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The interaction between DNA and different types of amino acid-based cationic surfactants was investigated.
Particular attention was directed to determine the extent of influence of surfactant head-group geometry toward
tuning the interaction behavior of these surfactants with DNA. An overview is obtained by gel retardation assay,
isothermal titration calorimetry, fluorescence spectroscopy, and circular dichroism at different mole ratios of
surfactant/DNA; also, cell viability was assessed. The studies show that the surfactants with more complex/
bulkier hydrophobic head group interact more strongly with DNA but exclude ethidium bromide less efficiently;
thus, the accessibility of DNA to small molecules is preserved to a certain extent. The presence of more hydrophobic
groups surrounding the positive amino charge also gave rise to a significantly lower cytotoxicity. The surfactant
self-assembly pattern is quite different without and with DNA, illustrating the roles of electrostatic and steric
effects in determining the effective shape of a surfactant molecule.

Introduction

A physicochemical study of the interaction between DNA
and cationic lipid molecules and other cationic agents' such as
peptides, linear polyamines,” dendrimers,® and nanoparticles will
facilitate the understanding of the cellular function such as DNA
packaging, transfection in mammalian cells, control of transcrip-
tion, and, most importantly, efficient gene delivery. There has
been an immense interest among biologists and chemists in
characterizing the nature of the fundamental interactions between
cationic agents and DNA; furthermore, several general ap-
proaches have been designed to study such interactions. One
of the important driving forces, which play a major role in the
formation of these complexes is the electrostatic interaction,
but the role of hydrophobic interactions cannot be ruled out.
Most extensive studies in this regard have focused on the
interaction between DNA and conventional cationic surfactants
that are commercially available, like long chain alkyl groups
with trimethylammonium ion as the head group.*'

The interactions of nucleic acids with peptides have received
a great interest from researchers in the last couple of years, one
of the underlying purposes being of using naturally occurring
or synthetic peptides as gene delivery systems.'?”'” The ap-
proach of using proteins for DNA delivery is based upon the
observation that the functionally active regions of proteins such
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as enzymes, receptors, and antibodies are relatively small,
typically consisting of around 10—20 amino acids. A number
of peptide sequences have been shown to be able to bind to
and condense DNA and rational design of peptide sequence has
also been used to develop completely synthetic DNA-binding
peptides.>! Recent studies suggest that the amino acid
composition of the copolymers has an impact on protection of
DNA against degradation by the nucleases, as well as on
cytotoxicity and transfection efficiency.'”-*

Amphiphilic molecules are very popular in nanotechnology
due to their self-assembly properties. Because compaction of
DNA occurs when cationic surfactant aggregates are formed in
its vicinity, this allows for a good control of the compaction/
decompaction of DNA just by changing the properties of the
solution or using other elegant approaches such as the control
induced by light.>* The self-assembly properties are thus very
promising, and the concept has been tested with other positively
charged agents to improve their efficiency and control. This was
demonstrated with, for example, hydrophobically modified
spermidine”**> and amphiphilic peptides (lipopeptides).'>*2

The self-assembly of amphiphilic molecules, like surfactants,
can lead to a large variety of structures, including discrete
spherical or slightly anisometric aggregates, long cylindrical
aggregates, and bilayers. The type of self-assembly structure
formed depends on the optimal packing of the amphiphilic
molecules, which in turn can be related to the balance between
hydrophilic and hydrophobic properties. A simple model based
on the effective shape of a surfactant molecule, notably the
relative cross-sectional areas of the hydrophilic and hydrophobic
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parts can successfully capture the main features of surfactant
self-assembly.?8-3°

In the present study, we introduce some novel amino acid-
based cationic surfactants, having bulky polar heads as well as
hydrophobic groups. Ionic surfactants typically associate into
globular or cylindrical micelles characterized by a larger cross-
section of the polar than the nonpolar part. The large effective
area of the hydrophilic group is for classical surfactants
determined by electrostatic effects, given by an effective
repulsion between the head groups. Therefore, if the electrostatic
head-group interactions are screened, for example, by adding
electrolyte, the effective head-group size decreases, and a
transition to other types of self-assemblies occurs. For the
surfactants introduced here, the behavior will be different
because the reduction in effective head-group size is counter-
acted by the bulky head groups. A further feature that is
introduced relative to classical surfactants is the presence of a
pronounced hydrophobicity, leading to an attraction force
between head groups.

