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1. Introduction

Biomacromolecules interactions are ubiquitous in biotech-
nology and biological applications.[1–3] For years, single-mole-
cule studies based on fluorescence experiments have been
used to investigate transitions between different DNA confor-
mations. By using a wide variety of compacting agents,
double-stranded DNA in its coil (extended) conformation can
undergo a transition into its globular (compact) conformation.
Nowadays, this topic continues to be very prolific, often with
unexpected results. Recent investigations have gone a step fur-
ther by using artificial agents, such as silica nanoparticles, to
mimic the natural DNA compaction by histones in living cells,
thereby forming nucleosomes.[4] Other compacting agents,
such as negatively charged proteins, have received recent at-
tention because of their ability to mimic natural conditions,
such as the crowding environment.[5] In this context, simple
theoretical models that take into account the competition be-
tween the translational entropy of ions and electrical interac-
tions have been successfully proposed.[6] In general, the com-
paction process can be reversed (decompaction process) by
using different chemical agents that allow the removal of the

compacting agents from the DNA. The choice of decompact-
ing agent is mainly dependent of the compacting agent that
was use in the preceeding step.

Within the last few years, since the pioneering works of Mel-
nikov, Sergeyev, and Yoshikawa[7, 8] on DNA compaction by
using cationic amphiphiles, a notable amount of publications
have addressed the effects of different cationic amphiphiles on
the conditions that drive this process. Reversibility of this pro-
cess has partially been achieved by adding inorganic salts or
anionic amphiphiles, among other decompacting agents. A
recent review by Gonzalez-Perez and Dias[9] summarized the
current methods for controlling the conformation of DNA, in
particular through decompaction processes under different
conditions. On addressing DNA decompaction with most of
the current decompacting agents, we found that the final coil
conformation remained in a different environment to the start-
ing conditions before compaction. A similar conclusion has re-
cently been reached by Grueso et al. , based on a multifaceted
study on the interactions of cationic surfactant hexadecyltrime-
thylammonium bromide (CTAB) with calf thymus DNA.[10] By
using inorganic salts, an increase in the ionic strength was in-
duced and, by using anionic amphiphiles, the formation of cat-
ionic self-assembled structures that interacted with the DNA
was observed, in coexistence with the DNA in its coil confor-
mation. Recently, systems based on the use of a polymer com-
bined with a cationic connector have been proposed for com-
plexing DNA. These systems are very promising, owing to their
modularity and low cell toxicity; however, some of their prop-
erties, such as sensitivity towards serum, have not yet been op-
timized.[11]

We investigate the temperature dependence of interactions of
b-cyclodextrin (CD)/hexadecyltrimethylammonium bromide
(CTAB) self-assemblies with DNA during the decompaction of
DNA/CTAB complexes. By combining direct imaging tech-
niques with density and sound-velocity measurements, we can
explain the decompaction process and suggest a suitable
model. The DNA-decompaction process by using CDs is ac-
companied by interactions with surfaces, such as glass or mica.
The mechanism of b-CD/CTAB self-assembly is elucidated and
the immobilization of DNA onto negatively charged surfaces is
explained. Differences between the fractal dimensions of DNA
that is adsorbed onto the surfaces are related to strong and

