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ABSTRACT: Self-organization of hydroxyethylated gemini
surfactants with different spacer fragments 16-s-16(OH) (s =
4, 6, 10, and 12) was studied in single solutions and in binary
surfactant-oligonucleotide systems. Despite the fact that
aggregation activity and solubilization capacity of aggregates
decrease with an increase in spacer length, gemini with the
longer spacer demonstrate superior binding capacity toward
oligonucleotide as compared to single head surfactant and
gemini analogs with shorter spacers. The detailed study testified that gemini with longer spacers are characterized by a looser
packing mode, a moist and more polar interior, and tend to show polymorphism. These features in combination with favorable
geometry factor providing suitable orientation of components are probably responsible for the beneficial lipoplex formation in
the case of longer spacers. The effectiveness of oligonucleotide-surfactant complexation changes in the same order as
transfection efficacy mediated by these gemini reported earlier [Zakharova, L. et al. Colloids Surf. B, 2016, 140, 269−277],
which indicates that physicochemical aspects probably play a key role upon the design of nonviral vectors and may be used for
prediction of transfection efficacy mediated by amphiphilic agents.

1. INTRODUCTION

Self-assembling systems based on surfactants can be considered
as intermediates between organic and biological systems, since
the latter are composed of building blocks resembling typical
organic species, which are organized in much more
complicated mode with secondary, ternary, and quaternary
superstructures formed. Therefore, the study of self-assembling
systems based on synthetic surfactants is a promising way to
elucidate the molecular behavior of natural species. Another
important issue responsible for the wide attention toward the
surfactant systems is their application in bottom-up strat-
egies,1−5 mimicking principles of living systems, especially
engineering of nanocontainers for drug and gene delivery.
Formulations based on lipids and synthetic amphiphilic
molecules are the most advanced alternative to natural carriers
based on viruses. Simplicity of protocols and possibility for
their large-scale production provide principle benefits for
nonviral vectors over natural agents. In this field numerous
studies, including our work, focus on cationic surfactants

exhibiting high affinity toward negatively charged phosphate
backbone of DNA.6−16 Transfection efficacy has been
summarized to increase markedly with the transition from
conventional single head surfactants to gemini analogs;
therefore, much attention has recently been paid to DNA
complexation with dimeric cationic surfactants.5 Two main
aspects were highlighted in the literature, i.e., (i) structural
behavior of lipoplexes, including their charge, size, and
morphology characteristics, the mechanism of interactions,
etc.; and (ii) correlation between chemical structure of
surfactants and transfection efficacy. Those publications
focused primarily on classical m-s-m surfactants. Meanwhile,
modification of the chemical structure of both single head and
dimeric surfactants (head groups and a spacer) is one of the

Received: October 28, 2019
Revised: December 22, 2019
Published: January 8, 2020

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2020, 124, 2178−2192

© 2020 American Chemical Society 2178 DOI: 10.1021/acs.jpcc.9b10079
J. Phys. Chem. C 2020, 124, 2178−2192

D
ow

nl
oa

de
d 

vi
a 

K
A

Z
A

N
 R

E
SE

A
R

C
H

 C
E

N
T

E
R

 o
n 

Ju
ly

 2
8,

 2
02

0 
at

 0
9:

30
:0

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b10079
http://dx.doi.org/10.1021/acs.jpcc.9b10079


ways to tailor their functionality, including binding capacity
toward nucleotide moiety.10−21

The influence of headgroup structure on the complexation
with DNA received much attention in literature including our
work.10−22 Along with ammonium gemini, their single head
and dimeric analogs with imidazolium (Im), phosphonium
(Ph), morpholinium (Mph), and diazabicyclooctane
(DABCO) head groups were studied. The neutralization effect
correlating with the contribution of electrostatic interactions of
components enhances as follows for hexadecyl derivatives:
Mph-16 ≈ DABCO-16 > Ph-16 ≈ CTAB > Im-16, with the
latter demonstrating no recharging activity toward
ONu.10−12,16 Nontypical complexation was demonstrated for
monocationic imidazolium surfactant and DNA decamer.20

While strong binding of the components was revealed by the
ethidium bromide exclusion assay, regardless of the alkyl tail
length, no charge compensation occurred in the zeta potential
measurement study, even at a high excess of surfactants. For
imidazolium gemini surfactants, compaction and condensation
effects toward DNA were testified, contributed by multi-
centered interactions of components including π−π, electro-
static, and hydrogen bonding, which was accompanied by
conformational changes in the system.17 For a series of
imidazolium gemini with polymethylene and thioether spacers,
strong complexation with DNA was established within low

surfactant concentrations due to the premicellar self-
assembly.18,19 This is probably responsible for low cytotoxicity
of lipoplexes demonstrated by the MTT test. A series of
dimeric and oligomeric surfactants with pyridinium head
groups was designed as effective DNA carriers. The variation of
hydrophobicity, the nature of spacer and counterions was
documented to be the effective way for optimization of
structure−activity correlation and balance between trans-
fection efficacy and toxicity.
From the viewpoint of the role of headgroup, the

introduction of fragments capable of hydrogen bonding into
amphiphilic matrix22−31 should specially be emphasized. The
lipoplex formation due to synergistic contribution of electro-
static forces and hydrogen bonding is documented for gemini
with ammonium head groups bearing an ester fragment in the
spacer, with the compaction effect increasing with an increase
in surfactant tail length.22 Structural behavior of gemini can be
varied by the introduction of hydroxy-groups into the spacer.
This resulted in closer packing of the surfactant in aggregates,
which correlated with the number of hydroxy-substituents.28

Hydroxyalkylated surfactants are reported to demonstrate
benefits in both aggregation and functional activity.23,24 In ref
23, the homological series of hydroxyalkylated ammonium
surfactants was studied, with a decrease in critical micelle
concentration (cmc) observed with the introduction of the