In the presence of an oppositely charged polyelectrolyte,
the self-assembly of an ionic surfactant is dramatically
facilitated. Thus, the onset of self-assembly, as defined for
example by the critical micelle concentration (CMC), occurs
at concentrations that are lower by orders of magnitude®’
and the phase diagrams are strongly modified.*>** This can
be attributed mainly to a more or less complete elimination
of the electrostatic repulsions between head groups and, thus,
to a major decrease of the effective head-group size. A large
number of studies of the interaction between DNA and simple
cationic surfactants have illustrated this expected behavior.
In the present study, where we consider more complex
cationic surfactants, we consider a more intricate association
pattern. First, the surfactants studied have bulky head groups
that counteract largely a major decrease in effective head-
group size on association with DNA. Second, the head groups
have hydrophobic features leading, as mentioned, to an
attraction between head groups. However, this is not the only
effect of head-group hydrophobicity. We also have to
consider the hydrophobic interaction between the head groups
and the bases of DNA, introducing another feature in the
DNA —surfactant association. We have recently argued that
the hydrophobic interactions have been somewhat neglected
in the behavior of DNA;* while the hydrophobic interactions
between bases drive the DNA self-assembly into the double
helix they are also important in association with surfaces,
surfactants,” as well as with polymers.*®

Following this reasoning, to further understand the role of
the head group of the amphiphilic molecules on the DNA—
surfactant interactions, which we hope will contribute to the
optimization of cationic lipid formulations for efficient gene
delivery in therapeutics and fundamental cell biological studies,
we sought to synthesize three surfactants with amino acids as
the surfactant head (surfactants Ala, Pro, and Phe, Scheme 1).

In the present paper we study surfactants with head groups
presenting different hydrophobicities. The interaction behavior
of the surfactants with DNA was investigated by gel retardation
assay, fluorescence spectroscopy, isothermal titration calorim-
etry, and circular dichroism at different mole ratios of surfactant/
DNA; also, cell viability was determined by an MTT assay.

Materials and Methods

Materials. pUC19 plasmid DNA (2.6 kbp) was used throughout.
The plasmid was isolated from DHS5-a cells by alkali lyses method
and purified using the standard procedure of phenol chloroform
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extraction. Its purity (98%) was confirmed on 1% agarose gel and by
UV spectrophotometer taking the OD at 260 and 280 nm. All reagents
for the surfactant synthesis were highest purity and used as received.
Ethidium bromide (EB) (Aldrich) was used as received. Unless
specified, all solutions and experiments were prepared and conducted
using 10 mM sodium phosphate buffer (pH 7.0) prepared with Milli-Q
water.

Synthesis of Surfactants (Scheme 1). The detailed synthetic
procedure for the surfactants Ala, Pro, and Phe is available in a previous
report.?” Briefly, Boc-protected L-amino acids (10 mmol) were coupled
with n-hexadecylamine (11 mmol) using N,N-dicyclohexylcarbodiimide
(DCC, 11 mmol) as the coupling reagent in the presence of 4-N,N-
(dimethylamino)pyridine (DMAP, 11 mmol). Deprotections of Boc-
groups were carried out using trifluoroacetic acid (TFA, 4 equiv) in
dry DCM. After 2 h of stirring, solvents were removed on a rotary
evaporator, and the mixture was taken into ethyl acetate. The ethyl
acetate part was thoroughly washed with aqueous 10% sodium
carbonate solution followed by brine washing to neutrality. The organic
parts were dried over anhydrous sodium sulfate and concentrated to
get the corresponding amines. The produced amines (1 equiv) were
quaternized with excess iodomethane using anhydrous potassium
carbonate (2.2, 1.1, and 2.2 equiv for Ala, Pro, and Phe, respectively)
and a catalytic amount of 18-crown-6-ether in dry DMF for 2 h. The
reaction mixtures were taken into ethyl acetate and washed with aqueous
sodium thiosulfate and brine solution. The concentrated ethyl acetate
parts were crystallized from methanol/ether to obtain solid quaternized
iodides, which were then subjected to ion exchange on an Amberlyst
A-26 chloride ion-exchange resin column to get the pure desired
surfactant. Overall yields were in the range of 70—80%.