weak binding, which permit the partial relaxation of DNA on
the surfaces. The b-CD/CTAB self-assembled monolayers are
demonstrated to be a facile and efficient route for surface
functionalization, which allows for the immobilization of bio-
macromolecules in close proximity without any intermediate
binding or deprotection steps. Moreover, this route is expected
to show several advantages that might contribute to improv-
ing the performance of future biosensors as gentle immobiliza-
tion-limiting alteration of the protein structure, oriented immo-
bilization, thereby allowing homogeneous accessibility, reversi-
ble immobilization, thereby allowing reutilizations, and high
compatibility with various types of biomacromolecules.
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Cyclodextrins (CDs) are among the most relevant examples
of host systems.[12] As a general rule, their complexes are
strong if there is size complementarity between the guest and
the CD cavity. To better understand this inclusion mechanism,
it is important to consider that the enthalpy-rich water mole-
cules in the CD cavity are released from the cavity and are re-
placed by guest molecules that are less polar than water, with
a simultaneous decrease in the system energy.[13] Previous
studies have demonstrated the usefulness of CDs as artificial
chaperones, which induce protein renaturation and strip sur-
factants from the protein surface.[14, 15] CDs have also been
used as aggregation inhibitors for native and refolded proteins.
Another successful use of CDs in protein refolding is as a secon-
dary reagent to remove surfactants. During protein refolding,
aggregation is a major side reaction that leads to poor yields
of the biologically active protein. Unlike protein folding, which
is an intramolecular reaction, aggregation is intermolecular. If
the protein-surfactant micelles are exposed to CDs, the surfac-
tants form strong complexes with the CD molecules, thereby
causing their release from the protein. This process allows the
protein to complete its refolding. Because residual detergent
may interfere with downstream purification processes, their re-
moval from the refolded protein may be required.[16]

To avoid these undesirable effects, new decompaction
mechanisms should be investigated. The ability of CDs to de-
compact DNA/surfactant complexes was first shown by Gonza-
lez-Perez et al.[17] by using CTAB and b-CD as compacting and
decompacting agents, respectively. The same phenomenon
was later explored by Cao et al.[18] in DNA/gemini complexes.
Recently, the decompaction process of DNA/CTAB complexes
by using b-cyclodextrins has been investigated by using differ-
ent direct imaging techniques;[19] a-, b-, and 2-hydroxipropil-b-
cyclodextrins have been investigated in detail.[20, 21] Since the
beginning of our research, we have been aware that some
side effect appear during the decompaction process, the most-
relevant of which is the ability of the b-CD/CTAB complex to
self-assemble into layers and, in some cases, even vesicles. The
intrinsic nature of the interaction of these self-assemblies with
DNA and interfaces is still under debate. In addition, our results
show experimental evidence that the decompaction process is
a non-first-order transition; hence, no coexistence region for
coils and globules was found. However, is generally accepted
that DNA compaction and decompaction processes are, ac-
cording to Landau’s criterion, first-order transitions in which
a discrete process is present and the transition is always show-
ing—a region in which coils and globules coexist.[22]

Herein, we focus on elucidating the decompaction process
of DNA/cationic-amphiphile complexes by using b-CD and we
further explore DNA immobilization on solid supports, mediat-
ed by b-CD/CTAB self-assemblies. To the best of our knowl-
edge, this route has received very little attention; however, its
potential is outstanding, owing to its possible applications in
gene therapy and biosensors. By using insight that was
gleaned from a thermodynamic approach, changes in the ap-
parent molar volume and compressibility properties of the dif-
ferent DNA pseudophases will help to enlighten our knowl-
edge of this intriguing phenomenon Moreover, we try to eluci-

date the formation mechanism of b-CD/CTAB layers, as well as
explore their use in changing the surface charge and, the suita-
bility of DNA immobilization on negatively charged surfaces.
This decompaction route could be very useful because various
parameters, such as stability and permeability, can be easily
controlled and characterization can be performed by using
these well-established techniques. Optimization of the amount
of compounds by avoiding the inclusion of additional sup-
ports, which play the role of vectors, makes this route very in-
teresting from an economical point of view, because CDs are
relatively cheap, commercially available, and can be smoothly
stripped from the solution. On the other hand, this route is
easy to upscale, owing to the intrinsic nature of the self-assem-
bled process, which does not require additional energy for
their preparation.

2. Results and Discussion

DNA in Solution

Before dealing with the mechanisms that are responsible for
the decompaction of DNA, we started with the basic phenom-
enology of DNA/CTAB complexes. It is well-know that DNA in
its compact state can appear in a rich variety of ordered struc-
tures. Although this property is mainly due to its character as
a semi-flexible polymer,[22] other factors, such as the periodical-
ly positioned targets of multiple transcription factors and
groups of genes that are one-dimensionally clustered along
the DNA chain, favor different topologies.[25] The folding transi-
tion of DNA can be induced by environmental parameters,
such as salts with small ions, surfactants, polymers, or pro-
teins.[5, 26, 27] Consequently, we performed transmission electron
microscopy (TEM) experiments with negative stained samples
to gain a better view of the DNA/CTAB complexes. Electron mi-
croscopy images are show in Figure 1.

