the scaled distance and the scaled time, eq.(8) is rewritten as 
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Finally, we obtain the solution (1) of the above equation. 

 

2.4 Results  

Immersion of DNA aqueous borate solution sandwiched between two circular glass 

plates into the concentrated cobalt chloride solution induced gelation and shrinking of 

the DNA gel. Figure 7 (a) showed the time course of the shrinking ratio  (t) in 

thickness and '(t) in cross-sectional area of the DNA gel with initial radius of R = 9 mm. 

The thickness of DNA aqueous solution decreased with immersion time t, whereas the 

cross-section virtually unchanged after initial slight decrease. The gelation of DNA 

aqueous solution was completed within 240 min, while the shrinking process still 

continued. The time course of shrinking ratio in thickness decayed exponentially, and 

achieved the equilibrium state after around 2 day immersion, as shown in Figure 7 (b). 

At the equilibrium state, the size reduction by gelation of DNA aqueous borate solution 

was 35% in thickness, 5% in cross-sectional area, and 38% in volume. 
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  Time course of the normalized DNA weight fraction Wi(t)=wi(t)/w0 in each section 

of DNA LCG, Si, (i=1 to 4) is shown in Figure 8, where wi(t) and w0 are the DNA weight 

fraction of each section, S1 through S4, at immersion time t and the overall DNA weight 

fraction of the intradialytic solution before the dialysis, respectively. The arrows 

indicate the times when gelation begins at S2 and S3. With increasing t, W1(t), W2(t), 

and W3(t) for the LCG layer increased after gelation began, whereas W4(t) in the inner 

amorphous layer S4 decreased. Therefore, DNA molecules are concentrated into the 

LCG layer by liquid crystalline gelation to form DNA weight fraction gradient.  

The time course of concentration of cobalt cations CCo is shown in Figure 9.  CCo in 

the LCG layer increased quickly to reach the critical value for forming LCG at the 

initial stage and then further increased proportionally with immersion time.  By 

extrapolating the value of CCo to t=0, the cobalt concentration required to form LCG is 

determined as g =6.8×10-5 mol/g.  On the other hand, CCo in the inner solution 

increased proportionally with t, and the slope agreed with that in the LCG layer.  

  Figure 10 shows the time courses of birefringence n (a) and turbidity  (b) of 

DNA solution or LCG observed at an outermost point (r = 7.0 mm (0.5mm from the 

circumference of glass plates)) of the LCG layer.  n and  increased quickly at the 

very early stage of immersion. The steepest slope for n and  is observed around 10 

min. After 50 min  was roughly constant whereas n still increased slightly with t. 

Figure 11 shows the time course of the distance x between the gel front line and the 

circumference of LCG for various R. The distance x seems to increase proportionally to 

the square root of immersion time, irrespective of R.  The liquid crystal front did not 

reach the center of the gel even after a week, but stopped around 0.6R.  Figure 12 

shows the scaled plot corresponding to the theoretical equation (1). Though a master 
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curve is obtained irrespective of gel size, the linear relationship expected from Eq. (1) is 

observed only at the early stage 1300~t s/cm2, but a constant line is observed at the 

later stage.  The intersection point of the two lines should denote the completion of 

LCG formation.  The whole curve is characterized by the coefficient K given by the 

initial slope, the scaled distance characterized by the quantity ey~  and the scaled time 

et
~

 for the completion of LCG formation.  From the value of the initial slope and the 

expression (2), we have the diffusion coefficient of cobalt cations in the LCG layer 

as /scm101.5 26
CoD .  This value is smaller than the diffusion coefficient estimated 

by Einstein-Stokes equation for cobalt cations in pure water at 20oC of /scm106.3 25
.  

The difference between the two values could be attributed to the effect of friction 

induced by DNA network of gel.  The same degree of diffusion coefficient decreasing 

due to polymer network of gel was obtained for the calcium cation diffusion in the 

curdlan LCG layer (26). Figure 13 shows the scaled time course for the samples with 

various cobalt chloride concentrations, and Fig. 14 shows cobalt chloride concentration 

(Cco) dependence of these parameters. K and ey~  increase and et
~

 decreases with 

increasing Cco and all of them saturate at high Cco.  Figures 15 and 16 show the 

corresponding ones for DNA concentration (CDNA) dependence.  Dependence of these 

quantities on CDNA is quite weak.  