Gel Retardation Assay. The electrophoretic mobility of the cationic
surfactant/DNA complexes was determined by gel electrophoresis using
1.0% agarose gel in a buffer consisting of 45 mM Tris-borate and 1
mM EDTA at pH 8.0. Experiments were run at 80 V for 90 min. About
1 ug in 25 uL (equivalent to 152 uM in terms of negative charge)*® of
DNA was mixed with different amounts of surfactant solutions to
achieve the desired charge ratio and incubated for 1 h prior to running
the gel. DNA was visualized under UV illumination by staining the
gels with ethidium bromide at room temperature.

Isothermal Titration Calorimetry. Isothermal titration calorimetry
was performed with a VP-ITC Microcal (Northampton, MA) at 25 °C.
The cell volume was 1.3438 mL. After careful washing, the cell was
prerinsed with the portion of the same DNA solution before each
titration experiment. The concentration of the DNA phosphate groups
(nucleotides) in the cell was 100 uM at the beginning of the titration.
Series of surfactant solutions of 2 mM were injected in 30 portions of
10 uL with a 250 uL injection syringe, at 5 min intervals. A control
experiment was carried out for each surfactant to find out the heats of
surfactant dilution by omitting DNA from the solution in the cell. To
obtain the heat of binding, the heat of dilution was subtracted from
heat of observation (AH,,).

Ethidium Bromide Exclusion Assay. Ethidium bromide (EB) at 5
uM and 10 uM DNA solution (one ethidium bromide per base pair)
were mixed and allowed to incubate at 25 °C for 10 min. Various
amounts of surfactant solutions were added to the DNA-EB mixture
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and left to incubate for 30 min. Fluorescence intensity was measured
using a spectrofluorometer (FluoroMax-3, Spex) after diluting to 2 mL.
with the phosphate buffer. The excitation (4.,) and emission (4
wavelengths were 480 and 600 nm, respectively.

Circular Dichroism. Circular dichroism was performed using a
J-715 spectropolarimeter (Jasco, Easton, MD). Spectra were acquired
in a 1 mm path length quartz cuvette for various amounts surfactant to
DNA mixing ratios (Z,,_) for all surfactants at 25 °C; the temperature
was maintained with a Peltier device. Spectra were measured as the
average of three scans from 200 to 350 nm at a scan rate of 20 nm/
min and with the buffer signal subtracted. Data analysis was performed
with Excel 2000 (Microsoft, Redmond, WA) and Origin 6.0 (Microcal
Software, North Hampton, MA) was used for smoothing and plotting.

Cytotoxicity Measurements (MTT Assay). HeLa cell line was
obtained from NCCS, Pune, India and grown in MEM media [Gibco-
BRL, New York] supplemented with 10% fetal calf serum [Biological
Industries, Israel], 2 mM L-glutamine [Sigma], | mM sodium pyruvate
[Sigma], and antibiotic-antimycotic solution (100x; Sigma] at 37 °C
in a humidified incubator with 5% CO,. Cells were detached from the
culture flask using trypsin-EDTA [Sigma] when they became 70—80%
confluent. The HeLa cells were seeded on a 96-well plate at a density
of approximately 25 x 10* cells/well. After 24 h of incubation, the
cationic surfactant (0.1—25 uM) was added to the appropriate wells
and incubated for 24 h. Subsequently, methyl thiazol tetrazolium (MTT)
assay was performed. A total of 10 uL of 5 mg/mL MTT solution
(MTT dissolved in Hank’s balanced salt solution (HBSS); Sigma) was
added to each well and incubated for 4 h. Accumulated formazan
crystals were solubilized in 200 4L of DMSO [Sigma] and placed on
a shaker for 15 min. The absorbance at 560 and 630 nm was recorded
in an ELISA plate reader (Spectra MAX 190, Molecular Devices).

em)

Results and Discussion

The influence of the surfactant head-group chemistry toward
tuning the interaction behavior of these cationic surfactants,
containing amino acid head groups, with DNA was determined
by gel retardation assay, isothermal titration calorimetry (ITC),
fluorescence spectroscopy (FS), and circular dichroism (CD)
at different mole ratios of surfactant/DNA. Cell viability was
also determined by the MTT assay.

