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ABSTRACT: Bolaamphiphiles or bolaforms have drawn particular interest in drug and gene
delivery, and studies of bolaforms have been growing continuously. Bolaforms, due to their
unique structure, exhibit specific self-assembly behavior in water. The present work aims to
develop biodegradable cationic bolaforms with a better gene transfection ability. In this work, a
novel cationic bolaform (Bola-1) with head groups bearing hydroxyl (OH) functionality was
designed and synthesized to investigate self-assembly and gene transfection efficiency. The self-
assembly behavior of Bola-1 in water was compared with that of the hydrochloride salt (Bola-2) of
its precursor molecule to investigate the effect of the −OH functionality on their solution
properties. Several techniques, including surface tension, electrical conductivity, fluorescence
probe, calorimetry, dynamic light scattering, and atomic force microscopy, were employed for the
physicochemical characterization of Bola-1 and Bola-2. Despite the presence of polar urea groups
in the spacer chain, both bolaforms were found to form spherical or elongated micelles above a
relatively low critical aggregation concentration (CAC). The presence of the OH group was found
to significantly affect the CAC value. The results of calorimetric measurements suggested a thermodynamically favorable aggregate
formation in salt-free water. Despite stronger binding efficiency with calf thymus DNA, in vitro gene transfection studies performed
using adherent cell Hek 293 suggested that both Bola-1 and Bola-2 have gene transfection efficiency comparable to that of
turbofectamine standard. Both bolaforms were found to exhibit significant in vitro cytotoxicity at higher concentrations. Also, the
bolaforms showed beneficial antibacterial activity at higher concentrations.

■ INTRODUCTION
Bolaamphiphiles have received massive attention due to their
unique structure, which makes them exhibit some special
functions different from those of conventional single-headed
amphiphiles. Bolaamphiphiles, also called bolaforms, are
characterized by two polar head groups linked through a
hydrophobic spacer with one or two alkyl chains.1 The
hydrophilic groups on a bolaform can be ionic or nonionic and
identical or different. Different head groups can provide
additional properties to the amphiphile, thus allowing for
precise control of the property of the amphiphile. The
noncovalent interactions between bolaform molecules in
water can form various nanostructures such as vesicles,
lamellae, disks, spherical and rod-like micelles, tubules, ribbons,
and fibers of sizes in a micro- and nanometer range.2 In fact,
bolaforms, in comparison to single-headed amphiphiles, are
found to be more appropriate building blocks for the
fabrication of functional supramolecular architectures in the
laboratory.1,3−10 These properties also allow them to find
practical applications in sensor technology, microreactors,
imaging, and catalytic reactions.11−16 Over the past few
decades, studies to establish the relationship between the
microstructure of self-assembled aggregates and chemical
structures have led to the development of novel synthetic
bolaforms. The results obtained from studies on these
synthetic bolaform molecules have suggested the existence of

complex relationships between chain composition, spacers, and
head groups that considerably influence the microstructure of
their self-assembled aggregates.17−24 It has been observed that
a long spacer (C18 or higher) between the two polar head
groups leads to the formation of micelles and a short spacer
(C12−C18) leads to vesicle formation. The nature of
counterions has also been found to influence the aggregation
behavior of bolaforms.2,25 It is well known that the monolayer
lipid membranes (MLMs) of bolaform vesicles are more tightly
packed and less permeable in comparison to bilayer
membranes of liposomes.26 The monolayer arrangement of
the membrane provides the vesicle with higher stability,
encapsulation efficiency, and an efficiently controlled release
mechanism.1 These advantages make bolaform vesicles
(bolasomes) attractive candidates for the delivery of small
molecular drugs, proteins, and nucleic acids. Researchers have
effectively encapsulated water-soluble fluorescent
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markers,20−22 peptides,23 and DNA27,28 and delivered them
across biological barriers.