 

2.5 Discussion 

To elucidate the dynamics of dialysis-induced liquid crystalline gelation, in this study 

we developed “solution-sandwich method”.  Cross-linking of DNA molecules at the 
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circumference of the cover glasses allowed us to prepare a thin membrane just after the 

immersion of the sandwiched DNA solution into aqueous cobalt chloride, and the 

dialysis through the circumference induced liquid crystalline gelation with cylindrical 

symmetry.  The phenomena observed during the process are (I) the gelation of DNA 

aqueous solution, (II) the shrinking of the DNA gel, (III) the orientation of DNA 

molecules, and (IV) the formation of DNA weight fraction gradient. As shown in Fig. 7, 

the shrinking of DNA solution occurred anisotropically: The thickness decreased by 

35 %, whereas the cross-sectional area decreased only by 1 %.  The shrinking is 

attributed to syneresis of DNA LCG.  High wettability between DNA solution and the 

cover glasses and adhesion of DNA LCG to the glasses prevents from large change in 

cross-sectional area. The shrinking resulted in enhancement of DNA concentration in 

LCG layer.  The normalized DNA concentration W4 at the inner solution of S4 

decreases with immersion time t and reaches a constant of W4~0.7 (w4=0.66wt%), as 

shown in Fig. 8.  On the other hand, W1, W2 and W3, at the LCG layers of S1, S2 and 

S3 increased with t after the gelation.  Note that the initial decrease of DNA 

concentrations W2 and W3 corresponds to the period when the parts S2 and S3 are 

solution state (before gelation).  The DNA concentration gradient is attributed to 

condensation of DNA at LCG layer associated with the gel shrinking.  The 

corresponding time course of cobalt concentration is shown in Fig. 9.  The quick 

increase of cobalt concentration at the outermost LCG layer indicates LCG formation at 

the initial state.  The cobalt concentration required to form LCG, g =6.8×10-5 mol/g, 

determined by extrapolating the value of CCo to t=0 corresponds to the molar ratio 

rM=[base pair]:[Co2+] of 1:4.  The binding sites of DNA molecules for cobalt cations 

per base pair are two phosphate groups of the double helical DNA backbone and the 
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interstices of the base pair, as well as the inner core of the helices to form M-form (13, 

42-43). Therefore, the rM estimated from the experiment indicates almost full occupancy 

of the binding sites of DNA. The simultaneous increase of the birefringence n and the 

turbidity  as shown in Fig. 10 indicates that the liquid crystal formation and gel 

network formation occurs at the same time, and the liquid crystallization (orientation of 

DNA) is coupled with the gelation (intermolecular cross-linking). On the other hand, 

the broadness of the time range for the change of  is much larger than that of n, and  

increases further even after LCG formation.  These behaviors could be attributed to 

local shrinking and the resultant increase in inhomogeneity.   

As shown in Fig. 12, scaling the LCG layer width x  by R  and the immersion time 

t  by 2R  makes all the data sit on a master curve.  This type of scaling suggests the 

LCG growth behavior is governed by diffusion.  The linear relationship in the initial 

stage shows the moving boundary picture for the LCG formation is valid at least in the 

initial stage.  However, the parallel increase of cobalt concentration at the inner 

solution and LCG layer after the initial increase shown by Fig. 9 requires a modification 

of the assumptions (a) and (b) which hold for the process forming curdlan LCG (26), as 

follows.  (a’)A definite number of cobalt cations flowing into the inner polymer 

solution are used up to produce the LCG layer and the remaining cobalt cations come to 

be mixed in the inner polymer solution.  (b’)The LCG layer captures the cobalt cations 

flowing from the extradialytic solution into the inner polymer solution, and the amount 

of the captured cobalt cations per unit volume of LCG layer is a constant independent of 

time and position. 

Let us reconstruct the moving boundary picture on the basis of the new assumptions 

(a’) and (b’).  From the assumption (b’), we could generalize Eq.(5) as 
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where q  is the cobalt cation number captured per unit LCG volume per unit time and 

is a constant independent of time and position.  The solution of Eq.(11) is obtained as 

   r
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2
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where C  is the integral constant.  The number of the cobalt cations captured by the 

LCG layer per unit time is given by 

  qxRRxRjxRRRjtQ ])([)()(2)(2)( 22
 (13) 

Then, the captured cobalt cation number per unit volume per unit time is verified to 

be qxRRtQ ])(/[)( 22
.  Denoting the cobalt cation concentration at time t  

and position r  by ),( tr  and using Eqs.(3) , (4) and (12), we have 
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Integrating both sides of the above equation from xRr  to Rr , we have 
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where  

   )()()( GGG fg    (16) 

and )(0 t  is the cobalt concentration in the LCG layer at the boundary with the inner 

DNA solution for the time t .  Then, we have the integral constant C  as 
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To simplify the above expression, we use the fact that Gg  stands for the osmotic 
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pressure of cobalt cations in the LCG layer.  Let us assume the osmotic pressure is 

balanced at the boundaries between the LCG layer and the extradialytic solution and 

between the LCG layer and the inner DNA solution, and adopt the ideal gas picture for 

cobalt cations in the solutions.  Then, we have   

   sBs Tkg )(      (18) 

and  

   00 )( Tkg B      (19) 

where T  is the temperature and Bk  is the Boltzmann constant.  Using these 

expressions, C  is rewritten as 

   xR
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The presence of the critical value g  of the cobalt concentration to form the LCG 

layer at the initial stage enables us to generalize Eq.(7) on the basis of the assumption 