As a background to our discussion, some remarks about the
interaction between polyelectrolytes and oppositely charged
surfactants are useful. For a highly charged polyion like DNA,
there is a very significant accumulation of the small counterions
(sodium) in the vicinity of the polyion. The counterion distribu-
tion can for monovalent ions be understood from simple
electrostatic considerations (Poisson—Boltzmann theory); terms
like counterion “binding” or “condensation” are used to describe
the enhanced counterion concentration close to the polyion, the
latter being preferred as there is no stoichiometric association
or association to individual sites but to the polyion as a whole.
As an ionic surfactant is added, the surfactant ions will constitute
part of the “condensed” counterions. When the local surfactant
concentration reaches the critical micelle concentration (CMC),
the surfactants will micellize; this occurs at a bulk concentration,
which is the critical association concentration (CAC).>! For
DNA interacting with cationic surfactants, there are several
determinations of the CAC, found to be orders of magnitude
below the CMC.>%1%-394% The surfactant aggregates will act as
counterions of very high valency and will, therefore, interact
strongly with DNA and have a significant influence on, for
example, its conformation. We recall that the reason why
surfactants are efficient condensing agents is that they self-
assemble into micellar aggregates in the vicinity of the DNA
molecules. The vast majority of the studies on DNA condensa-
tion by cationic surfactants were performed with monovalent
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Figure 1. Gel retardation assay for (A) Ala, (B) Pro, and (C) Phe.
The DNA concentration was 40 «g/mL (152 uM in phosphate groups)
and the surfactant to DNA mixing ratio, Z,,_, is indicated in the figure.
TBE buffer was used in these experiments.

surfactants. Monovalent species are not able to condense DNA,
especially at such low concentrations (a few mM). In fact,
fluorescent molecules have been used to probe the environment
of the DNA—surfactant complexes and to show that there are
hydrophobic regions within the complex with an environment
similar to that of micelles.*' Also, as we and others have shown,
the surfactant aggregates in the vicinity of DNA can have
different structures, including spheres,*> rods (hexagonal
phase),*>**348 and bilayers (lamellar phase),>**~>' depending
on the properties of the surfactant and the strength of the
DNA —surfactant interaction. We can also note that the ioniza-
tion of a surfactant can change on association to an oppositely
charged polyion. Thus, the ionic form of a cationic surfactant
will be favored close to DNA; in our case, this stabilization
(shift of pK,) will ensure that the surfactants studied here will
always be in the cationic form.

Agarose Gel Electrophoresis. Images of the agarose gels
of a series of surfactant/DNA complexes of different charge
ratios are shown in Figure 1. At low charge ratios of surfactant
to DNA an excess of uncomplexed DNA was present as shown
by the migration of the DNA bands. The migration of the
plasmid DNA in the gel was retarded as the ratio of surfactant
to DNA was increased above the charge neutralization for all
three surfactants, indicating that the surfactants were capable
of bind to DNA, neutralizing its charges. However, there are
clear differences between the gels of the three surfactants; the
retardation of the DNA occurred for mixing ratios, Z,,_, of 1.0,
0.75, and 0.75, for Ala, Pro, and Phe, respectively.

Considering the CMC of the three surfactants, shown in Table
1, it is observed that Ala, the surfactant with the highest value
of CMC of the three, induces a retardation of DNA for higher
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Table 1. Critical Micellar Concentration (CMC) for the Surfactants
Ala, Pro, and Phe?

10* x CMC, 10* x CMC,
surfactant (M; tensiometry) (M; fluorescence)
Ala 4.29 4.85
Pro 1.76 1.95
Phe 2.12 2.46

2 As measured by surface tension and fluorometry. The values were
taken from ref 37.
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Figure 2. Fluorescence emission spectra of ethidium bromide (EB)
(Trace 1), EB—plasmid DNA complex (Trace 2), and EB—plasmid
DNA complexes in the presence of saturating amounts of Ala, 10
uM, (Trace 3), Pro, 8 uM (Trace 4), and Phe, 6 uM (Trace 5),
respectively. The concentration of plasmid DNA was 10 uM in
phosphate groups in 10 mM sodium phosphate buffer (pH 7.0).

ratios than those with more complex head groups, such as
proline and phenylalanine. These last two present very similar
values of the CMC. It has been observed previously that
surfactants with more hydrophobic head groups present lower
CMC values, and accordingly, the CAC also decreases™ in the
same fashion as increasing the alkyl chain length.”>*

These observations follow the arguments given above that
ionic surfactants have high CMC values due to electrostatics,
but that the electrostatic head-group repulsion is counteracted,
when there is a hydrophobic attraction between head groups.
DNA effectively screens the electrostatic head-group repulsion
and strongly facilitates surfactant self-assembly. It is significant
that the more hydrophobic surfactants associate to DNA at lower
concentrations, indicating an important role of hydrophobic
surfactant—DNA interactions.