Figure 1. Chemical structures of compounds used.
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hydroxyalkyl moiety compared to unsubstituted analogs.
Functional activity of these surfactants, e.g., catalytic effect of
micellar and microemulsion systems toward the ester
hydrolysis, is contributed by both electrostatic interactions
and hydrogen bonding surfactant/reagents and varied as
follows: trimethylammonium < hydroxypropylated < hydrox-
yethylated headgroup.23,24 Similarly, DNA interaction with
trimethylammonium surfactants can be essentially modulated
through successive replacement of methyl groups by the
hydroxyethyl moiety.27 The results were treated in terms of
changes in surfactant packing mode and surface curvature
influencing the access of head groups to the complexation with
DNA. Importantly, that less cytotoxicity was revealed for the
more polar surfactants. The role of nonelectrostatic inter-
actions in the lipoplex formation is emphasized,31 with little if
any effect of the polarity of head groups observed on the
compaction of DNA macroions. These findings are in line with
the beneficial efficacy of pegylated formulations in the drug
and gene delivery, since hydroxyethyl fragments are the
monomeric units of biocompatible polyethylene glycols widely
used for the surface modification and protection of nano-
carriers. Meanwhile gemini-bearing hydroxyethyl fragments are
scarcely explored compared to single-head analogs.
Upon the analysis of the structure−activity relation, much

attention was paid to the role of the spacer.32−39 Superior
results were obtained for ethanediyl- and propanediyl versus
the longer (−CH2)5 and (−CH2)12 polymethylene spacers,37

while the gemini with the pentadiyl spacer appeared the most
effective in the work.36 Complicated dependence of DNA
transfection on the spacer length was obtained,34 where an
increase in gene transfection occurred with the transition from
propanediyl to pentanediyl, while further increase in spacer
length resulted in worse activity. In turn, pseudoglyceryl
gemini with oxyethylene spacer displayed advanced trans-
fection efficacy over the analogs with the polymethylene
spacer.35 It should be emphasized that the role of spacer may
be indirectly realized through the influence on aggregation
behavior of surfactants. Therefore, this aspect should be taken
into account as well. Spacer nature is reported to markedly
affect the size and morphological behavior of gemini.40−43 To
answer the criteria of low toxicity and biocompatibility, much
attention is paid to gemini with natural fragments, such as
arginine- and amino acid-based dimeric surfactants, with
essential influence of spacer length on the structural behavior
of aggregates demonstrated.44,45

Importantly, despite the abundant data summarized above,
high interest in the design of novel surfactants and evaluation
of them as gene carriers have been currently preserved and
enhanced.13−15,46−54 Intensive efforts have focused on the
structure−activity relations between the gene transfection
properties and chemical structure of carriers. A variety of novel
gemini surfactants were designed and tested as nonviral
vectors. While excellent results were achieved in compaction
and charge neutralization of DNA molecules in the presence of
single gemini, their transfection efficacy was moderate. To
improve it, amphiphilic carriers based on metallosurfactants,
polycationic matrix, and functionalized with natural fragments
are designed. Another promising way is the use of helper lipid
molecules or the PEGylation of lipoplexes.
The above brief review shows that the following factors

should be considered upon analyzing the DNA transfection
mediated by surfactants: (i) the binding capacity of
amphiphiles toward DNA; (ii) the compaction of polyanions

of nucleic acids (the size of lipoplexes); (iii) the charge
neutralization of DNA; (iv) the penetration of lipoplexes
through cell membranes; and (v) the viability of cells treated.
Most of these events are controlled by the structural behavior
of surfactants, in particular, their aggregation activity,
morphology, surface potential, solubilization capacity, etc.
The present work is a continuation of our studies focusing on
the complexation of cationic surfactants with oligonucleotide
and DNA.10−16,29,30,55−57 The promising results were obtained
for DNA transfection by gemini bearing hydroxyethylated head
groups 16-s-16(OH) (Figure 1), with the spacer length playing
key role.29,30 These gemini demonstrated advanced properties
as compared to their 16-s-16 unsubstituted counterparts and
single-head analogs. Meanwhile, the latter are well-studied and
their functional activity documented, whereas few works are
available on the structural behavior of hydroxyalkylated
gemini,25,26 with extremely scarce information reported on
their functional activity. To shed light on the structural
behavior of these gemini and the origin of high transfection
efficacy of lipoplexes reported in ref 29, the present work is
devoted to their solution behavior, and solubilization activity,
as well as interaction with the DNA decamer. Special attention
is paid to the gemini with longer spacers showing the highest
efficacy to elucidate the source of beneficial behavior of these
amphiphiles.

2. MATERIAL AND METHODS
2.1. Materials. All reagents used were of analytical grade.

Solvents were dried if necessary by standard methods. 1-(O-
Tolyl-azo)-2-naphthol (Orange OT) (Sigma-Aldrich), ethi-
dium bromide (EB) (Sigma-Aldrich), hexamethyldisiloxane
(HMDSO) (Sigma-Aldrich), adenosine triphosphate (ATP)
(Sigma-Aldrich), cetylpyridinium bromide (CPB) (Appli-
Chem, BioChemica, Germany) and pyrene for fluorescence
(Sigma) (≥99%) were used as received. Double-stranded
palindromic DNA decamer d(GCGTTAACGC)2 (molecular
weight is 3028 g/mol) was purchased from Joint Stock
Company Syntol (Moscow, Russia).

2.2. Synthesis. Cetyl hydroxyethyl dimethylammonium
bromide (CHAB) and gemini were synthesized through
reaction of cetyl bromide with 2-dimethylaminoethanol or by
quaternization of hydroxyethylmethylcetylamine by poly-
methylene dibromide, in analogy with refs 58−60. The
structure and properties are confirmed by NMR, IR spectros-
copy, and elemental analysis (see refs 29 and 30).