(a’) as follows. 
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Hence, we have 
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The parallel increase shown by Fig. 4 requires the relationship 

  
q
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d 0

      (23) 

From the initial condition 0)0(0 , we have 
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  qt0        (24) 

From Eqs.(12), (20) and (24), Eq.(22) is rewritten as 
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The scaling behavior shown in Fig. 12 requires that the R  dependence of Eq.(25) 

disappears by the scaling 
2/~ Rtt  and Rxx /~ .  Hence, q  should be expressed 

as 
2/~ Rqq , where q~  is a constant independent of R .  In terms of the scaled 

quantities, we obtain that 
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The linear behavior between y~  and t~  in the early stage of the experimental 

results suggests that the x~ - and t~ - dependence of the correction factor K  is quite 

weak and K  is regarded as a constant.  Then, K  is the slope of the linear behavior 

and increases with increasing cobalt cation concentration in the extradialytic solution.  
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This suggestion is consistent with the slope increase behavior shown in Fig. 13 or Fig. 

14(a).  The saturation behavior in Fig. 14 may attribute to the presence of the 

maximum osmotic pressure MAX  for cobalt cations or the maximum value of s .  

When s  is large, the balance equation (18) is modified as 

   sBMAX Tk     (29) 

where  is the surface tension of the LCG.  In this case, the expression (27) is 

modified as  
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Then, K  is independent of s . 

Figures 15 and 16 show that the scaled LCG width (characterized by the value of 

ey~ ) at the LCG formation completion time and the boundary motion, )(txx , are 

independent of the DNA concentration.  The DNA concentration independence of ey~  

is attributed to the one body problem of DNA molecule.  The circumstance change, e.g. 

the pH change of the DNA solution in the course of dialysis, may induce the DNA 

molecule condition change.  In fact, the phase diagram reported in the preceding paper 

(15) predicts that DNA forms LCG at cobalt chloride concentration of extradialytic 

solution of 0.1M at the DNA concentration of 0.66wt% which is the final DNA 

concentration at the inner  “solution” (S4) shown in Fig. 8.  This apparent 

contradiction could attribute to the DNA circumstance difference.  The condition 

change could prohibit the LCG formation and give the value of ey~  smaller than the 
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maximum value 0.25 and independent of DNAC .  Under the non-LCG-growth 

circumstance, the DNA molecules form only fragile amorphous gel.  Thus, the growth 

process of DNA LCG consists of two dynamics: cobalt cation diffusion limited process 

at the early stage and the DNA circumstance change limited process at the later stage.  

The DNA concentration independence of the boundary motion suggests the DNA 

concentration independence of the critical value g .  The reason for the independence 

is speculated as follows.  When the DNA LCG is produced by the cobalt cation flow, 

all of DNA molecules in the DNA solution are not used but a part of them is used.   

The amount of DNA molecules required for the “first” DNA LCG formation does not 

depend on the DNA concentration in the prepared DNA solution.  The DNA LCG layer 

gradually matures, capturing the cobalt cations and importing DNA molecules contained 

by itself in the solution state.  The time courses of turbidity and birefringence shown in 

Fig. 10 are consistent with this speculation.  
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Figure 6.  Schematic illustration of the experimental setup. 
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Figure 7.  Time course of shrinking ratios (t) in thickness (circle) and '(t) in 

cross-section (square) of the DNA gel with R = 9mm in early stage (a) and whole stage 

(b). 
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Figure 8.  Time course of normalized DNA weight fraction of the strips excised from 

different circumferential layers of the sample with R = 9 mm; S1 (7 mm < r < 9 mm, 

circle), S2 (5 mm < r < 7 mm, triangle), S3 (3 mm < r < 5 mm, diamond), and S4 (inner 

solution region, square), respectively, where r is the distance from the center.  The 

arrows indicate the times when gelation begins in S2 and S3. 
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Figure 9.  Time course of cobalt concentration at outer LCG layer (circle) and inner 

solution (square) for the sample with R = 9 mm. 
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Figure 10.  Time course of birefringence (a) and turbidity (b) observed at the outmost 

layer of DNA LCG of the sample with R = 7.5 mm. 
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Figure 11. Time course of the width of LCG layer x versus immersion time t (min) for 

the samples with R = 6 (circle), 7.5 (triangle), and 9 mm (square). 
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Figure 12.  LCG formation process expressed with the function xy ~~  against the scaled time t~  for 

the samples with different R.  The symbols are the same as in Figure 11. 
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Figure 13.  LCG formation process expressed with the function xy ~~  against the 

scaled time t~  for the samples with 1wt % DNA concentration and various cobalt 

chloride concentrations in the extradialytic solution; 50 mM (circle), 100mM (square), 

200 mM (triangle), 400mM (triangle down), and 800mM (diamond) at R = 9 mm 
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Figure 14.  Cobalt chloride concentration (in the extradialytic solution) dependence of 