The aggregation behavior of cationic bolaforms in the
presence of DNA provides context for special applications,
such as DNA purification and transfection to a cell’s nucleus.
Cationic bolaforms have been employed in various applica-
tions, including gene delivery. It has been reported that
bolasomes prepared from cationic bolaforms in the presence of
lipids such as 1,2-dioleyl-sn-glycero-3-phosphoethanolamine
are capable of delivering genes to target cells.29 Following the
report by Eaton and co-workers30 on using cationic bolaforms
as a nonviral gene delivery vector, several cell- and
mitochondria-targeting cationic bolaforms have been devel-
oped.31−35 Although the transfection efficiency of these
bolaforms was observed to be not satisfactory, the cationic
surfaces have been shown to promote transcytosis enhancing
vesicle transport across biological barriers,36 mainly through
the blood−brain barrier (BBB).37,38 The potential advantages
of cationic bolaforms as building blocks of vesicles for drug
delivery led researchers to study their self-assembly proper-
ties.20−24 However, the relationships between different
chemical structures and applications, such as gene transfection,
need to be fully understood. For example, the role of
quaternary ammonium head groups containing hydrophilic
groups, such as hydroxyls (−OH), on the self-assembly
behavior, DNA binding, and gene transfection efficiency is
yet to be investigated. Past studies on several cationic single-
chain and gemini surfactants with quaternary ammonium head
groups containing one or more hydroxyethyl moieties have
shown greater transfection efficiency.39−42 It has also been
suggested that incorporating two or more hydroxyalkyl
moieties in the headgroup reduces toxicity.41,42 On the other
hand, another group of researchers reported that increased
covalent distances between the hydroxyl functionality and the
cationic centers of glycolipids with hydroxyalkyl head groups
adversely affected transfection efficiencies.43,44

This study aims to develop cationic bolaforms with low
toxicity and better gene transfection efficiency. Accordingly, in
this work, we designed and synthesized a cationic bolaform
(Bola-1; Figure 1a) with two symmetrical quaternary

ammonium head groups, each bearing a dihydroxypropyl
moiety. The cationic head groups are connected to the two
ends of a six-carbon (C6) alkyl chain through urea linkages.
The incorporation of bis-ureido groups in the molecule gives
rise to strong intermolecular hydrogen-bonding interactions,
which have been utilized to produce organogels45 and
hydrogels.46 In recent years, urea-containing compounds
have received much attention due to their growing application
in drug design and medicinal chemistry.47 The urea
functionality is incorporated into the structure of drug
molecules to modulate drug potency and selectivity and

improve drug properties.48 The urea linkages may also have
beneficial effects on self-assembly formation. Also, the urea
linkage is not spontaneously hydrolyzed in solution and, hence,
is very stable. Thus, the present study is undertaken to
investigate the effects of urea linkages and −OH groups in the
quaternary ammonium head on the aggregation behavior and
gene transfection ability of Bola-1 as well as of the
dihydrochloride salt (Bola-2; Figure 1b) of its precursor
containing tertiary amine groups. Further, the effects of −OH
moieties on DNA binding, in vitro DNA transfection efficiency
and cytotoxicity, and antibacterial effects have been inves-
tigated.

■ EXPERIMENTAL SECTION
Materials. N,N-Dimethylethylenediamine (98%), 3-chloro-1,2-

dihydroxypropane (98%), 1,6-diisocyanatohexane (97%), N-phenyl-
1-naphthylamine (NPN, 98%), 1,6-diphenyl-1,3,5-hexatriene (DPH),
ethidium bromide (EB), 3-(4,5-dimethylthiazolyl-2)-2,5 diphenylte-
trazolium bromide (MTT), and D2O (99.6 atom % D) were obtained
from Sigma-Aldrich (Bangalore, India). Ethidium bromide (EB), ct-
DNA (sodium salt, ex. calf thymus (highly polymerized)), glycerol
(99.5%), and sodium chloride (99.9%) were purchased from SRL
(Mumbai, India). The fluorescent probes NPN and DPH were
recrystallized from an acetone−ethanol (50:50 v/v) mixture two
times before use. The similarity of the fluorescence excitation
spectrum with the absorption spectrum of the probes confirmed its
purity. HEK 293 cell lines were obtained from NCCS Pune. GFP
VIVIT DNA was obtained from Addgene. Dulbecco’s modified
Eagle’s medium-high glucose was purchased from Sigma-Aldrich.
Turbofect transfection reagent was obtained from Thermo Fischer
Scientific. Staphylococcus aureus and Escherichia coli were obtained
from IMTech, (Chandigarh). Isopropyl alcohol, dichloromethane
(DCM), MeOH and triethylamine (TEA, 98%), and sulfuric acid
(98%) were purchased from Merck (Mumbai, India). Methanol,
isopropyl alcohol, DCM, and TEA were further dried and distilled
before use. Milli-Q water (18 MΩ·cm; pH = 6.7) was used to prepare
aqueous solutions.