2.3. NMR Experiments.61−64 All NMR experiments were
performed on a Bruker AVANCE-600 spectrometer operating
at 600.13 for the 1H. The spectrometer was equipped with a
Bruker multinuclear z-gradient inverse probe-head capable of
producing gradients with strength of 50 G cm−1. All
experiments were carried out at 30 ± 0.2 °C. Chemical shifts
(CSs) were reported relative to HDO (4.7 ppm) for 1H.
Experimental details are given in the Supporting Information.
The molecular structures for calculation of hydrodynamic radii
were generated using molecular modeling program CS
Chem3D Ultra 6.0 (CambridgeSoft Corp, http://www.
camsoft.com).
The pulse programs for all NMR experiments were taken

from the Bruker software library.
2.4. Dynamic Light Scattering Measurements. Dy-

namic light scattering (DLS) measurements were performed
by means of Malvern Instrument Zetasizer Nano. The
measured autocorrelation functions were analyzed by the
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Malvern DTS software and second-order cumulant expansion
methods. The effective hydrodynamic radius (RH) was
calculated according to the Stokes−Einstein equation: DS =
kBT/6πηRH, in which DS is the diffusion coefficient, kB is the
Boltzmann constant, T is the absolute temperature, and η is the
viscosity. Zeta potential Nano-ZS (MALVERN) using laser
Doppler velocimetry and phase analysis light scattering was
used for zeta potential measurements. The temperature of the
scattering cell was controlled at 25 °C; the data were analyzed
with the software supplied for the instrument. DLS and zeta
potential titration involved no less than seven measurements in
ten runs. Only multiply reproducible results were taken into
account, thereby they differed by less than 3%.
2.5. FTIR Spectroscopy. Transmission infrared spectra of

gemini surfactants solutions were recorded using IRAffinity-1
(Shimadzu) FTIR spectrophotometer equipped with a
DLATGS detector. Surfactant solutions (5 mM in D2O)
were placed in a demountable CaF2 transmission cell with a
100 μm path length. Solutions were thermostated at 25 ± 0.1
°C. For each spectrum, 256 scans in the spectral range of
4000−1000 cm−1 were averaged at a spectral resolution of 4
cm−1. The solvent absorption and contributions from residual
water vapor were compensated by computer subtraction
techniques. Spectra were unsmoothed. For the sake of
comparison, all the spectra were normalized on the absorption
intensity of the methylene stretching vibrations band at 2920
cm−1.
2.6. Solubilization of Orange OT. The solubilization

experiments were performed by adding an excess of crystalline
dye to solutions. These solutions were allowed to equilibrate
for about 48 h at room temperature. They were filtered, and
their absorbance was measured at 495 nm (molar extinction
coefficient 17400 L mol−1 cm−1) using Specord 250 Plus
spectrophotometer. Quartz cuvettes containing the sample
were used, with a cell length of 0.1−0.5 cm. The dye
solubilization data may be used for the estimation of molecular
masses and aggregation numbers of micelles65 on the
assumption that the probe is insoluble in aqueous surfactant
solution below the cmc, while beyond cmc one dye molecule is
bound by a micelle. The absorbance versus concentration plot
can be analyzed in terms of linear equation C = cmc + b × D,
where C is surfactant concentration above cmc (g/L), b is the
slope of dependence, and D is the absorbance of saturated
solution of Orange OT at 495 nm. Molecular mass of micelle
(MMm) is calculated as follows: MMm = b × l × ε, where l is
the light path length and ε is the molar extinction. The
aggregation numbers Nagr are determined by division of MMm
by the molecular mass of a surfactant molecule.
2.7. Micropolarity Study with the Use of Fluorescent

Dye Prodan. Samples with the concentration of 16-s-16(OH)
10 μM and concentration of Prodan 5 μM were prepared and
fluorescence spectra were recorded at 370−650 nm and 25 °C
in a Varian Cary Eclipse spectrofluorimeter. Sample excitation
was at a wavelength of 335 nm.
2.8. Fluorescent Spectroscopy with the Use of

Fluorescent Probe DPH. Steady-state fluorescence aniso-
tropy of DPH was measured on a Cary Eclipse (USA)
spectrometer equipped with filter polarizers. DPH were excited
at 361 nm, and the fluorescence intensity was measured at 450
nm. The excitation and emission slit widths were 2.5 and 5 nm,
respectively. Calculation of the parameter of anisotropy is
based on the relationship r = (Iv − Ih)/(Iv + 2Ih), where Iv and
Ih are the intensity of fluorescence of the vertically and

horizontally polarized emission in case of excitation of samples
by the vertically polarized light. The embedded software
automatically determined the correction factor and anisotropy
value. A quartz cell of 1 cm path length was used for all
fluorescence measurements. A temperature of 25 °C was
maintained. Surfactant solutions were prepared by the stepwise
dilution of a stock sample, with a wide concentration range
from molecular solution to 50 mM covered. Fixed concen-
tration of fluorescence probe DPH of 0.175 mM was used.

2.9. Fluorescence Spectroscopy with the Use of
Fluorescent Probe Pyrene.66−68 The fluorescence spectra
of pyrene (1 × 10−6 mol L−1) in surfactant solutions in the
absence of and the presence of a quencher (cetylpyridinium
bromide) were recorded at 25 °C in a Varian Cary Eclipse
spectrofluorimeter. Sample excitation was at a wavelength of
335 nm. Emission spectra were recorded in 350−500 nm. The
thickness of the cell was 10 × 10 mm. The scanning speed was
120 nm/min. Additional details are given in the Supporting
Information.

2.10. Turbidity Measurements. The phase transition of
surfactant/DPPC mixtures was studied using Lambda 25
(PerkinElmer) and Specord 250 Plus double-beam spectro-
photometers, equipped with a Peltier thermostated cell holder,
using quartz cells of 1 cm path length. Before turbidity
measurements, the samples were diluted to 7 × 10−4 M DPPC
concentration in Tris-HCl buffer (4 × 10−3 M; pH = 8.0). The
reference cell was filled with a buffer solution. The sample cells
were capped to prevent evaporation. Turbidity was measured
at 350 nm and expressed in absorbance. Turbidity values were
recorded as a function of temperature with the sample
continuously stirred during heating. The heating rate was 0.1
°C/min, with the temperature varied between 35 and 45 °C.
Small volumes of concentrated surfactant were added to the
same sample, and temperature scans were repeated. Turbidity
traces were approximated by the Van’t Hoff equation for the
two-state model yielding half-transition temperature values.

2.11. Ethidium Bromide (EB) Exclusion Study.
Fluorescence spectra of ONu-EB complexes were recorded
on a Varian Cary Eclipse spectrofluorimeter (Germany),
within the range of 500 to 700 nm, at 25 °C. The excitation
and emission wavelengths were 480 and 615 nm, respectively.
Sample preparation is given in the Supporting Information.