(a) the coefficient K in eq 1, (b) the scaled distanve of LCG layer, and (c) scaled time 

for LCG completion at 1 wt % DNA 
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Figure 15.  LCG formation process expressed with the function xy ~~  against the 

scaled time t~  for the samples with 100mM cobalt chloride in the extradialytic 

solution and various DNA concentrations of 0.42 wt % (circle), 0.70 wt % (square), 

0.80 wt % (triangle up), 1.00 wt % (triangle down), and 1.20 wt % (diamond) at R = 9 

mm. 
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Figure 16.  DNA concentration dependence of (a) the coefficient K in eq 1, (b) the 

scaled width of LCG layer, and (c) the scaled time for LCG completion at 100mM 

cobalt chloride in the extradialytic solution. 
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Chapter 3 
 

Adsorption Kinetics of Carcinogens to DNA Liquid 

Crystalline Gel Beads 

 

3.1 Introduction 

Recently, global air and water pollution by toxic chemical agents has grown into a 

serious problem.  Particularly, halogenated compounds having aromatic planner groups 

such as polychlorinated biphenyl, dioxin and benzopyrene, result in mutation and 

endocrine disruption through intercalation into major grooves and interstices between 

base pairs of DNA double helices (4,14-15).  This fact suggests that materials 

consisting of DNA or DNA composites can be utilized as the most efficient adsorbents 

for such toxic agents. In Chapter 2, we developed a DNA liquid crystalline gel (LCG) 

beads prepared from DNA concentrated solutions by using insolubilization reaction 

method in multivalent metal cation solutions, and found that they can adsorb 

carcinogens having planer aromatic groups.  Therefore, this new material is expected 

to be utilized as an intelligent probe and an adsorbent of toxic agents with the advantage 

of having anisotropic optical properties and a high capacity to hold solvents. 

  In this chapter, to describe the experimental data and to analyze the adsorption 

behavior, we have developed a theory for the adsorption kinetics of carcinogen to DNA 

LCG beads by using nonequilibrium thermodynamics with simple assumptions. To 

compare the theoretical and experimental results, we found that the adsorption process 

at an early stage is explained by diffusion limited binding of the carcinogen molecules 
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to DNA beads, and that the time range of the early stage depends on the solubility, while 

the process at later stage depends on the balance of the numbers of adsorption sites and 

carcinogen molecules. 

 

3.2 Experiments 

Sodium-type double-stranded DNA extracted and purified from salmon milt was 

provided from Japan Chemical Feed Co. Ltd. The nominal average base pair examined 

by electrophoresis was 10kbp. Cobalt chloride and sodium tetraborate were purchased 

from Wako Pure Chemicals. MilliQ water was used as solvent. A desired amount of 

DNA was dissolved in 20mM sodium tetraborate aqueous solution at 1.0wt%. In order 

to prepare DNA LCG beads, the DNA solution was poured drop by drop into cobalt 

chloride solutions with various concentrations in the range between 50-1000 mM at 

25oC. The interfacial layer formed by the initial reaction played the role of dialysis 

tubing, and the dialysis from the spherical surface was performed to make small beads 

with almost the same diameter of 2-3 mm.  Biphenyl (BP) and acridine orange (AO) 

purchased from Wako Chemicals were used.  

For the measurements of adsorption of AO by DNA LCG beads, 0.3 g of the beads was 

immersed into 10ml of aqueous solution of AO at 13 g/mL, which was gently stirred 

and thermally controlled at 25oC. The optical density (A495) of the AO solution was 

measured at wavelength  = 495nm as a function of immersion time t. The 

concentration of AO in the solution, CAO, was calculated from a calibration equation 

CAO = 14.14 x A495 ( g/cm3) obtained by standard solutions with known concentrations.  

 For the measurements of adsorption of biphenyl by the DNA LCG beads, 1.2 g of the 

beads was immersed into 10mL of aqueous solution saturated by biphenyl (6.3 g/cm3), 
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which was gently stirred and thermally controlled at 25oC. The optical density (A250) of 

the biphenyl solution was measured at wavelength  = 250nm as a function of 

immersion time t. The concentration of biphenyl in the solution, CBP, was calculated 

from a calibration equation CBP = 9.86 x A250 ( g/cm3). 

 

3.3 Theoretical Analysis 

Let’s consider a DNA gel bead with radius R in solution of carcinogen molecules 

with volume V.  To discuss the carcinogen molecule adsorption behavior, we adopt the 

following assumptions.  (A) All carcinogen molecules flowing into the beads are used 

up to produce the adsorbed layer in which the DNA gel adsorbs carcinogen molecules 

up to the maximum density; all the adsorption sites are saturated with carcinogen 

molecules.  (B) In the adsorbed layer, carcinogen molecules are not captured.  These 

assumptions make us to pay attention to the boundary between the adsorbed layer and 

the non-adsorbed part of the bead, in which no carcinogen molecules are adsorbed.  