By using low concentrations of CTAB to compact the DNA,
we ensured that all of the DNA molecules are in a compact
state and that there is no coexistence of coils and globules in
solution. Figure 1 shows that the samples exhibit a classic
globular uniform morphology, which uniformly covers the
carbon grid. The white arrows denote DNA in a toroidal con-
formation that is disrupted by some DNA globules. These arti-
facts have been attributed to the dehydration of samples for
TEM analysis. Thus, the toroidal structure of the complexes is
still evident and is similar to those that were obtained by
using polymers, poor solvents, polyamines, or salts.[28, 29] Histo-
grams of the average diameters were generated from different
TEM images. These histograms illustrate that the size distribu-
tion is unimodal, with an average value of 58(�3) nm. A de-
tailed examination at different locations over the carbon grid
gave a clearer vision of the internal structure of the globular
conformation. Examples or different globules at higher mag-
nification are shown in Figure 2. The mean outer diameter of
toroids was determined to 60 nm, whereas the mean inner di-
ameter are about 35 nm. These values agree with those ob-
tained previously.[29]
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Figure 2 shows apparently different morphologies of DNA in
the globular state. Notably, during the preparation process, the
globules that are present in solution are deposited over the
carbon grid, so that the original conformation now seems dis-
torted. This fact is often ignored in the literature, thus leading
to incorrect interpretations. In the magnified TEM images,
most of the globules either adopt a toroidal conformation or
a random globular conformation. However, it is very likely that
the random globular conformations have their origin in toroi-
dal confirmations, which are deformed during the deposition
onto the carbon grid. Thus, it is most likely that all of the DNA
globules display a toroidal conformation in solution. In fact,
one of pathways that can be followed by DNA to proceed
from the elongated coil state into the compact state is an all-
or-nothing compaction process in which there is no intermedi-
ate state. This process is typically observed if attraction is in-

duced between DNA monomers all along the chain, either by
adding counterions or ions. This result is similar to the first-
order phase transition between a disordered gas phase and
a highly condensed solid phase.[30] On the other hand, a fractal
dimension can be quantified from the TEM images of the glob-
ules by applying the box-counting method.[31] This procedure
consists of placing an increasingly fine grid over the studied
area and counting, at each iteration, the number of boxes that
contain at least one part of the object to be measured. Then,
the fractal dimension (Df) is linked to the number of boxes
(n(s)) of dimension s that are necessary to fill the surface area
of the particle according to:[32] Df = lims!0(ln n(s)/ln(1/s)). This
method was also optimized by means of a calculation proce-
dure that stemmed from the work of Foroutan-Pour et al. ,[33]

which allowed for a precise determination of the key parame-
ters of the method, namely the number and dimensions of the
boxes.[34] The images, initially with 256 gray levels and 1024 �
768 pixels in size, were converted into binary images. Then,
the fractal dimension was derived from the slope of a least-
square linear fit of the plot of log n versus log (box size), in
which n is the number of non-overlapping equal boxes that
would fill the projected surface area of the aggregate. This
procedure leads to values of Df = 1.729(�0.003) and Df =

1.535(�0.022) for toroidal and random globular conformations.
Recently, Ercolini et al.[35] found that fractal dimension of DNA
knots that were adsorbed onto a mica surface exhibited differ-
ent values depending on the procedure. Thus, the average
values were 1.744 for strong binding and 1.521 for weak bind-
ing (which permits partial relaxation of the molecule on the
surface). The good agreement of our fractal values with these
previously obtained values could suggest a similar mechanism
of compaction.