2.12. Transmission Electronic Microscopy (TEM). The
prepared suspensions (equimolar surfactant-ONu mixture in
Tris/HCl buffer, 4 mM, pH = 8.0) were processed by using
copper grids to adsorb aggregated particles from the
suspension. The specimen was observed under a JEM
1200EX transmission electron microscope (JEOL, Japan)
operated at 80 kV. Experimental details are described in ref 56.

2.13. Confocal Microscopy. For localization of the
oligonucleotide we have used the Hoechst 33342 dye (0.1
mg/mL). This dye binds to double-stranded DNA with a
preference for domains enriched with adenine and thymine.
Confocal images were collected with laser confocal microscope
LSM 510 META (Carl Zeiss) using a 63× oil immersion lens
(1,4 NA). Preparations were viewed by using the UV Argon
laser (Coherent Inc.) line (351 nm). The emitted light was
detected through a band-pass filter (420−550 nm). For
visualization of surfactant globules, we used a HeNe laser line
(533 nm) and the transmitted light-imaging mode.
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3. RESULTS AND DISCUSSION

3.1. Aggregation Behavior of Single Surfactant
Solutions. Aggregation of gemini in aqueous solution is
widely investigated including the m-s-m family.40−45,69,70 The
nature of spacer was documented to affect both the cmc value
and morphology of aggregates.70−76 The cmc values for m-s-m
gemini were reported to have a maximum of s = 4−6, while
aggregation numbers decreased with an increase in spacer
length.70,76 For the monomethylene spacer, small micelles
composed of ca. 30 monomer units were documented, while
larger aggregates with aggregation number of 50 occurred in
the case of s = 4.41 For the ethanediyl spacer, the sphere-to-rod
transition was revealed,70,77 which is probably due to the
increase in counterion binding and dehydration of head
groups.78−80 Rigid spacer bearing unsaturated moiety can be
responsible for the formation of small micelles with sizes of ca.
2 nm.42 The comparison between the effects of spacer length
and rigidity revealed that spacer length plays the prior role.43

By contrast to this, scarce information is available for the
hydroxyethylated counterparts.58−60,81 Therefore, different
techniques were involved herein to elucidate aggregation
behavior of the 16-s-16(OH) series. Figures S1−S3 show data
obtained by tensiometry and fluorescence probe techniques,
i.e., by two generally accepted methods. Tensiometric cmc
values summarized in Table 1 are in good agreement with few
available data for the 16-4-16(OH) surfactant (cmc of 1.825

and 2.526 μM). At the same time, some lower cmcs were
obtained by fluorimetry (Table 1). Such a discrepancy can be
due to the formation of premicellar aggregates that can be
sensed by fluorescence technique. Pyrene and surfactant may
also self-associate into small aggregates that do not exist in the
absence of pyrene.82 This result is in line with low aggregation
numbers calculated according to eq (S3) of Figure S3; N = 7,
2, and 2 for a spacer denoted as s = 4, 6, and 12, respectively, at
the concentrations that not very much exceed cmc. Although
much higher N values are also reported,25 this result does not
contradict with literature data, since concentrations much
higher than cmc were used therein. For example, N = 420 and
170 were obtained for 16-4-16(OH) and 16-6-16(OH) at a
concentration of 50 mM.25 Analysis of tensiometry data in
terms of eqs S1 and S2 demonstrates that adsorption
characteristics Γmax and Amin depend on spacer length. Closer
packing of molecules at the interface occurs in the case of
shorter spacer with s = 4, 6.
3.2. NMR Self-Diffusion Study. To obtain detailed

information on the association behavior of amphiphiles, the
NMR self-diffusion technique was used. Experimental data
were analyzed in the framework of the two-site model84,85

based on the difference of intrinsic self-diffusion coefficients
(DS) for the surfactant monomers and micelles. The

translational mobility of a surfactant essentially decreases (by
1−2 orders of magnitude), when it is diffused with the micelle.
Since there is a fast exchange in the NMR time scale

between surfactants in the micelles and in the bulk phase, the
following two-site bound-free model applies: Dobs = DagrPmic +
Dmon(1 − Pmic), where Dobs represents the exchange-averaged
diffusion coefficient, Pmic is the fraction of micellized surfactant
molecules, Dagr is the diffusion coefficient of the micelle, and
Dmon is the diffusion coefficient of the monomer surfactant in
the aqueous phase.
Essential experimental data are summarized in Table 2 (all

details are in Figures S4−S7). Due to the low aggregation

Table 1. Summary of the Tensiometry, Fluorimetry, and Dye Solubilization Data toward Orange OT: cmc Values, Surface
Excess (ΓMax), Surface Area Per Head Group (Amin), Solubilization Power (S), and Aggregation Number (Nagr) for 16-s-
16(OH) Amphiphiles

cmc, μMa

s tensiometry fluorimetry dye solubilization Γmax, mol m−2 Amin, nm
2 103 S Nagr

b

4 1.4 0.83 5 2.19 0.76 29.0 12 (7)
6 9.5 0.75 8 2.10 0.79 36.5 18 (2)
12 8.0 1.30 13 1.84 0.90 16.0 28 (1.8)

aThe cmc = 27 and 43 μM for unsubstituted analogues 16-4-16 and 16-6-16, respectively.83 bAggregation numbers obtained by dye solubilization
technique and pyrene fluorescence quenching (in the brackets).

Table 2. NMR Self-Diffusion Data for Different 16-s-
16(OH) (s = 4, 6, 12) Concentrations in Aqueous Solution:
Self-Diffusion Coefficient (DS), Effective Hydrodynamic
Radius (RH), and Aggregation Numbers (Nagr)

a

C, mM DS × 10−10 m2/s RH, A Nagr DS, HMDSO

16-4-16(OH)
0.05 0.87 32.0 75 −
0.1 0.67 41.5 163 0.91
0.5 0.63 44.1 196 0.86
1.0 0.43 64.7 617 0.44
2.0 0.45 61.8 538 0.47
3.0 0.46 60.4 504 0.47
10 0.47 59.2 472 0.48
16-6-16(OH)
0.01 1.1 25.3 33 −
0.05 0.93 29.9 55 0.90
0.1 0.81 34.3 84 −
0.5 0.66 42.1 154 1.23
1 0.64 43.4 169 0.95
2 0.63 44.1 177 0.81
3 0.62 44.8 186 0.68
5 0.63 44.1 177 0.62
10 0.59 47.1 216 0.62
16-12-16(OH)
0.01 2.63 10.6 2 −
0.05 0.96 29.0 31 −
0.1 0.82 33.9 49 −
0.5 0.73 38.1 69 −
1 0.72 38.6 72 0.81
2 0.64 43.4 103 0.71
3 0.65 42.8 98 0.72
5 0.65 42.8 98 0.69
10 0.61 45.6 119 0.62