Ethidium Bromide Exclusion Assay. The binding of
surfactants to plasmid DNA was also investigated by the
titration of surfactants with a premixed solution of DNA and
ethidium bromide (EB). EB is a cationic dye that is widely
used as a probe for native DNA. The ethidium ion displays
a dramatic increase in fluorescence efficiency when it
intercalates into DNA. The displacement of EB from DNA
upon complex formation with cationic lipids and polycations
has been used extensively in the development of nonviral
gene delivery systems. The addition of cationic agents to
premixed DNA-EB solutions results in the displacement of
intercalated EB from the DNA/EB complexes resulting in
the quenching of the fluorescence intensity. Figure 2 shows
the fluorescence emission spectra of free EB (Trace 1), DNA/
EB complex (Trace 2), and DNA/EB complexes in the
presence of sufficient surfactant to achieve saturation in the
fluorescence quenching, for Ala (Trace 3), Pro (Trace 4),
and Phe (Trace 5). The fluorescence quenching was observed
in all cases; however, the extent of the quenching varies
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Figure 3. Ethidium bromide exclusion results for Ala (O), Pro (O),
and Phe (A) plotted as /I, versus the mixing ratio of cationic surfactant
to DNA phosphate groups, Z,,_. Plasmid DNA concentration was 10
uM in phosphate groups in 10 mM sodium phosphate buffer (pH 7.0).
The arrows indicate the saturation of the fluorescence quenching for
this particular experiment.

notably from surfactant to surfactant. As shown in Figure 2,
Ala is the most efficient to quench the fluorescence followed
by Pro and Phe. In addition, typical curves of fluorimetric
titrations of solutions of the DNA-EB complex with the
different surfactants are shown in Figure 3. As can be seen,
the saturation concentration of the fluorescence quenching
also varies significantly among the surfactants. Saturation
occurs at a Z,,_ value of 1 £ 0.1 in the case of Ala, whereas
it occurs at Z,, values of 0.75 & 0.1 and 0.6 & 0.1 in the
case of Pro and Phe, respectively. This sequence of interaction
is in good agreement with the results obtained in the gel
electrophoresis experiments (Figure 1).

The fact that Ala quenches the EB fluorescence more
efficiently but at higher surfactant concentrations than for the
other surfactants considered in this study is a significant
observation that can be easily rationalized from the simple
principles of surfactant self-assembly outlined above. The higher
concentrations of surfactant required for the quenching suggests
a delay in the condensation of DNA induced by Ala, which
can be attributed to the fact that the micellization of this
surfactant occurs at a higher concentration. The quenching
efficiency in these experiments can be related to the degree of
condensation of the DNA, the most common interpretation, or
the accessibility of the DNA inside the complex to the EB. The
surfactant packing parameter, that is dependent on the relative
sizes of the surfactant’s polar and nonpolar parts, determines
the type of aggregate that the surfactant will form, as outlined
above.”® Therefore, surfactants with bulkier head groups such
as Pro and Phe, will form small spherical aggregates while larger
aggregates are obtained with smaller head groups. With smaller
micelles the DNA surface will be less covered (patch-like
coverage) which allows for a residual binding of small molecules
like EB. This is in good agreement with the fact that Ala
quenches the EB more efficiently than Pro and Phe. This is also
in good agreement with the gel electrophoresis experiments;
the complexes formed with Phe, the surfactant that quenches
EB less efficiently, are still visible in the wells after the charge
neutralization.