Synthesis of Bolaforms. The bolaforms were synthesized
according to the standard procedure reported in the literature.49,50

Details are available in the Supporting Information (SI). The chemical
structures of Bola-1 and Bola-2 were identified by FT-IR, 1H, 13C
NMR, and HRMS spectroscopy. The chemical identification data and
representative FT-IR, 1H, 13C NMR, and HRMS spectra (Figures
S1−S7) are included in the SI.

General Instrumentation. FT-IR spectra were recorded on a
PerkinElmer (model spectrum RX 1) spectrometer using a KBr pellet.
All 1H and 13C NMR spectra were recorded on a Bruker (400 and 500
MHz) NMR spectrometer using MeOH-d4/D2O as the chemical shift
reference for mode-locking. The melting points of compounds were
measured with an INSTIND melting point system (Kolkata, India).

Surface Tension Measurements. Surface tension (γ) measure-
ments were carried out with a surface tensiometer (Jencon (India),
Kolkata-28, SL. NO-353) using the Du Nüoy ring method. The
instrument was calibrated by measuring the surface tension of Milli-Q
water. The γ value was measured by successive addition of aliquots of
different bolaform stock solutions to 25 mL of Milli-Q water in a glass
beaker. The solution was gently stirred for 2 min and then
equilibrated for another 5 min at 25 °C before γ was measured.
Each measurement was repeated three times to minimize any error.

Conductivity Measurements. A Thermo-Orion digital con-
ductivity meter (model 150 A+) that uses a conductivity cell with a
cell constant of 0.467 cm−1 was used for conductivity measurements.
The instrument was calibrated by measuring the conductivity of a
standard salt solution. The κ value was measured after successive
addition of aliquots of bolaform stock solution to 25 mL of Milli-Q
water taken in a water-jacketed beaker placed on a magnetic stirrer.
The solution was gently stirred for 1 min and equilibrated for 5 min to
get a constant κ value. Each measurement was repeated three times to

Figure 1. Molecular structures of (a) Bola-1 and (b) Bola-2.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00885
Langmuir 2023, 39, 10021−10032

10022

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00885/suppl_file/la3c00885_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00885/suppl_file/la3c00885_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00885/suppl_file/la3c00885_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00885/suppl_file/la3c00885_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00885?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00885?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00885?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00885?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


minimize any error. A JULABO MC circulating water bath with a
temperature accuracy of ±0.1 K was used to control the temperature
of the solution.

Steady-State and Time-Resolved Fluorescence Measure-
ments. The steady-state fluorescence spectra of NPN and EB probes
were recorded on a Shimadzu RF-6000 series instrument that uses
LabSolutions RF (version 1.11) software. For fluorescence measure-
ments, bolaform solutions of desired concentrations were prepared in
Milli-Q water (18 MΩ·cm) and equilibrated overnight before
measurement. For measurements of NPN fluorescence, a 10−3 M
aqueous stock solution of the probe in Milli-Q water containing 1%
(v/v) methanol was used. Solutions containing NPN (1 × 10−5 M)
were excited at 340 nm, and the emission spectra were measured
using excitation and emission slit widths of 5 and 10 nm, respectively.
Fluorescence spectra of EB were recorded at the excitation
wavelength 485 nm. The excitation and emission slit widths were 5
nm and 5−10 nm, respectively.

The steady-state fluorescence anisotropy of the DPH probe was
measured on a JobinYvon Spex Fluorolog-3 spectrofluorometer
equipped with a temperature-controlled cell holder. For anisotropy
measurements, a stock solution of DPH (10−3 M) probe was prepared
in super dry methanol, and the final DPH concentration in each
sample was maintained at 1 μM. The sample was excited at 350 nm,
and the emission was recorded at 450 nm using excitation and
emission slit widths of 2.5 nm and 2.5−5 nm, respectively. The
anisotropy was calculated by the software using the equation51

= +r I GI I GI( )/( 2 )VV VH VV VH (1)

where IVV and IVH are the fluorescence intensities when the emission
polarizer is oriented parallel and perpendicular, respectively, to the
vertically oriented excitation polarizer, and G (= IHV/IHH) is the
instrumental grating factor.