Then, the adsorption dynamics can be illustrated in terms of the “boundary-moving 

dynamics”.  The moving boundary picture for illustrating diffusion and “adsorption” 

process was proposed to analyze the curdlan liquid-crystalline gel formation (26).  It is 

valid when the carcinogen molecules flowing into the gel are adsorbed instantly or the 

carcinogen molecules penetrate the non-adsorbed layer hardly whereas the adsorbed 

layer relatively easily. 

Since the adsorbed behavior is spherically symmetric, the position of the boundary is 

expressed by the distance r  from the bead center.  In the spherical cell region, 

rxR , where x  is the distance from the center, all the adsorption sites are 

occupied by carcinogen molecules (the adsorbed layer) and in the sphere region, 
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0xr , all the adsorption sites are empty.  The illustration of the model system and 

the notations are given in Figure 17. 0n , fn , f , and tn  denote the number of 

carcinogen molecules in the dispersing solution at the initial state, the maximum 

number of carcinogen molecules that the DNA LCG bead is capable to adsorb, the 

maximum number density of carcinogen molecules adsorbed to the bead, and the 

number of carcinogen molecules adsorbed to the bead at immersion time t, respectively.  

The time development of the boundary )(trr  gives the time course of )(tn .  

Since the flux of carcinogen in the adsorbed layer is spherically symmetric, the flux 

density vector of carcinogen flowing into the inner core is given by 
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r

 is the unit vector along the radial direction of the gel bead, k  is the 

mobility of carcinogen molecules, and x  and x  are the number density and the 

chemical potential of carcinogen molecules at point x, respectively. In the adsorbed 

layer, rxR , the assumptions give the quasi-steady state flow; 

01div
2

2 x
xJx

x
J
r

      (2) 

The solution of equation (2) is given by  

2x
CxJ             (3) 

where C is the integral constant. From equations (1) and (3), we have 

      2x
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x
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Integrating both sides of the above equation from x = r to x = R, we have 

Rr
rRCrfRfrrRRk     (5) 
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The left hand side of equation (5) is rewritten as 

rgRgkrfRfrrRRk       (6) 

Here, f( ) is the free energy of carcinogen molecules per unit volume; f . The 

osmotic pressure of carcinogen molecules is expressed as 

fg            (7) 

From equations (5), (6) and (7), the constant C is expressed as 

     rgRg
rR

kRrC           (8) 

The number of adsorbed carcinogen molecules per unit time is given by  

     RJR
dt
dn 24            (9) 

From equations (3) and (8), the right hand side of equation (9) is rewritten as 

     rgRg
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kRrRJR 44 2          (10) 

Since the carcinogen molecules are not adsorbed to the inner core of the bead ( rx ), 

the osmotic pressure of the carcinogen molecules is 0 there. On the surface of the bead, 

the osmotic pressure of the carcinogen molecules is equal to that of solvent. From the 

ideal gas approximation, we have 

     tTkRg sB            (11) 

where s(t) is the number density of carcinogen molecules in solvent at time t. Therefore, 

equation (9) is rewritten as 
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On the other hand, the number of adsorbed carcinogen molecules can be related to the 

boundary position )(tr  as 
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Using the spherical shape condition ff nR 334 , we have 

     
31

1)(
fn
tnRtr            (14) 

From the mass conservation law 

     0ntntV s            (15) 

we have 

     
V

tnnts
0            (16) 

Thus, from equations (12), (14) and (16), we obtain  
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From equations (9) and (17), the time development equation for n is given by 
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Equation (18) is rewritten with a scaled number of adsorbed carcinogen 

molecules, fnnn~ , and a scaled immersion time, 0
~ tt  as 

     31
0
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~
~

n
nnn

td
nd           (19) 

Here note that )4/(0 TRkkV B  and fnnn 00
~ .  The solution of equation (19) is 

obtained by using the initial condition 0~n  at 0~t  as 
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Note that we always choose a real number cubic root of z  for the expression of 3/1z .  