aNagr are calculated from theoretical values of RH,mon = 7.6, 7.9, and
9.3 A for 16-4-16(OH), 16-6-16(OH), and 16-12-16(OH),
respectively.
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threshold of the surfactants and very low signal-to-noise, we
failed to measure their cmc values and reliable DS values of
monomeric gemini. Therefore, theoretical self-diffusion co-
efficients, DS,theor based on the bead model approximation86

were used for gemini with s = 4, 6, and 12, respectively.
These NMR data prove that surfactants are in the

aggregated state within the concentration range used in the
study, with their sizes markedly changing only at low
concentration, while further tending to saturate on the level
of ca. 45−50 Å. Some decrease in the plateau value of
aggregate sizes is observed with an increase in the spacer
length. It can be assumed that this is due to the closer packing
of surfactant molecules with longer spacer capable of folding
inside the micelles. This in turn is in line with formally lower
aggregation numbers of 16-12-16(OH) aggregates, since the
spacer fragment located in the micellar core prevents the
incorporation of additional surfactants at the given aggregate
size. In this case, the longer the spacer fragment, the closer
packing occurs on the palisade layer of micelles, while the
Stern layer and micellar interior could be looser and more
disordered. Somewhat higher DS values of the hydrophobic
probe HDMSO are also in accordance with this assumption,
supporting the lability of the probe within the micellar core.
The use of the less hydrophobic probe, benzyl alcohol, does
not markedly change aggregation characteristics of aggregates,
even at the 5-fold increase in the guest concentration. From
dependence of, e.g., the 16-4-16(OH) 1H chemical shifts
versus concentration of benzyl alcohol, one can conclude that
the most notable changes take place for the headgroup protons
of gemini (Figures S8). This is typical for all the gemini
studied, thereby indicating the solubilization of the probe in
the palisade zone of aggregates and simultaneously emphasiz-
ing the similarity of their local microenvironmental character-
istics therein.
Calculated aggregation numbers (Table 2) may serve as an

appropriate supplement to those obtained by fluorescence and
dye solubilization techniques (Table 1). While low aggregation
numbers are revealed near cmc by these techniques, much
higher values are observed upon the increase in surfactant
concentration (472, 216, and 119 at 10 mM for 16-4-16(OH),
16-6-16(OH), and 16-12-16(OH), respectively). These results
are close to those obtained by other authors.25

3.3. Size and Zeta Potential Study. Dynamic light
scattering and zeta potential data (Figure 2) exemplified by 16-
12-16(OH) reveal populations at about 7 nm (concentration
of 70 cmc) and ca. 20 nm (concentration of 400 cmc). This is
in reasonable agreement with NMR self-diffusion data, which
testify to the formation of aggregates with RH up to 4 to 6 nm,
with an increase in their sizes observed at higher concentration.
Zeta potential measurements show that an increase in zeta
potential occurs from +40 to +80 mV with an increase in
surfactant concentration. This is in line with an increase in
aggregation numbers (Table 2) and ref 25.
3.4. Fluorescence Spectroscopy Measurements. Ap-

plication of fluorescent dyes may provide valuable information
on microheterogeneous systems.87−91 To specify the morphol-
ogy of aggregates, fluorescence spectroscopy based on the
measuring of anisotropy (r) of spectral probes, e.g., DPH can
be used89−91 to testify an internal structure of aggregates, in
particular, the surfactant packing mode. Lower r values indicate
the less-ordered state, while the higher r provides evidence for
the closer packing of monomers. Generally, the r value close to
0.2 indicates that close packing occurs typical for vesicular

aggregates, while r ≤ 0.1 indicates the micelle-like aggregate
occurrence.89−91 Figure 3 shows the anisotropy data

exemplified by 16-12-16(OH) gemini. Within the lower
concentration, r value is close to 0.15, which allows us to
assume rather close packing of surfactants, e.g., layered
ordering. Further increase in concentration is accompanied
by a decrease in the anisotropy parameter to 0.08−1.0,
indicating the formation of a micelle-like aggregate, which is in
agreement with DLS and NMR data. This indicates that the
gemini with the longest spacer tends to display polymorphism,
which agrees with different values of the packing parameter
reported earlier.29

3.5. Micropolarity Study with the Use of Fluorescent
Dye Prodan. To compare the microenvironmental character-
istics of the gemini surfactants, solvatochromic probes are
usually used.92−95 For this purpose, fluorescent dyes highly
sensitive to micropolarity, such as Prodan, are widely used.
This dye is characterized by a large dipole moment in the
excited state due to charge transfer from amino to carbonyl

Figure 2. Number-averaged size distribution for the 16-12-16(OH)
solution at different concentrations (1−0.075 mM, 2−0.4 mM); zeta
potential data for 16-12-16(OH) solution at concentrations of 5 (1);
75 (2); 150 (3); and 400 (4) μM; 25 °C.