The measurements of time-resolved anisotropy decay of DPH in
the presence of bolaforms were performed on an Optical Building
Blocks Corporation Easylife instrument that uses a picosecond diode
laser (380 nm, IBH, nanoLED-03) as the light source. The response
time of this laser system was 100 ps. The measurements were carried
out using the time-correlated single-photon counting method with the
same samples employed for steady-state measurements. The
fluorescence anisotropy decay was followed at 450 nm. The decay
data were fit to the equation51

= +r t r r r( ) ( )e t
0

/ (2)

where r0 and r∞ are the anisotropy of the DPH probe at t = 0 and ∞
time, respectively, and θ is rotational correlation time.

Isothermal Titration Calorimetry (ITC). ITC measurements
were performed on a microcalorimeter (Microcal iTC200). A
concentrated (60 mM) stock solution of the respective bolaform
was taken in a microsyringe of capacity 40 μL and added in multiple
stages (2 μL for each injection) to Milli-Q water (160 μL) kept in the
calorimeter cell of capacity 200 μL under constant stirring (400 rpm)
condition. The stepwise heat of dilution of the bolaform solution was
recorded. The reference cell was also filled with Milli-Q water. All
measurements were performed twice at 25 °C to check reproduci-
bility.

Dynamic Light Scattering. The measurements of hydrodynamic
diameter (dh) of aggregates in aqueous media were carried out on a
dynamic light scattering (DLS) spectrometer (HORIBA Scientific
nano partica NANO PARTICLE ANALYZER SZ-100, Kyoto, Japan)
equipped with a DPSS Class I laser (λ0 = 532 nm) operated at 10
mW. The scattering intensity was measured at an angle θ = 90° to the
incident beam. Surfactant solutions were filtered into the cuvette
using a Millipore Millex syringe filter (Triton-free, 0.22 μm). For all
light scattering measurements, the sample was equilibrated at 25 °C
for 10 min before the measurement. The data acquisition was carried
out for at least 100 counts, and each experiment was repeated three
times.

Atomic Force Microscopy (AFM). AFM measurements were
conducted by a Nanoscope IIIA instrument from Digital Instruments

in tapping mode under ambient conditions. For the sample
preparation, one drop of 20 mM bolaform solution was placed on a
clean cover glass and spin-coated on an Advanced Spin Coating
System (model no. EZspinADV) at 90 rpm speed. Before measure-
ment, the sample was dried for at least 2 days in a vacuum desiccator.

DNA Binding Study. To determine the binding affinity of the
investigated bolaforms with DNA, fluorescence quenching of the ct-
DNA-EB complex was measured in the presence of varying
concentrations of bolaforms. For fluorescence titration using the EB
probe, a stock solution of EB (10 μM) in Milli-Q water was used. The
calf thymus DNA (ct-DNA) stock solution (100 μg/mL) was
prepared in Milli-Q water and stored under cooled conditions for
further use. All sample solutions containing ct-DNA-EB and bolaform
of desired concentrations were prepared in Milli-Q water (18 MΩ·
cm) and equilibrated overnight before measurement. All measure-
ments were carried out at room temperature (∼25 °C).

In Vitro Transfection Assay. Serum-free DMEM was used as a
transfection material growth medium. Adherent cell Hek 293 and
GFP VIVIT DNA were used for the transfection study. The ideal
confluency for cells was between 70 and 90% at the time of
transfection. The transfection protocol was based on a Thermo
Fischer Scientific user guide. Briefly, 1 day before transfection, 2.0 ×
104 cells per well were seeded in 200 μL of growth media. The GFP
VIVIT plasmid DNA was diluted to 0.1 μg in 20 μL of serum-free
DMEM. For the control experiment, 0.6 μL of the turbofectamine
transfection agent was added to the vial of diluted plasmid DNA. The
bola−DNA complexes formed by Bola-1 and Bola-2 were similarly
produced with diluted plasmid DNA in various quantities in separate
vials before transfection. Instantaneous vortexing was performed to
prepare the vials, followed by a 15−20 min incubation period at
ambient temperature. Each well received a dose of the transfection
solution and plasmid DNA mixture in a dropwise manner. After the
addition of the transfection reagent, the plate was gently rocked to
ensure a uniform distribution of the complexes. Afterward, it was
placed in a CO2 incubator at 37 °C. Finally, with the help of
immunofluorescence microscopy, transgene expression was examined
after 24 h of incubation to assess transfection efficiency. The efficiency
in a specific field was tested under a microscope by comparing
fluorescence expression in GFP-expressed cells to unexpressed cells. A
control set was kept, which was transfected with GFP VIVIT DNA by
turbofecatamine and then compared with sample sets.