In noting also that a simple surfactant with a small head
group, like cetyltrimethylammonium bromide (CTAB), gives a
more complete elimination of EB fluorescence than the surfac-
tant studied here, we conclude that surfactants with small head
groups displace EB efficiently, while with surfactants with large
hydrophobic head groups, even if binding more strongly to
DNA, as indicated by low CAC values, there is considerable
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Figure 4. Isothermal titration calorimetry experiments corresponding
to the additions of 250 uL aliquots of surfactant solution (10 mM for
Ala and 2 mM for Pro and Phe) into 1.425 mL of 10 mM sodium
phosphate buffer in 25 steps at the interval of 3 min at 25 °C: upper
panels show heat produced vs time and lower panels show enthalpy
change per mole of surfactant vs the concentration of surfactant. (a)
Ala; (b) Pro; and (c) Phe. Arrows indicate the CMCs obtained by
surface tension measurements (Table 1).

residual EB binding to DNA. This is in agreement with simple
self-assembly arguments, in that surfactants with large head
groups only form small discrete micellar aggregates. Small
aggregates, which repel each other, cannot fully cover the DNA
double-helix and, therefore, not efficiently exclude the binding
intercalators, like ethidium bromide. It is only with surfactants
that form extended (effectively infinite) aggregates that full
exclusion of an intercalator can be achieved. This is analogous
to the situation of surfactant adsorption at solid surfaces:
Surfactants that form spherical micelles show a much smaller
coverage of the surface than that of rod micelles. (see, for
example, ref 30).

Isothermal Calorimetry Titration Experiments. [sothermal
titration calorimetry (ITC) allows the study of the heat of
interaction between two cosolutes and has contributed
significantly to the understanding of polymer-surfactant
interactions and surfactant aggregation (see for example,
refs®*%%). These experiments were conducted by step-by-
step injections of a constant volume (10 uL) of concentrated
surfactant solution into a cell containing the buffer only or
plasmid DNA solution (100 uM in phosphate groups). The
thermograms of the titrations of the surfactant solutions into
the buffer solution are shown in the upper panel of Figure 4.
These thermograms contain a raw heat signal subtracted from
the baseline and are denoted by cell feedback (CFB) in ucal/
s. The injection of the concentrated surfactant solutions into
the buffer produces a large endothermic heat signal more or
less consistent throughout the experiments. The corresponding
heat of enthalpy change per mole of surfactant, total area
under each peak, normalized by the injectant concentration,
is presented in the lower panel of Figure 4. The enthalpy
change at the initial stage of addition of the surfactant stock
solution (which is always higher than the CMC) to the buffer
solution essentially stands for micellar dilution, demicelli-
zation, and dilution of the surfactant monomers.®*** The
enthalpy change at the final stage of addition of the surfactant
solution is mainly associated with micellar dilution, as the
final concentration of surfactant in the cell is now above the
CMC.

The picture is very different when the surfactant titration
is done into a solution of plasmid DNA. Instead of an
endothermic enthalpy change, an exothermic enthalpy change

Jadhav et al.

Time (min)
0 30 60 90 120
8 0_0_- I ' J’lllkh'LllllAll'llllllLlL ]
o 10 ]
< 034 ]
[&] 1 J
=3 -0.6—_ a
4 I ' I N I T
(o]
® 0.04 YV FUSEEUTEY -
R . ]
< 034 4
o 1 J
3 -0.6 1 -
o 094 b ]
o YT T T T T d T LE—
¢=/) 00__ rv.MNLLL S b b et _-
8 03 ]
=1 i ]
= -0.6—_ ¢
>
w T T T T T T
S o4 - fFR=0-
Q — ;D/
[*] 1 /g/o/‘:‘ i
E 6"
© -2 — 0 d -
L — T T T T T T T T
0.00 0.03 0.06 0.09 0.12 0.15

[surfactant], mM

Figure 5. Results from isothermal titration calorimetry experiments.
Sample raw data for the titration of (a) Ala, (b) Pro, and (c) Phe into
plasmid DNA duplex solution at 25 °C in 10 mM sodium phosphate
buffer. Each peak shows the heat produced by a serial injection of an
aliquot of the concentrated surfactant solution into the DNA solution (100
uM in phosphate groups). (d) Enthalpy changes obtained from integration
with respect to time, with appropriate molar correction (see the text) vs
surfactant concentration for Ala (d), Pro (O), and Phe (A).