Figure 3. Variation of fluorescence anisotropy r of fluorescence probe
DPH as a function of 16-12-16(OH) concentration; 25 °C.
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groups, which is responsible for the effect of solvent polarity on
the stabilization/destabilization of excited state. Unlike highly
hydrophobic dyes, e.g. Nile red, Prodan is capable of
partitioning between the phases with different polarity, thereby
being sensitive to changes in location and structural rearrange-
ment, which is of importance for microheterogeneous systems.
Typically, empirical ET parameter is used to characterize the
polarity of media, which linearly correlates with the value of
maximum of the emission spectra. Therefore, this dye was used
to compare the micropolarity of aggregates formed in the 16-s-
16(OH) systems.
Figure S9 and Figure 4 show emission spectra of Prodan and

concentration dependences of the maximum of fluorescence
intensity. In all cases, blue shift occurs indicating the change in
microenvironmental characteristics of the probe due to its
solubilization in less polar micellar interior. Critical concen-
trations on the plot (Figure 4a and Table S1) corresponding to
a sharp change in the spectrum maximum are much higher
compared to cmc obtained by alternative techniques (Table 1).
This probably reflects the facts that (i) micellar aggregates
formed just near the cmc show low solubilization capacity and
(ii) Prodan partitions between the phases rather than being
completely bound by aggregates.
Figure 4b shows emission spectra of gemini, which testify

that no shift of spectrum maximum occurred with changes in
spacer length within the concentration range before cmc. At
the same time, above the cmc a blue shift is observed with an
increase in surfactant concentration, which varies with the
length of the spacer fragment (Figures 4c and S9). Spectral
maximum shifts from 520 nm to 490, 498, and 508 nm for 16-
4-16(OH), 16-6-16(OH), and 16-12-16(OH), respectively, at
100 μM. This indicates that micropolarity of the probe
increases with an increase in spacer length. Meanwhile, an
increase in intensity of fluorescence is observed with an
increase in spacer length before cmc and the opposite trend
occurs in micellar systems. Two reasons could be considered in
this connection. The most trivial explanation is the change in
solubility of Prodan in solution of gemini with different
spacers. In the case of micellar systems (Figure 4c), this
correlates well with the difference in micropolarity, i.e., the
highest polarity revealed for 16-6-16(OH) provides the worst
favorable affinity to nonpolar dye. In addition, it can be
assumed that association of dye is responsible for the change in
the fluorescence intensity. This idea was proved in work93 on
the example of absorption spectra of Prodan. At the same time,
the authors specified that unlike absorption spectra, the
emission spectra of Prodan show low sensitivity to the probe
association.

3.6. Solubilization of Hydrophobic Probe Orange OT.
Additional information on the micellar properties may be
obtained from the dye solubilization study. Orange OT is a
water-insoluble dye, and the appearance of the absorbance at
495 nm (Figures 5 and S10) indicates that the solubilization of

the probe in nonpolar interior of aggregates occurs. Table S2
summarizes Ccr values corresponding to the sharp increase in
the absorbance at 495 nm (Figure 5). Typically, this
breakpoint is considered as an onset of the aggregation. As
can be seen from Table S2, the valuable increase in absorbance
occurs at rather high surfactant concentrations, much exceed-
ing the tensiometry cmcs. These critical points probably
correspond to the formation of true micelles capable of
retaining the dye molecules. At the same time, the analysis of
the low concentration range (Figure 5, inset, and Figure S10)
reveals cmc values close to those obtained by tensiometry
(Table 1). This supports the assumption on different types of
aggregates (premicellar aggregates and true micelles) formed
in the surfactant solutions that can be sensed by different
techniques. This is probably due to a very low aggregation
threshold of gemini surfactants, so that fluorescence ratiometry
reflects the association process beginning with premicellar
aggregates, while other methods selectively sense the true
aggregates. In fact, calculations of aggregation numbers based
on solubilization data give the higher N values from 12 to 30 as
compared to fluorescence measurements (Table 1). Besides,
unlike with fluorimetry results, aggregation numbers obtained
from solubilization data increase with an increase in spacer
length.

Figure 4. (a) Maximum of fluorescence intensity of Prodan versus surfactant concentration plot for 16-s-16(OH) (s = 4, 6, and 10); (b) emission
fluorescence spectra of Prodan for 16-s-16(OH) (s = 6, 8, 10, and 12) within the concentration range before cmc; and (c) emission fluorescence
spectra of Prodan for 16-s-16(OH) amphiphiles (s = 4, 6, and 10) within the concentration range above cmc.

Figure 5. Absorbance of Orange OT reduced to a 1 cm cuvette (D/l)
versus surfactant concentration; 25 °C; λ = 495 nm. Inset exemplifies
the low concentration range for 16-4-16 (OH) gemini.
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Meanwhile, solubilization capacity of aggregates is one of the
most important properties from the viewpoint of biomedicine
applications. The ability of micelles and microemulsions to
uptake the hydrophobic guests is widely used in design of drug
delivery systems. Solubilization capacity can be characterized
by the value of solubilization power (S): S = b/ε, where b is
the slope of linear fragment corresponding to sharp increase in
absorbance (Figure 5) and ε is the extinction coefficient equal
to 17400 L mol−1 cm−1. Resulting S values (Table 1) are
markedly higher as compared to the typical single head
cationic surfactant with trimethylammonium headgroup and
hexadecyl tail.96 The latter provides evidence that gemini
under study can be recommended for further testing as
effective drug carriers.
3.7. FTIR Spectroscopic Characterization of Gemini

Surfactants in Solution. The spectrum of solid film of
gemini surfactants exemplified by 16-12-16(OH) (Figure S11)
shows peaks at 2850 and 2918 cm−1 (symmetric and
asymmetric stretching, methylene group of alkyl chain), 2870
and 2950 cm−1 (symmetric and asymmetric stretching, methyl
group of alkyl chain), 1467 cm−1 (scissoring, CH2 bending),
1378 cm−1 (bending, CH3 groups which are attached directly
to the nitrogen), and 1160 and 978 cm−1 (stretching, CN+).
Doublet at 1050 and 1090 cm−1 is assigned to symmetric and
antisymmetric C−O(H) stretching vibrations, respectively, due
to the presence of hydroxyethyl groups. Intensity of the 1484
cm−1 shoulder (Figure 6) is proportional to the number of
CH3-groups in choline fragments of the samples.97 This band
in the spectrum of CHAB is relatively more intense due to less
content of methylene groups.
The FTIR spectra analysis of gemini surfactants with

systematically increasing spacer length helps to disclose some
details of conformational properties of the samples in solution.
The employed surfactant concentrations (5 mM) signifi-

cantly beyond the CMC values for all the surfactants studied,
thus ensuring that all of them are in a micellized state.
Different ordering of surfactant aliphatic chains in micelles
manifests itself in the spectra of CH2 bending vibrations
(Figure 6) which is very sensitive to the interchain interactions.
Frequency position of main absorbance maxima displays the
aliphatic tails ordering,97,98 as well as their accessibility to
water.99 As could be deduced from the results shown in Figure
6, the samples with increasing spacer length exhibit a shift to
lower frequencies. The decrease of methylene groups bending
frequency may result from their less ordering, higher hydration,
or the both. CHAB exhibits the most ordered and least

hydrated conformation among others. It could be assumed that
upon the increasing of spacer length, the aliphatic groups
became more loosely packed and more hydrated in micelles.
This is in good agreement with results obtained by other
techniques. In particular, a looser packing mode of gemini with
longer spacers characterized by the moister interior correlates
well with more polar microenvironvent of fluorescent dye
Prodan (Figure 4) and lower solubilization capacity toward
hydrophobic dye Orange OT (Figure 5). This is also
consistent with the more expanded location of 16-12-
16(OH) at the water/solution interface compared to gemini
with a shorter spacer (Table 1).