Cytotoxicity Assay. Among various methods, the MTT assay is a
widely used colorimetric assay for assessing cytotoxicity. In this study,
we performed the MTT assay according to the abcam protocol in the
Hek 293 cell line to evaluate the cytotoxic potential of the cationic
bolaforms. The bolaform was incubated in the cells for 6 h, followed
by the MTT assay. The absorbance of the formazan dye was
measured using a Cytation 5 multiple plate reader.

Antimicrobial Assay. Two bacterial strains, S. aureus and E. coli
(DH5alpha), were used in the antimicrobial testing. Stock cultures
were kept at 80 °C in a 20% glycerol solution. These two strains were
inoculated into Luria−Bertani (LB) broth prior to studies, where they
were cultured overnight at 37 °C. On the following day, 400 μL of the
overnight culture was placed in 10 mL of sterile LB broth. For an
antibacterial assay, an aliquot (200 μL) of E. coli was taken into each
well of a 96-well plate, and the new culture was maintained at 37 °C
with continuous shaking at 140 rpm on an orbital shaker. Bola-1 was
diluted serially in the first five wells from 150 to 10 μM, while the
sixth well was left undisturbed for a controlled experiment. S. aureus
was aliquoted similarly in the following six wells, 200 μL in each. Bola-
1 was added in accordance with the aforementioned terms. A similar
protocol was followed in the case of Bola-2 as well for both Gram-
positive and Gram-negative microorganisms. Finally, the plate was
taken at intervals of 0, 240, and 1440 min, and the turbidity was
measured at 600 nm through a Cytation 5 plate reader. The
antimicrobial activity was assessed by investigating its ability to reduce
bacterial growth (colony formation). The growth of bacteria was
measured by monitoring changes in optical density, which was
expressed in terms of colony forming unit (CFU). Following the same
procedure, we conducted control tests on both species under two
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conditions: without any antibiotic and in the presence of a
recommended concentration of a well-established antibiotic. For E.
coli, we used kanamycin at a concentration of 40 μg/mL (∼82.6 μM)
as described by Sulavik et al.52 and for S. aureus, we used ampicillin at
a concentration of 0.25 μg/mL (∼0.7 μM).53

■ RESULTS AND DISCUSSION
Surface Activity. Surface tension (γ) of aqueous surfactant

solutions is generally reduced with increasing surfactant
concentration due to their surface-active properties. The γ vs
log[Bola] plots of the bolaforms are depicted in Figure 2. The

γ value of the aqueous solutions of Bola-1 and Bola-2 is found
to decrease with an increase in [Bola]. However, due to the
presence of two polar groups, bolaform surfactants exhibit less
surface activity in comparison to conventional surfactants with
only one headgroup in their structure. This is reflected by the
higher γcmc values (∼62 mN m−1) in comparison to single-
headed surfactants, which means that both Bola-1 and Bola-2
behave like electrolytes. The polar character of the bolaforms
can be attributed to the presence of dihydroxyalkyl moiety in
the head groups. Interestingly, however, the ST profile of both
Bola-1 and Bola-2 exhibit a sharp break indicating aggregate
formation above a critical concentration. This is in contrast to
literature reports that bolaforms with less than 12 carbon
atoms in the spacer usually play an electrolytic role and those
with higher spacer length form micelles.54 The concentration
corresponding to the breakpoint as indicated by the downward
arrow in Figure 2 was taken as the critical aggregation
concentration (CAC), which is included in Table 1. The
measured CAC values are much lower than the corresponding

single-headed cationic surfactant with a six-carbon hydro-
carbon tail.55 The aggregate formation by the bolaforms was
confirmed by the results of conductivity and fluorescence
probe experiments, as discussed below. Also, it should be
noted that Bola-1 shows a slightly higher surface activity and
has a lower CAC value compared to Bola-2. This may be due
to the −OH functional group at the ammonium head groups.