Density and sound-velocity measurements can provide a dif-
ferent perspective on the decompaction process, owing to
their ability to quantify solvent–solvent and solvent–solution
interactions. By using these techniques, we explore both the

effect of b-CD concentration
and temperature. With density
and sound-velocity data, it is
possible to directly calculate the
adiabatic compressibility (b) of
the solution by using the Lap-
lace equation, b= 1/u21, in
which u is the sound velocity
and 1 is the density, and, by
knowing the temperature de-
pendence of those parameters,
we can estimate the expansibili-
ty. The adiabatic compressibility
has previously been used to ex-
plore conformational changes
of proteins in solution[36] and,
more recently, to investigate
conformational changes of
DNA.[19]

Figure 3 shows the tempera-
ture dependence of density and

Figure 1. TEM image of a negatively stained solution of T4DNA/CTAB at
pH 7.6.

Figure 2. Electron-microscopy images of T4DNA/CTAB in a compact state at pH 7.6.
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sound velocity at selected b-CD concentrations and a plot of
adiabatic compressibility as a function of b-CD concentration
at 25 8C.

These results show a parabolic growth and a decrease for
the sound velocity and the density, respectively. At about
40 8C, the density drops dramatically for high b-CD concentra-
tions, at which the DNA should be present in a coil conforma-
tion. This result could be an indication of disruption of the b-
CD assemblies at high temperatures. Differential scanning calo-
rimetry (DSC) analysis over a large temperature range has
shown that, in an aqueous buffer solution, DNA undergoes
a transition at temperatures of about 40 8C.[37, 38] In our experi-
ments, the temperature does not affect samples at low b-CD
concentrations, at which the DNA remains in a compact state,

as shown in Figure 3. Only the samples with DNA in its coil
conformation show dramatic changes at about 40 8C, in good
agreement with the DNA temperature transition that was ob-
tained from heat capacity profiles by Mrevlishvilinet et al. in
1998.[37] These results are also an indication of the protective
effect of the compacting agent against denaturation if the
DNA is in a compact state.

Figure 3 b shows two well-defined linear regions, in which
the inflection point indicates a DNA globule-to-coil conforma-
tional transition. In the globular conformation region, the com-
pressibility is high and has a slightly negative slope with in-
creasing CD concentration. In a rough approximation, we can
distinguish two different kinds of water in the hydrated shell :
1) Water that is bound to charged groups and 2) water that is

organized around already bound water and around
other groups. Only bound water with different com-
pressibility than bulk water needs to be distinguish-
ed from bulk water. We assume that the electro-
stricted water that is bound to charged groups
makes a dominant contribution.[39] This result is in
agreement with the compact-state conformation,
which we expect to have a higher-order structure
that is formed by the DNA/CTAB complex. This clus-
ter is likely to be quite hydrated and, hence, com-
pressible, along with the surfactant aggregates that
are formed within the complex. After decompaction,
DNA adopts a coil conformation that is expected to
be much less compressible and, hence, a dramatic
drop in compressibility is observed. The reason why
the compressibility levels out in this region is related
to the fact that the non-structured polypeptide
chain is less compressible than a native structure.[40]

The next step involves providing a more-precise
study with additional experimental data on the prox-
imity of the critical b-CD concentration that charac-
terizes the decompaction. For this purpose, adiabatic
compressibility was measured at a function of b-CD
concentration and temperature. Moreover, expansi-
bilities (the first temperature derivative of volume)
were also calculated and the results are plotted in
Figure 4.

These figures show interesting trends. As might
be anticipated, adiabatic compressibility decreases
with increasing temperature, owing to the gradual
loosening of the water structure around the com-
plex. On the other hand, for temperatures below
30 8C, there is no change with b-CD concentration.
However, at 30 8C, the compressibility and expansi-
bility becomes b-CD concentration dependent.
Changes in adiabatic compressibility decrease with
increasing b-CD concentration. Such behavior can
be explained on the basis that pure elongate DNA is
less compressible that DNA with CTAB molecules.
Consequently, the great release of CTAB molecules
at higher CD concentrations causes the adiabatic
compressibility to drop less.