3.8. Interaction of Surfactants with Lipid Bilayer. One
of the most important characteristics of surfactants is their
ability for integrating with lipid bilayer, which roughly
correlates with their overcoming the biological barriers, such
as cell membranes. To testify this property, the temperature of
main phase transition or melting point (Tm) of liposomes
based on DPPC was monitored by a turbidimetry technique,
with the surfactant/lipid molar ratio varied. This method is
based on the known fact that Tm value of lipids may be
markedly influenced by addition of foreign compounds,
including surfactants. For the DPPC bilayer, the temperature
of liquid crystal to gel phase is documented to equal 41 ± 0.1
°C, which corresponds to the inflection point on the
turbidimetry plot (Figure S12). The change of this parameter
upon the surfactant added indicates the ordering (when Tm
increase) or disordering (when Tm decrease) of the bilayer,
thereby confirming the insertion of surfactant molecules into
the lipid membrane. Recently, strong dependence of the
interaction of gemini 16-s-16(OH) with DPPC bilayer on the
spacer length has been documented.29 In particular, only for
gemini with the longest spacer 16-12-16(OH), the ability of
integrating with DPPC bilayer was demonstrated, which was
postulated as one of the key factors responsible for its high
transfection efficacy.
To shed light on the structural factor determining

interaction of gemini with DPPC bilayer, additional experi-
ments were carried out, with the series of gemini extended and
surfactant/lipid ratio enlarged (Figure 7). It was shown that
structural characteristics, i.e., spacer length and hydrophobicity
of gemini play an important role, determining their integrating
with lipid bilayer, and thereby their ability of crossing lipid
membranes. Unlike single head analog CHAB and gemini with
a shorter spacer (s = 4, 6),29,100 gemini with longer spacer (s =
10, 12) result in a decrease in lipid melt point, i.e., disordering

Figure 6. (a) FTIR spectra of hydroxyethylated gemini surfactants with increasing spacer length “s” in solution: (1) s = 4, (2) s = 6, (3) s = 12. S =
0 (4) conditionally corresponds to CHAB and (b) frequency of bending vibration of CH2 groups of hydroxyethylated gemini surfactants in
solution.
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the membrane and promoting the transition from gel to liquid
crystalline phase. The same is observed for the transition from
longer to shorter alkyl tails, which is exemplified by a series of
gemini with a hexamethylene spacer and different alkyl tails
(Figure 7). While gemini 16-6-16(OH) has practically zero
effect on Tm,

29 its less hydrophobic homologues strongly affect
this parameter. Meanwhile, monitoring of changes in Tm for
gemini with longer spacer exemplified by 16-10-16(OH)
demonstrates that the Tm value after the initial decrease
becomes an increase, testifying that the stabilization of a gel
phase occurs. This is probably due to the fact that upon the
addition of a small amount of surfactants, their tails loosen the
alkyl tails of lipid molecules, while upon the increase in total
concentration of amphiphilic molecules (lipid and surfactant)

their closer packing occurs, thereby resulting in an ordering
effect.

3.9. Complexation with Oligonucleotide. In our
previous studies,29,30 a high transfection efficacy of hydrox-
yethylated surfactants was documented, with 16-12-16(OH)
demonstrating superior activity over other analogs. To model
the nucleic acid-cationic surfactant interactions we examine the
complexation of a DNA decamer with a hydroxyethylated
gemini. The size of ONu-surfactant complexes (lipoplexes)
was monitored at different component ratios (Figure 8). As
can be seen, even very small surfactant additives result in
crucial structural rearrangements in the system in all cases
studied, which are evident from a sharp increase in sizes of
lipoplexes. While single components demonstrate hydro-
dynamic diameter DH < 10 nm, mixed systems are
characterized by DH of 70 to 150 nm, with sizes increasing
at a component ratio approaching to 1. Around the ONu-
surfactant equimolar ratio, bimodal size distribution appears
followed by precipitation. Noteworthy that gemini induce the
structural rearrangement at lower molar ratio of components as
compared to single-head surfactant CHAB (Figure 8). In
accordance with literature data,101−103 population at 70−150
nm is probably due to the micelle-to-vesicle transition induced
by oligonucleotide. In general, the structure of surfactants
influences little the size behavior of lipoplexes under study.
What is noteworthy is that at high surfactant concentrations,
larger aggregates of microscale population can be observed
(Figure 8), while no extremum-type dependence occurred,
which was documented in some work104 due to a reentrant
condensation effect. This can be due to the fact that the

Figure 7. DPPC phase transition temperature as a function of
surfactant-to-lipid molar ratio.

Figure 8. Number-averaged size distribution in single and mixed cationic surfactant-ONu systems at different molar ratio of components (see right
axis). (a) CHAB, (b) 16-6-16(OH), (c) 16-12-16(OH), and (d) 16-10-16 (OH); 25 °C.
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uniform size distribution in Figure 8 reflects the uniform
charge distribution typical for a short oligonucleotide chain.
Additional information on size of lipoplexes was obtained

from TEM images (Figure 9). For gemini with s = 4, 6, roughly
spherical particles exist, with agglomeration observed in the
case of s = 6. Unlike with those, two types of particles are
formed in the case of 16-12-16(OH), i.e., spheres of different
sizes and elongate rodlike structures. As a whole, sizes
determined by DLS and TEM methods are in good agreement
and supplement each other.
Zeta potential measurements strongly support the electro-