is now observed at the initial stages of the titration process
(Figure 5). The enthalpy changes for the first few injections
become exothermic and decrease steadily upon further
injection of surfactant in all cases. The differential enthalpic
curves, as shown in Figure 5d, contain observed enthalpy
changes (AH) for each injection of the surfactant solutions
into the DNA solutions plotted against the surfactant
concentration. It can be observed that enthalpy changes were
saturated when the surfactant concentration in the cell reached
around 100, 80, and 60 uM for Ala, Pro, and Phe,
respectively. These concentrations correspond to Z,,_ values
of 1.0, 0.8, and 0.6, which are in good agreement with the
ethidium bromide exclusion assay and gel electrophoresis
experiments. The observation establishes the fact that sur-
factants with more complex/bulkier hydrophobic head group,
such as, phenylalanine and proline, show a stronger interac-
tion with DNA (Phe > Pro > Ala) at a lower charge ratio.
The overall enthalpy change in the presence of DNA includes
the enthalpy changes for all the processes in the absence of
the DNA, as explained above, along with the additional
enthalpy changes due to interaction of the surfactant with
DNA and all kinds of conformational changes of the DNA,
including change in hydration upon interaction. The overall
enthalpy change is the sum of the contributions from each
of these processes and a separation into individual compo-
nents is not straightforward. However, the major contributions
to the overall enthalpy change come from the enthalpy
changes for the demicellization and the interaction between
the surfactant and the DNA. At the initial stage of addition
of surfactant, the overall exothermic enthalpy change suggests
that the enthalpy change for the interaction is exothermic in
nature since that for demicellization is endothermic in nature.
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Figure 6. Circular dichroism spectrum of plasmid DNA (100 uM in
phosphate groups) in the presence of varying amounts of (a) Ala, (b)
Pro, and (c) Phe, with Z,,_ = 0, 0.25, 0.50, 0.75, 1.0, 1.5, and 2 (from
top to bottom as marked by arrow headed line) in 10 mM sodium
phosphate buffer pH 7 at 25 °C. The down-headed arrow indicates the
increment of Z,, . (d) Normalized ellipticity at 274 nm ([Oliee pnA/
[Olcomplexed Dna) @S @ function of Z,,_ for Ala (O), Pro (O), and Phe (A).
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The average heats of interaction, obtained from the first two
injections, are —2.2, —1.8, and —1.6 kcal/mol of surfactant
for Ala, Pro, and Phe, respectively. While a molecular
interpretation of calorimetric data is never straightforward,
the findings are consistent with a stronger interaction and a
more complete coverage of DNA in the case of Ala than for
the other two surfactants.

Circular Dichroism. The circular dichroism (CD) spectra
of solutions of the three different surfactants and DNA were
recorded for a series of molar ratios (Z,, = 0—2.0). The CD
of plasmid DNA is significantly perturbed when complexed with
these surfactants. Spectra at various charge ratios of surfactant-
to-DNA are illustrated in Figures 6a—c, whereas Figure 6d
shows the change in ellipticity of the DNA helix at 274 nm at
various charge ratios for the three different surfactants to DNA.
It can be noted that upon addition of each surfactant the
characteristic features of the canonical B form, a positive band
at 274 nm, negative signal at 245 nm, and crossover point near
258 nm® are altered. The changes observed include an enhanced
negative ellipticity, a flattening of the positive band, and a shift
of both bands toward higher wavelength values. The spectra
do not change significantly for charge ratios above 1.0 for Ala,
0.75 for Pro, and 0.6 for Phe complexes. The reduction in the
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Figure 7. Effect of different surfactants on the viability of HelLa cells
for Ala (O), Pro (O), Phe (A), and CTAB (v).

intensity of the 274 nm peak suggests a B-DNA to C-DNA
transition; however, for this transition, the negative band should
remain constant, which is not the case. The changes reported
here have also been observed upon the interaction of DNA with
cationic liposomes®®®® and polycations® and have been at-
tributed to “psi”-DNA condensation.”®

The values obtained from at least three experiments indicate
that the minimum intensity at 274 nm obtained on the addition
of the three surfactants occurs on charge ratios of 1.0 &+ 0.1,
0.75 £ 0.1, and 0.65 =+ 0.1 for Ala, Pro, and Phe, respectively.
The charge ratios defining the interactions between surfactant
and DNA are in excellent agreement with those deduced from
the gel electrophoresis and ethidium bromide exclusion experi-
ments, as well as from the ITC studies, and support the notion
of a more complete coverage of DNA in the case of Ala than
for the other surfactants; in turn, this is referred to differences
in self-assembly aggregates sizes as outlined above.