Introducing a new variable 00
~~~ nnnn , we have a universal expression for 

adsorption kinetics of carcinogen molecules to the bead, 
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  Equation (20) is also represented as 

     nQt ~~        (22) 

with an integral expression of Q as 

     du
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n
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31 1~
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If we use a new variable 

  uw 1        (24) 

we have  
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3
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3
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3
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w
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at the initial stage of the adsorption process; 0~n  ( 0or1 wu ) 

Substitution of equation (25) into equation (23) gives us 
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Thus, at the initial stage of adsorption, n~  is proportional to the square root of t~ ; 

     tn ~~         (27) 

The adsorption kinetics at the later stage depends on the value of 0
~n  as follows: 

(1) In case of 1~
0n , the adsorption sites in the bead can be saturated with carcinogen 

molecules and all the carcinogen molecules are not adsorbed.  The value of n  can 

reach fn  at a finite completion time et of adsorption. Thus, the value of n~  reach 1 or 

31~1 n  vanishes at ett .  From this condition, equation (23) is rewritten as 
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where the scaled completion time 0/~
ee tt  gives  

     du
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1

0 3
0 1~
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 Substitution of equation (28) in equation (22) gives 
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 Thus, the later process of carcinogen adsorption at 1~
0n  is expressed by the 3/2-th 

power behavior as 

     23~~~1 ttn e             (31) 

 (2) In case of 1~
0n , the carcinogen molecules are completely adsorbed to the bead and 

some of the adsorption sites in the bead are vacant.  n  approaches 0n ; n~  approaches 

0
~n  when t . Near 31

0
~1 nu  (or large t  region), we have approximation 

expression  
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Substitution of equation (32) into equation (23) gives us 
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Thus, we obtain 
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where  is a constant.  Finally, we have 

     0~~
0

t
enn            (35) 

 Therefore, the later process of carcinogen adsorption to the bead at 1~
0n  is 

expressed by the exponential function.  

The results obtained for a single bead also hold for systems composed by many beads 

with the same radius.  For many bead systems, V , 0n , fn  and )(tn  are regarded as 

the volume of the carcinogen molecule solution per one bead, the number of carcinogen 

molecules per one bead in the dispersing solution at the initial state, the maximum 

carcinogen molecule number one bead adsorbs and the number of carcinogen molecules 

adsorbed to one bead at immersion time t , respectively. 

 

3.4 Results  

Figure 18(a) and (b) show the adsorption behaviors of AO and BP, respectively, to 

DNA LCG beads, and Figure 19(a) and (b) are the plots suggested by equation (21): 

According to the theoretical consideration, the observed adsorption behavior is 

expressed in terms of scaled number of adsorbed carcinogen molecules to the bead 
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0
0

0
~

n
tn

MNVC
MNVtCMNVC

t
CMACMCM

CMACMCMCMACMCM  as a function of scaled 

immersion time t~ , where 0
CMC  is the initial concentration of carcinogen molecules in 

the whole system, VCM the volume of the dispersing carcinogen solution, NA Avogadro's 

number, MCM the molar weight of carcinogen molecules, and the subscript CM denotes 

carcinogen molecules; AO or BP. The solid lines for AO are the calculated ones using 

equation (21) with fitting parameters of 0
~n and  determined by a least squares method. 

The cobalt chloride concentration (CCo) dependences of 0
~n  and  for the adsorption of 

AO are shown in Figs. 20 and 21, respectively.  At low CCo (< 200 mM) 0
~n  is smaller 

than 1, whereas at high CCo (>600 mM) 0
~n  is larger than 1, as shown in Fig. 4.   

increases with increasing CCo in the range less than 400mM, and is constant above that, 

as shown in Fig. 21.  For the adsorption of BP, the observed adsorption behavior could 

not be expressed by equation (21), but well expressed by equation (27). Figure 6 (a) and 

(b) show the scaled plots of adsorption process for AO at the early stage at typical 

cobalt concentrations of 100 mM ( 1~
0n ) and 1000 mM ( 1~

0n ) for preparation.  The 

straight lines in the plots of Figure 22 (a) are consistent with the theoretical equation 

(27).  Figure 23 is the plot for AO adsorption suggested by theoretical equations (31) 

and (35) at the later stage.  The straight lines also support the theory.  The data for the 

adsorption of BP were not taken over the whole range including near equilibrium state.  

 

3.5 Discussion 

The rate of decrease of AO concentration CAO in the dispersing solution decreases 

with increasing the concentration of cobalt chloride used for the gel preparation, as 
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shown in Fig. 18 (a).  The entire processes of AO adsorptions are well expressed by 

the theoretically obtained scaled plot (21) with fitting parameters of 0
~n and , as shown 

in Fig. 19 (a). Since AO molecules are cationic carcinogens, they are adsorbed by not 

only intercalation into the DNA double helices but also by electrostatic interaction 