Figure 3. a) Temperature dependence of the density and sound velocity at different con-
centrations of b-CD; B, D, F, H, J, and L correspond to the concentrations 1,20501 � 10�4,
2,81169 � 10�4, 6,02505 � 10�4, 1,00418 � 10�3, 1,40585 � 10�3, and 1,80752 � 10�3

m, re-
spectively. b) Plot of adiabatic compressibility of T4DNA-CTAB as a function of the con-
centration of b-CD at 25 8C. Data from ref. [17] (*) are shown for comparison.
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In terms of expansibility, the loss of solvation (as expressed
by a decrease in the solvent-accessible surface area) can only
partly explain the loss of expansibility in these systems, be-
cause solvation effects are only part of the decompaction pro-
cess, in which changes in the complex flexibility, intramolecular
packing, and dynamics may contribute extensively to binding
thermodynamics and expansibility changes.[41, 42] The changes
in expansibility become more positive with temperature at all
b-CD concentrations. In general, the positive change in expan-
sibility is due to electrostatic and hydrophobic contributions.
Higher temperatures would cause the types of interactions
that are grouped together, such as hydrogen bonding and
electrostriction, to become less favorable and cause this term
to become more positive. With increasing temperature, the
bases will become more disordered and less stacked in the coil

state, thus leading to an increase in the solvent-accessible sur-
faces area.[43] Specific interactions with CTAB favor loop forma-
tion because of decreasing repulsive forces and we suspect
that this is the main reason for the larger expansibilities of sys-
tems at higher b-CD concentrations.

DNA at the Interfaces

Since the beginning of our research on the use of b-CD for
DNA decompaction, we have been intrigued by understanding
the degree of extension of the interactions between the inclu-
sion complexes (b-CD/CTAB) and DNA. Decades ago, the ability
of b-CD to form self-assembled structures was suggested as
a way to explain their lower solubility than other forms of CD,
such as alpha and gamma.[44] In fact, alpha-, beta-, and
gamma-CDs have been shown to exist as aggregates in solu-
tion, bound together by a network of hydrogen bonds.[45]

Recent experiments confirmed that b-CD could form self-as-
sembled structures, such as layers, if they are dissolved in
water alone[46, 47] or in combination with cationic[19] or anionic
surfactants,[48] in which the formation of vesicular structures
was observed if combined with sodium dodecyl sulfate (SDS).
This result is an indication of how flexible the cyclodextrin
membrane that is formed by hydrogen bonding is, which
forms vesicular structures by bending the membrane to the
appropriate curvature.

To further explore the interactions between DNA and b-CD/
CTAB complexes, we performed new experiments by address-
ing their behavior over different solid surfaces. By using fluo-
rescence microscopy according to standard procedures,[17] we
prepared different b-CD solutions from a stock solution of
T4DNA and CTAB at pH 7.3 (see the Experimental Section). The
samples were deposited onto glass and imaged by using a fluo-
rescence microscope. To avoid multimolecular aggregation, the
observations were performed at a low DNA concentration.
Figure 5 shows the glass/liquid interface for T4DNA/CTAB solu-
tions at different b-CD concentrations.

First, we want to clarify that the appearance of “dots”,
mainly at higher CD concentrations, is not due to compact
DNA complexes, but rather to the breakdown of DNA mole-
cules under UV irradiation. Although we have used vitamin C
to prevent UV radiation from damaging DNA, protection ef-
fects disappear after a certain amount of UV irradiation. Fig-
ure 5 a–f show fluorescence images of DNA/CTAB complexes in
the presence of different concentrations of CD. As expected, at
the lowest CD concentrations, most of the DNA/CTAB com-
plexes are observed as small compact particles (Figure 5 a). On
increasing the concentration of CDs, as shown in Figure 5 b,
compact particles are still present; however, partially globular
complexes also appear. On the addition of more CDs, the com-
plex changes into a partially folded state, but still exhibits
a compacted part (Figure 5 c). Subsequent increases in CDs
concentrations reveal that compacted and elongated parts co-
exist in a single complex, but the elongated structures increase
linearly with the concentration of CD (Figure 5 c, e). Finally, all
of the complexes become independent elongated coils (Fig-