Determination of CAC. As precise knowledge of the onset
concentration (CAC) for aggregation is important in various
applications, we attempted to determine the CAC. In order to
determine the CAC of the cationic bolaforms, we carried out
electrical conductivity (κ) measurements in aqueous solutions.
The electrical conductivity of a charged particle depends on its
charge and size, and it increases with an increase in the
concentration of that charged particle. The conductivity of
charged amphiphiles, however, initially increases rapidly with
an increase in the concentration of the amphiphile, followed by
a very small increase of κ value after the CAC, which usually is
indicated by a breakpoint in the κ vs concentration plot.56

Figure 3 shows plots of κ vs [Bola] for both Bola-1 and Bola-2.

It can be found that the conductivity of the bolaforms is higher
than those of conventional amphiphiles, which can be
attributed to the presence of two cationic head groups in the
structure of the bolaforms. A slightly lower value of κ in the
case of Bola-2 must be due to its partial hydrolysis, producing
corresponding singly charged species. However, the κ vs [Bola]
plots of both bolaforms show a break indicating aggregate
formation. The concentration corresponding to the breakpoint
can be taken as the CAC value. The CAC values thus obtained
from the corresponding plots are included in Table 1. As

Figure 2. Surface tension (γ) vs log[Bola] plots for aqueous solutions
(pH 6) of Bola-1 and Bola-2 at room temperature (∼25 °C).

Table 1. Values of Critical Aggregation Concentration (CAC) Obtained from Surface Tension (ST), Conductivity (Con),
Fluorescence (Flu), Isothermal Titration Calorimetry (ITC), Degree of Counterion Dissociation (α), and Thermodynamic
Properties (ΔmG°, ΔmH°, and ΔmS°) of Self-Assembly Formation by Bola-1 and Bola-2 in Water (pH 6) at 25 °C

CAC (mM)

bolaform Con (±0.2) ST (±0.4) Flu (±0.3) ITC (±0.5) α (±0.04) ΔmG° (±0.22) (kJ mol−1) ΔmH° (±0.1) (kJ mol−1) ΔmS° (±7.0) (J mol−1)

Bola-1 3.20 3.50 3.00 3.80 0.57 − 43.56 1.60 152.0
Bola-2 3.60 4.40 3.40 3.20 0.67 − 38.57 0.50 131.0

Figure 3. Electric conductivity (κ) vs [Bola] plots for aqueous
solutions (pH 6) of Bola-1 and Bola-2 at 25 °C.
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observed, the CAC value of Bola-1 is less than that of Bola-2.
This is in contrast to what is expected. The combined effect of
a smaller headgroup of Bola-2 and its partial ionization in water
is expected to favor aggregate formation at a lower
concentration due to the reduction of electrostatic repulsion
between head groups. However, Bola-1 has a CAC value lower
than that of Bola-2, which means the −OH functional groups
in the cationic heads of Bola-1 have a favorable effect on
aggregate formation. The effect of pKa shift due to the
aggregate formation cannot be ruled out. The intermolecular
hydrogen-bonding interaction between head groups as well as
with water molecules in the bulk may prevent water
penetration into the aggregate structure, facilitating aggregate
formation in the case of Bola-1.

The degree of micelle ionization (α) was calculated from the
ratio of the slopes of the linear regions above and below the
CAC in the respective κ vs [Bola] plot. The α-value can be
used to measure the extent of the counterion binding to the
micelles. The higher the value of α, the lower the counterion
binding at the micelle surface. The larger α-value in the case of
Bola-2 suggests a higher CAC and hence a lesser tendency to
form aggregates. This is reflected in the values of molar Gibbs
free energy change of aggregation (ΔmG°) per mole of the
bolaforms as calculated from α-value using the equation57