static character of ONu-surfactant complexation. An increase
in the surfactant versus ONu ratio results in charge
neutralization, in particular, zeta potential changes from ca.
−54 mV to ca. + 50 mV (Figure 10). The N/P ratios (ro)
corresponding to zero-potential points equal 0.3 [16-10-
16(OH) and 16-12-16(OH)); 0.6 (CHAB) and 1.2 (16-6-
16(OH)]. This means that the highest electrostatic contribu-
tion is observed in the pairs 16-10-16(OH)-ONu and 16-12-
16(OH)-ONu, while 16-6-16(OH) is less effective as
compared to all three gemini analogs and monocationic
counterparts. The weaker charge neutralization effect of gemini
16-6-16(OH) compared to other compounds may be due to
(1) the predomination of the hydrophobic effect and hydrogen
bonding over electrostatic contribution; or (2) the lower
mutual affinity of 16-6-16(OH) and the oligonucleotide.
Meanwhile, for unsubstituted analog 16-6-16, the ro value is
∼0.631, i.e., the latter interacts with oligonucleotide more
effectively.
To test the effectiveness of the ONu-surfactant complex-

ation, the ethidium bromide exclusion is studied. This

technique is based on the measurements of the fluorescence
intensity of the EB that markedly increases due to its
intercalation into nucleotide fragments of DNA. Competitive
binding of oligonucleotide with surfactants results in the
exclusion of EB and quenching the fluorescence. Fluorescence
emission spectra of the systems studied are exemplified in
Figure S13. These data were used to calculate the fraction of
the bound oligonucleotide with the following equation: β = (Ib
− Iobs)/(Ib − If), where If and Ib are the intensity of
fluorescence of free EB and that bound with ONu, while Iobs is
the observed intensity in titration measurements. Calculations
show that the effective ONu-surfactant binding occurs beyond
the equimolar component ratio (Figure 10).
It could be seen, that the effectiveness of the lipoplex

formation changes in following the order 16-10-16(OH) > 16-
12-16(OH) > CHAB > 16-6-16(OH). This indicates that the
latter gemini demonstrates the lowest complexation capacity
toward oligonucleotide. It should be remembered that the
analogous order was obtained in the case of transfection
efficacy mediated by gemini under study.29,30 Taking into
account the comparable or even superior effectiveness of the
single-head cationic surfactant CHAB compared to hydrox-
yethylated short-bridged gemini, one can assume that the
geometry factor probably plays a key role in the complexation.
Elongation of the oligomethylene spacer of gemini could be
used as a tool for an increase of its complexation capability
with ONu and achieve quantitative binding of components at
lower surfactant additives; however, this effect is non-
monotonous and bridge length should be selected very
accurately.

Figure 9. TEM photo of particles formed in 16-s-16-ONu samples.

Figure 10. (a) Zeta potential data for cationic surfactant-ONu systems at different N/P molar ratio; 25 °C and (b) the binding degree of
surfactants with oligonucleotide versus N/P ratio; 25 °C.
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Indeed, unlike shorter tetra- and hexametylene spacer
fragments, monocationic analog and 16-12-16(OH) may
provide conditions for the suitable orientation of molecules
upon their interactions. The lipoplex formation is visualized in
Figure 11, which shows the confocal microscope images

exemplified by ONu-16-12-16(OH) system prior to the charge
neutralization point. Beyond this point the precipitation occurs
that is evident in Figure S14.
3.10. ATP-Gemini Interaction. To further shed light on

interactions between components and on the molecular
fragments responsible for complexation, ATP-gemini binary

systems were studied by the NMR self-diffusion technique.
Addition of ATP (0.5 mM) is shown to markedly affect the
self-assembly behavior of gemini, with this effect increasing as
spacer length increases. For example, for a 1 mM sample of 16-
12-16(OH) in the absence and presence of ATP, the DS and
RH values change from 0.72 × 10−10 to 0.45 × 10−10 m2/s and
from 3.9 to 6.1 nm, respectively. Analysis of self-diffusive data
of the guest and host molecules proves that they are
completely bound in these conditions, while upon the analysis
of chemical shifts of guest protons one can conclude that the
adenosine fragment was involved in the interaction, for which
larger complexation induced shifts (CIS) values are observed
compared to the sugar moiety. This is also strongly supported
by the NOESY data (Figure 12a): there are cross-peaks
between the adenosine fragment and hydrocarbon tail protons
due to their close proximity. These data allow us to suppose
the structure of the complex, in which ATP is bound to the
surfactant aggregate without deep immersion inside the
particle (Figure 12b). In this case, negatively charged
phosphate residues are exposed to water and contribute to
electrostatic interaction of components.

4. CONCLUSIONS

Aggregation behavior of hydroxyethylated gemini surfactants
with different spacer fragments 16-s-16(OH) (s = 4, 6, 10, and
12) and their complexes with oligonucleotide was studied by
different techniques. Due to a very low concentration threshold
of aggregation, two types of aggregates are probably formed in
hydroxyethylated gemini systems. Importantly, a high solubi-
lization capacity of gemini toward the hydrophobic probe is
testified, which makes it possible to recommend them for
further testing as effective drug carriers. Compound 16-12-
16(OH) demonstrates superior binding capacity toward
oligonucleotide as compared to single head surfactant and
gemini counterparts with shorter spacers. This may be due to
the key role of the geometry factor in the complexation, i.e.,
the complementary interactions between components. The
effectiveness of oligonucleotide-surfactant complexation

Figure 11. Confocal microscope images of lipoplexes formed in ONu-
16-12-16(OH) system prior to the charge neutralization point;
C16‑12‑16(OH) = 0.17 mM; CONu = 1 mM. The merged images represent
a combination of two channels (Hoechst33342-blue and transmitted
light channel).

Figure 12. 2D NOESY NMR spectrum of mixture 16-12-16(OH) (5 mM) and ATP (1 mM) in D2O, 303 K, mixing time of 200 ms. (a) NOE
observed between adenosine protons of ATP and protons of aliphatic groups of surfactant are indicated by a circle. (b) Schematic representation of
interaction between ATP and 16-12-16(OH) revealed by NMR experiments.
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changes in the same order as transfection efficacy mediated by
gemini reported earlier. These findings testify that hydrox-
yethylated gemini may be recommended as potential drug and
gene carriers based on further detailed study.
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