Figure 4. Plots of adiabatic compressibility (a) and coefficient of expansibility
(b) for T4DNA/CTAB at pH 7.6 as a function of temperature at different b-CD
concentrations; the colors of the symbols correspond to the same b-CD con-
centrations as reported in Figure 3.
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ure 5 f). These observations are consistent with the results of
earlier solution-state studies.[49]

At this point, it is interesting to discuss some points: The
size of the compact particles remains constant with increasing
CD concentration. However, the average size of the coils in-
creases with increasing CD concentration. This result may be
due to the preferential release of CTAB molecules from large
DNA strands, which might be expected based on more-favora-
ble hydrophobic interactions between the surfactant moieties
and CDs, as reflected by a general increase in the length of the
coils. Moreover, fluorescence images reveals that the compact/
elongate transition for T4DNA/CTAB complexes, as induced by
the CDs, is largely discrete, that is, “all-or-nothing”. The exis-
tence of a rather wide region of coexistence (in terms of CD
concentration) suggests that the difference in free energy be-
tween the coil and globule states remains within the order of
thermal energy.[50] On the other hand, at low b-CD concentra-
tions, the T4DNA is immobilized onto the glass surface in
a compact globular conformation. At higher b-CD concentra-
tions, the T4DNA is immobilized in a highly extended confor-
mation. We can easily determine the apparent length of the
T4DNA in the different conformations from the images that
focus on the glass surface. The values for the globules are
equivalent to those previously found for globules in bulk,
whereas the DNA in the extended conformation shows far
longer lengths of the order of several microns. The immobiliza-
tion process seems to retain the globular size distribution, as
obtained by using the same imaging procedure in bulk, which
allow the coils to attach onto the glass in an extended linear
configuration. Because the glass surface is negatively charged
(as T4DNA), we can suppose that the immobilization is per-
formed by the b-CD/CTAB inclusion complexes, which are posi-
tively charged, owing to the CTAB moiety. Consequently, inter-
actions between negatively charged DNA and the glass surface

are mediated by positively
charged b-CD/CTAB layers
placed over the glass surface.

To investigate the presence
of b-CD/CTAB layers on the sur-
face, we performed atomic
force microscopy (AFM) experi-
ments in the contact mode in
air to show the topography by
using mica as a solid support.
Notably, mica is also negatively
charged if an aqueous solution
is placed on top of it. The pres-
ence of b-CD/CTAB layers has
previously been shown in aque-
ous buffered solution.[19]

Figure 6 shows the topography
of the deposited layer. In this
image, mesoscale phase-segre-
gated are observed, which sug-
gests the formation of sparsely
packed b-CD/CTAB clusters at
the interface. These images

show the formation of layers of aggregates with a constant
height of about 1.4 nm (see the intensity profile in Figure 6).
This result approximately corresponds to a single b-CD moiety
plus two ammonium head groups.

We can disrupt the b-CD/CTAB layers by scanning the same
area several times with high voltage, thus showing the weak
nature of the interactions that are responsible for the self-as-
sembly structure and the electrostatic immobilization. These
results confirm our previously suggested formation mechanism
of the b-CD/CTAB layer.[19] Other authors suggested mecha-
nisms that involved the incorporation of two cyclodextrins
molecules for each CTAB molecule. However, this step would
lead to a layer size of more than 2 nm, which is too high com-
pared with the value for the height that we found for a single
layer. Hence, the model of two b-CD molecules per CTAB mole-
cule can be discarded as a possible mechanism. The basic self-
assembly mechanism, as well as the main dimensions, are
shown in Figure 7, in which b-CD/CTAB complexes are alterna-
tively arranged towards the air and towards the negatively
charged interface, thereby resulting in an optimal packing of
the inclusion complexes.