between the negative charges of DNA and the positive charges of AO.  Then, the AO 

molecule adsorption process well satisfies the assumptions (A) and (B).  When the 

beads were prepared at high CCo, the negative charges of DNA molecules should have 

been highly neutralized by cobalt cations before adsorption experiment: In the other 

words, the adsorption sites for electrostatic interaction is occupied by cobalt cations 

during the process of preparation of beads, resulting in larger 0
~n  at high CCo. Note that 

0
~n  is the ratio of the initial number of carcinogen molecules in the dispersing solutions 

to the number of the site of adsorption of carcinogen molecules in the beads. The sign of 

1~
0n varies from negative to positive at around CCo ~ 400 mM, as shown in Fig. 20.  

Thus, in the case of 1~
0n , it is suggested that the carcinogen molecules in the 

dispersing solution are adsorbed completely to the beads in equilibrium, whereas in the 

case of 1~
0n , a part of the adsorption sites of the beads are still vacant; the critical 

cobalt concentration for full occupancy in equilibrium is around 400 mM.  Figure 21 

shows that the time constant  increases with increasing cobalt concentration at low 

CCo (< 400 mM) and is constant at high CCo (> 400 mM). The increase of  with CCo at 

low CCo and saturation after full occupancy at high CCo are attributed to the relation 

between the mobility k  of AO in the DNA LCG and the DNA-LCG structure.  Since 

in high CCo LCG, the DNA and the cobalt concentrations are high, thermal diffusion 

motion of AO molecules are frequently blocked.  Then, the mobility k  decreases and 
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0  increases with increasing CCo.  Figures 6 and 7 show asymptotic behaviors at early 

and later stages that are also consistent with the theoretical prediction.  The root-square 

plots in Fig. 22 indicate that the adsorption process is limited by diffusion of carcinogen 

molecules in the beads. The straight lines in Fig. 23 for the later stage also supports the 

theoretical consideration; the adsorption process is represented by a power law function 

with the exponent 3/2 in the case of 1~
0n  or by an exponential function in the case 

of 1~
0n , though we cannot exclude other functions from the present limited time range 

of data for the later stage. 

On the other hand, the adsorption process for BP was expressed by equation (27) for 

the initial stage.  As clearly observed in Figs. 18 and 19, the time for reaching 

equilibrium is much larger for BP adsorption than AO adsorption.  Paying attention to 

the solubility difference between AO and BP in water (solubility of BP is about 103 

times smaller than AO), we obtain a simple explanation for the much difference of 

equilibrium times.  In terms of the maximum solvable BP density MAX in the gel, the 

maximum of the osmotic pressure is given by )( MAXMAX g (See equation (7)).  

When the osmotic pressure of BP in the dispersing medium is larger than MAX , the 

following extension for the osmotic pressure balance equation (11) is required; 

MAXsB tTk )(        (36) 

where  is the gel bead surface tension for the osmotic pressure of BP molecules.  

Then, we have 
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and the scaled time development equation 

 31

31

~11

~1
~
~

n
n

td
nd       (38) 



 58

where 1/~ tt  with 

 
MAXfkRn4

1
1       (39) 

Note that 0n does not appear in the above equations.  From (38), we have 

  vnvnt ~~)~~1(1
2
3~

0
3/2

0      (40) 

If the maximum osmotic pressure MAX  is small, the “equilibrium time” 1  is large.  

Then, even for long time interval, we regard as 0~t , 0~~~
0vnn .  Therefore, we 

can adopt the approximation 

2
00

3/2
0 )~~(

6
1~~)~~1(1

2
3 vnvnvn      (41) 

and we have the following square behavior consisting with the result shown in Fig.3(b). 

 2~vt    ( 1t ).      (42) 

To evaluate the time constant 1 , the BP adsorption behavior is analyzed on the basis of 

equation (40) and the two parameters 0
~n  and 1  are obtained by a least square 

method.  We obtain the parameter values, s105.5 6
1  and 16.0~

0n  

for mM100CoC , and s100.4 6
1  and  20.0~

0n  for mM1000CoC .  Thus, 

expected large values of 1  are obtained.  Using these parameters, the v~ - t~  relation 

for the BP adsorption is shown in Fig. 24.  The theoretical curves given by (40) are 

also shown (the solid lines).  Figure 24 indicates that the idea of the extended osmotic 

pressure balance (36) is valid.  The time range of the observation is too narrow to 

obtain precise values of the parameters.  To obtain the precise values, the data for 

large t  region are required.  In enough large t  regions, the osmotic pressure of BP 

in the dispersing medium may be less than the maximum osmotic pressure MAX  since 

s  decreases.  In these time regions, the theory for the AO adsorption expressed by 
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equation (21) comes to be suitable for explaining the BP adsorption behavior. 

The consistence of experiments and theory also suggests that liquid crystallinity of 

DNA LCG does not affect the adsorption behavior seriously. The difference of the 

adsorption behavior between AO and BP is attributed to the solubility difference.  
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Figure 17  Schematic illustration of the adsorption system. n0, nf, rf, and n(t) denote the 

number of carcinogen molecules in the solution at the initial state, the maximum 

number of carcinogen molecules that the DNA LCG bead is capable to adsorb, the 

maximum number and the number of carcinogen molecules adsorbed to the bead at 

immersion time t, respectively. 

R 

r 
f

x