Cytotoxicity Studies. Even though surfactants belong to one
of the most versatile and frequently applied excipients in
pharmaceutical and cosmetic industries, cytotoxicity is a major
barrier for in vitro and in vivo applications. Considering this,
cytotoxicity studies of the surfactants were performed and results
were compared with the values for cetyltrimethylammonium
bromide (CTAB), a well-known cationic surfactant with the
same chain length as the surfactants under study here. As
observed from the results in Figure 7, the relative cell viability
decreases with an increase in the concentration of surfactant.
In the case of CTAB, the viability of HeLa cells decreased
abruptly with increase in the concentration above 5 uM. Both
Ala and Pro present a slightly higher toxicity than CTAB at
lower surfactant concentrations but become less toxic than
CTAB for concentrations higher than 5 uM. Phe was the
surfactant that showed the lowest cytotoxicity, having a much
slower decay with concentration and reaching a plateau of about
70% of cell viability. For example, at a surfactant concentration
of 25 uM, only 29, 40, and 35% of cells survived in the presence
of CTAB, Ala, and Pro, whereas cell survival was 70% in the
presence of Phe.

It has been shown that the cytotoxicity of surfactants
decreases on increasing the alkyl chain length,”' probably due
to a lower activity. (For a surfactant, the activity equals the
concentration below the CMC, while above the CMC it stays
constant. Because the CMC decreases with the alkyl chain
length, so will the activity.”>”*) The low cytotoxicity of Phe,
when compared with the other surfactants, is not in line with
the relative CMC values that would give the surfactant unimer
concentration and, thus, the activity; instead, we relate the
behavior with the bulky head group or the larger hydrophobicity
of the head group. In a previous study we have found that the



1858 Biomacromolecules, Vol. 9, No. 7, 2008

cytotoxicity decreases substantially with increasing the number
of hydroxyl substitutions (increasing the hydrophilicity) on the
surfactant head group.'' It is thus possible that the presence of
bulky groups on the surfactant head group plays an important
role in shielding the amino groups, thus reducing their interaction
with the cell surface. However, without a solid mechanistic
understanding of toxicity such deductions, although of possible
practical significance remain speculations.

It is interesting to note that the less cytotoxic surfactant, Phe,
was also the one that started to interact with DNA at the lowest
concentrations, as inferred from gel electrophoresis, EB exclu-
sion experiments, and ITC measurements, as well as induced
conformational changes in DNA at lower concentrations, as
shown by CD, but provided a less-efficient coverage of the DNA
molecules, as the ethidium bromide exclusion experiments
suggest. It is believed that the transfection of DNA into cells is
limited by the absence of complex dissociation in the cytoplasm,
or at least, by the fact that it is not accessible to the cell
machinery. Also, it has been shown recently that the precom-
paction of DNA with amino acid-based cationic surfactants
increases the transfection efficiency of commercially available
liposome formulations.”” Based on this, we can speculate that,
of the three surfactants under study, Phe is the most promising
precompaction agent of DNA for gene transfection studies.

Conclusions

Here we describe a biophysical study of the interaction
between DNA and amino acid-based surfactant molecules with
varied architecture. It was observed that the formation of
DNA —surfactant complexes is dependent on the hydrophobicity
and/or the bulkiness of the surfactant head group. The more
hydrophobic surfactant (Phe) interacted with DNA at lower
mixing ratios, since the surfactant micelles were more readily
formed at DNA (lower CAC). However, the accessibility of
DNA to small molecules is preserved to a certain extent, that
is, Phe excludes EB less efficiently. This observation is attributed
to the formation of smaller and discrete surfactant aggregates
for surfactants with larger head groups. In general, the
DNA —surfactant aggregation can be rationalized from a general
model of surfactant self-assembly taking into account the
effective surfactant molecule shape, in turn determined by the
bulkiness of the head group, as well as electrostatic and
hydrophobic interactions. The fact that the more hydrophobic
surfactant (Phe) also presents a lower cytotoxicity, even at
relatively high surfactant concentrations, makes it a promising
precompacting agent of DNA for gene delivery applications.
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