Assuming the presence of one CTAB molecule per b-CD mol-
ecule in each inclusion complex, the cyclodextrin complexes
could optimize their interactions to form a single layer by alter-
nately arranging the positive CTAB head groups “up” and the
negative surface “down”. By alternating the positive head
group with one tail, the layer maximizes the distance between
positive charges and decreases the electrostatic repulsion be-
tween two head groups, which works against the formation of
the structure. This alternating organization also optimizes the
packing by minimizing the distance between two b-CD/CTAB
complexes because of the conical conformation of the cyclo-
dextrin. In addition, an alternating organization, with one head
group “up” and the next towards the interface, would give

Figure 5. Fluorescence microscopy images of T4DNA/CTAB at pH 7.6 on a glass slide at increasing b-CD concentra-
tions from (a) to (f) ; slides a)–c) correspond to the globular conformation, whereas slides d)–f) correspond to the
coil conformation.
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higher structural stability, because the positive changes would
be evenly distributed on both sides of the layer. A random dis-
tribution of the cyclodextrin complexes would generate elec-
trostatic instabilities in the layers with positively charged clus-
ters and, hence, is highly improbable.

We also performed analogous AFM experiments on freshly
cleaved mica with samples that contained coils or globules.
Two samples with equal concentrations of DNA and CTAB and
a b-CD concentration that corresponded to the globular or coil
conformations were separately on mica. Figure 8 shows the
heights of the two samples on mica, as measured by using
AFM.

From Figure 8, we can identify the DNA globules that are at-
tached onto the cyclodextrin layers. The height of the layers is
identical to the experiments without DNA; the DNA globules
have an average size of about 55 nm. Clusters of globules are
also observed on the b-CD/CTAB layer. Notably, the DNA glob-
ules always preferentially attach onto the b-CD/CTAB layers,
whilst the empty areas remains DNA-free. A 3608 turn in the
DNA helix corresponds to ten base pairs, with a distance of
34 �. The phosphate groups will be spaced 34 � apart in the
same plane if the DNA molecule is in contact with any sub-

strate. According to our packing model, the distance between
two positively changed head groups in the b-CD/CTAB layer is
below 38 � (that is, less than the diameter of two b-CD units),
which give an excellent match to the phosphate groups in the
DNA molecule (Figure 9).

It should be noted that DNA is a rather rigid molecule with
a persistence length of 50 nm under physiological condi-
tions,[51–53] which corresponds to about 14 phosphate groups
per DNA segment on the same plane. Hence, there are 14 elec-
trostatic connections between the positive charges in the b-
CD/CTAB layer and the negatively charged phosphates in
a rigid DNA segment that match perfectly because their corre-
sponding charged groups are equally spaced. This result could
explain why DNA in a coil conformation is attached in a straight
line, following the line of positive changes in the b-CD/CTAB

Figure 6. AFM of b-CD/CTAB layers in mica, which show the topography (a),
vertical deflection (b), and height profile of the b-CD/CTAB layer (c).

Figure 7. b-CD dimensions (a) and two orthogonal views (b, c) of the single-
layer arrangement of the b-CD/CTAB layers, with the approximate distance
between CTAB head groups.
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layer. The presence of 14 electrostatic connections for each
segment contributes to the high stability of the attachment,
because the DNA remains in contact with the b-CD/CTAB layer,
even after the solvent is removed.

3. Conclusions

The decompaction of the DNA/CTAB complex is strongly influ-
enced by the concentration of b-CD and the temperature. This
result was determined by a subtle balance between the hydra-
tion of the complex and by the lower compressibility of the
native structures. The formation of self-assembled layers of b-
CD/CTAB complexes on glass or mica surfaces facilitated the
immobilization of DNA, either in its coil or globule conforma-
tions. The b-CD/CTAB inclusion complexes effectively change
the surface charge on the glass or mica from negative to posi-
tive. Moreover, this method for surface charge modification
could also be useful in other fields, such as interfacial asym-
metric synthesis, molecular recognition, and chiral discrimina-
tion. The b-CD/CTAB layers can be used to selectively immobi-
lize DNA globules and coils onto negatively charged surfaces,
such as mica and glass. The b-CD/CTAB complexes can poten-
tially be used to immobilize other negatively changed macro-

Figure 8. AFM images, which show the topography of two samples in com-
pact (a, b, and d) and coil conformations (e and f) on a mica surface. The
height profile of the b-CD/CTAB layers and DNA in a compact conformation
is shown in (c), as extracted from the data in (a).