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Figure 18  Time course of concentration of carcinogenic agents in medium: (a) AO for 

the DNA LCG beads prepared at CCo = 50 mM (circle), 75 (square), 100 (triangle up), 

200 (triangle down), 600 (diamond), and 1000 (hexagon); and (b) BP for the DNA LCG 

beads prepared at CCo = 100mM (circles), and 1000 mM (squares), respectively.  The 

solid curves are drawn to guide the eyes. The down-arrows indicate the terminal time of 

the early stage at which the time course is expressed by eq 27, and the up-arrows 

indicate the starting time of the later stage at which the time course is expressed by 31 

or 35. 
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Figure 19  Time course of scaled number t~~~  of adsorbed AO (a) and BP (b) to 
theDNA LCGbeads prepared at various cobalt chloride concentrations. The symbols 
denote the same meaning as the caption of Figure 2. The solid lines are calculated ones 
using eq 21 with fitting parameters for panel a, and eq 27 was used for panel b. 
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Figure 20  Scaled number of AO molecules 0

~n  determined by a least-squares method 
as a function of the cobalt chloride concentration used for gel preparation. 
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Figure 21  Time constant  in eq 21 for the adsorption of AO determined by a 

least-squares fit as a function of the cobalt chloride concentration used for gel 
preparation. 
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Figure 22  Scaled plots according to eq 27 for the early stage for adsorption of AO: (a) 
CCo = 100 mM; (b) CCo = 1000 mM. 
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Figure 23  Scaled plots according to eqs 31 (a; CCo = 100 mM) and 35 (b; CCo = 1000 
mM) for the final stage of the adsorption of AO. 
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Figure 24  Time course of scaled number t~~~  of adsorbed BP to the DNA LCG 
beads prepared at CCo = 100 mM (circles) and 1000 mM (squares) cobalt chloride 
concentrations. The solid lines were calculated using eq 40 with fitting parameters. 
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Summary  

In this thesis, liquid crystalline gelation of DNA has been studied both 

experimentally and theoretically.  In Chapter 1, the optimum condition of liquid 

crystalline gelation of DNA aqueous solutions has been determined as a function of 

DNA weight fraction, concentration of cobalt chloride, and pH of DNA aqueous 

solutions, and the LCG property, such as swelling ratio, birefringence, thickness of LCG 

layer, Young’s modulus and adsorption capacity of carcinogens also has been 

investigated.  The liquid crystalline gelation of concentrated DNA aqueous solution 

was induced by dialysis into concentrated multivalent metal cations, such as Ca2+, Mg2+, 

Fe2+, Co2+, Ni2+, Mn2+, Zn2+, Cu2+, Dy2+, and Al3+, solutions.  When the divalent 

transition metal cation, such as Co2+, Ni2+, and Zn2+, were used as the solute of 

extradialytic solutions, the DNA liquid crystalline gel (LCG) consisted of an outer LCG 

layer and an inner amorphous gel (AG) layer.  The swelling ratio of the DNA gel was 

rapidly decreased above pH 8.5, whereas the birefringence, the thickness, and Young’s 

modulus of the LCG layer were drastically increased above pH 8.5.  The results 

suggest that when divalent transition metal cations are used for preparation of DNA 

LCG, the DNA solutions must be in basic condition (pH>8.5). 

In Chapter 2, the dynamics of dialysis-induced DNA liquid crystalline gelation was 

investigated both theoretically and experimentally.  To analyze the dynamics 

experimentally, we used the DNA liquid crystalline gel (LCG) films prepared by 

immersing DNA aqueous borate solutions sandwiched between two parallel circular 

glass plates into cobalt chloride solutions and measured the time courses of the 

thickness, the weight fractions of DNA and cobalt cations, the birefringence and the 

turbidity of the film consisted of outer DNA LCG and inner DNA amorphous gel or 
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solution.  To clarify the mechanism of the process forming LCG, the theory based on 

the non-equilibrium thermodynamics with “moving boundary picture” was modified, 

and the results were analyzed by the modified theory.  It was found that the growth 

process of DNA LCG consists of two dynamics: The cobalt cation diffusion limited 

process at the early stage and the pH change limited process at the later stage. 

In Chapter 3, the entire processes of adsorption of acridine orange (AO) to DNA 

LCG beads were well expressed by a theoretical scaled equation derived on the basis of 

non-equilibrium thermodynamics (the moving boundary picture). The dependence of 

cobalt chloride concentration used for preparation of the beads on the characteristic 

parameter 0
~n  of adsorption was attributed to adsorption site number difference in 

DNA LCG beads and 0 was attributed to the mobility difference of AO in DNA LCG 

beads. The adsorption behavior at the later stage depends on the ratio of the initial 

number of carcinogen molecules in the dispersing solution to the number of the site of 

adsorption of carcinogen molecules in the beads 0
~n .  The adsorption behaviors of AO 

and of biphenyl (BP) are apparently different.  However, the difference is simply due 

to the equilibrium time difference induced by the solubility difference of AO and BP in 

water.  The two apparently-different adsorption behaviors were explained by the same 

theory based on the moving boundary picture.  It is hoped to apply for its practical use. 

In conclusion, the basic mechanism of DNA LCG formation and adsorption of 

carcinogens were clarified in this study. 
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