Figure 9. Representation of DNA, which shows its basic dimensions and its
interactions with the b-CD/CTAB layers.
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molecules and is an optimal method for functionalizing mica
and glass if the functional molecule can carry a positively
changed group and can form an inclusion complex with a cy-
clodextrin.

Experimental Section

Materials

Coliphage T4DNA 166 kbp was supplied by Wako Nippon Gene.
Hexadecyltrimethylammonium bromide (CTAB) was purchased
from Sigma–Aldrich and re-crystallized twice from acetone. Trizma
base, Tris-Cl(99.9 % titration) was purchased from Sigma–Aldrich.
Fluorescent dye GelStar nucleic-acid gel stain was purchased from
Cambrex. Antioxidant ascorbic acid (reagent grade) was purchased
from Sigma–Aldrich. b-CD (�98 % purum) was purchased from
Sigma–Aldrich.

Sample Preparation

All of the stock solutions were prepared in 10 mm Tris-Cl buffer
(pH 7.6). DNA molecules were diluted in 10 mm Tris-Cl buffer that
contained 4 % ascorbic acid and the fluorescent dye. The final con-
centration of DNA was 0.5 mm in nucleotide units. DNA was com-
pacted by using a CTAB concentration of 2.42 � 10�4

m. At this con-
centration, all of the DNA molecules were compacted and no coex-
istence between coil and globule conformations was found. The
concentration of b-CD was varied in the decompaction studies,
keeping all other parameters constant. The experiments were per-
formed with GelStar. The negative-staining TEM experiments were
performed without fluorescent dye.

Fluorescence Microscopy

The samples were illuminated with a mercury UV lamp and the
fluorescence images of single DNA molecules were recorded on
a Zeiss Axioplan microscope that was equipped with a � 100 oil-
immersed objective lens and digitized on a personal computer by
using a high-sensitive SIT C-video camera and an Argus-20 image
processor (Hamamatsu Photonics, Japan). The apparent long-axis
length of the DNA molecules (L) was determined to be the longest
distance in the outline of the fluorescence image of single DNA.
The observations were performed at RT. Special care was taken to
thoroughly clean the microscope glasses (No. 0, Chance Propper,
England) before the observations to prevent DNA degradation, as
well as precipitation onto the glass surface.

Negative-Staining TEM

A carbon grid (200 mesh) was used and the final samples were
negative stained with 2 % uranyl acetate and observed on a Philips
CM120 BioTwin Bio Cryo electron microscope that was operated at
120 kV. For each measurement, the sample (7 mL) was placed on
a carbon grid and dried for 2 min. This process was repeated three
times to increase the amount of globules on the carbon grid. After-
wards, an aqueous solution of 2 % uranyl acetate[23] (pH 7, 5 mL)
was placed on the carbon grid and, after 30 s, the grid was blotted
dry by using filter paper. Finally, the carbon grid was washed twice
to remove any excess staining agent and left to dry. Some samples
were stained with 2 % phosphotungstic acid.[24]

Density and Sound-Velocity Measurements

Densities and sound velocities were continuously, simultaneously,
and automatically measured on an Anton-Paar DSA 5000 densime-
ter and sound-velocity analyzer. Both the speed of sound and den-
sity are extremely sensitive to temperature, which, therefore, was
kept constant within �10�2 K by using the Peltier method. The re-
producibility of the density and sound velocity measurements was
better than 5 � 10�6 g cm�3 and 10�2 m s�1, respectively.

Atomic Force Microscopy (AFM)

Contact-mode AFM images were recorded under ambient condi-
tions on a NanoWizard II (JPK Instruments) that was mounted into
an Active Vibration Isolation Table TS-150 (AVIT). Then, the AFM
with the AVIT was placed inside an aluminum cage to avoid the
mechanical noise interfering with the experiments. Si tips with
a resonance frequency of approximately 300 kHz and a spring con-
stant of about 40 N m�1 were used and the scan rate was within
the range 0.5–1.5 Hz. The samples were prepared by depositing
a stock solution (10 mL) onto freshly cleaved mica and excess solu-
tion was removed after 5 min.
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