° =
+

G RT RT

RT

(3 2 ) ln(CAC/55.5) 2 ln 2

2 ln 2
m

(3)

where CAC is in the molar unit. The ΔmG° values for both
bolaforms are listed in Table 1. As observed, the ΔmG° value is
moderately negative, which means that aggregation is
thermodynamically favored for both bolaforms. The aggregate
formation above a relatively lower CAC can be attributed to
stronger 3-way intermolecular hydrogen-bonding interaction
between urea linkages in the spacer chain. The existence of
such hydrogen bonds in the neat sample is manifested by the
lower stretching frequency of the >C�O group (amide I,
1644 cm−1) and the broadening of the N−H stretching peak in
the FT-IR spectrum of Bola-1 (Figure S1). The influence of
bifurcated hydrogen bonding in the self-assembly of other
amphiphilic molecules consisting of urea linkages has been
reported in the literature.58−60 A relatively higher negative
ΔmG° value for Bola-1 indicates that its aggregation is more
favorable in comparison to Bola-2, which can be attributed to
the presence of −OH functionality in the head groups of the
former bolaform. This is also supported by the results (Table
1) of the ITC measurements, as discussed below.

Energetics of Self-Assembly Formation. Self-assembly
of ionic surfactants depends upon electrostatic repulsions and
hydrophobic interactions. The importance of these two factors
can be obtained from the studies of the thermodynamic
properties, such as the change of standard molar enthalpy
(ΔmH°), entropy (ΔmS°), and Gibb’s free energy (ΔmG°) of
aggregation in which surfactant’s alkyl chains, head groups,
counterions, and the medium play vital roles. Thus, these
thermodynamic parameters can give valuable insight into the
principles that govern the formation of self-assembled
aggregates. For conventional single-headed surfactants, it has
been reported that the driving force for aggregation is the
“hydrophobic effect”. Thermodynamically, this means a
positive entropy change in the system. Bola-1 and Bola-2
bolaforms not only have two cationic head groups but also
have a relatively small hydrocarbon spacer chain containing
two polar urea groups. This may make aggregation
thermodynamically unfavorable. While conductivity measure-
ments have suggested spontaneous aggregate formation by
both Bola-1 and Bola-2, it is important to investigate the
driving force for this process. Therefore, the energetics of
micelle formation was studied by direct measurement of the
ΔmH° of micellization using isothermal titration calorimetry
(ITC). The values of ΔmH° and ΔmG° enabled us to calculate
the corresponding standard entropy change (ΔmS°) of
micellization. The results of calorimetric titration are presented
in Figure 4, and relevant data are collected in Table 1. The
concentration corresponding to the inflection point (indicated
by the downward arrow) of the titration curves was taken as
the CAC. ΔmH° values were obtained directly from the
titration curves as the difference between heat changes at zero
concentration and a concentration above CAC. The ΔmH°
value thus obtained is positive, suggesting that the micellization
is endothermic. A relatively higher value of ΔmH° for Bola-1
indicates a hydrogen-bonding interaction among bolaform
molecules during self-assembly formation. The negative ΔmG°
value for both bolaforms confirms a thermodynamically
favorable aggregate formation. This is also suggested by the
positive ΔmS° value obtained from the Gibbs−Helmholtz
equation. However, it is important to note that the
contribution of ΔmH° is much less in comparison to the
entropy term (TΔS) in the Gibbs−Helmholtz equation,
suggesting that the self-assembly of both Bola-1 and Bola-2
is an entropy-driven process. The entropy-driven release of
water molecules from the well-defined hydration shell of the
bolaform molecules into bulk water outweighs the favorable

Figure 4. ITC titration curves and thermograms (inset) of (left) Bola-1 and (right) Bola-2 measured in water (pH 6) at 25 °C.
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enthalpy change due to the interaction between the hydro-
carbon spacer. Thus, like conventional surfactants, the
“hydrophobic effect” is the driving force for the self-assembly
of Bola-1 and Bola-2 in water.

Fluorescence Probe Studies. Molecular self-assembly in
water is a prominent area of research in chemical and
biological sciences because the self-assembled aggregates in
water have a potential application as nanocarriers of hydro-
phobic guest molecules. Fluorescence properties of molecules
(probes) that are sensitive to changes in the environment have
been used to detect and study the self-assembly of surfactants.
Fluorescence probe studies can not only detect the formation
of a self-assembled aggregate but also shed light on the nature
of aggregates. Consequently, various types of fluorescent probe
molecules have been employed by researchers. In the past, our
group has successfully used NPN as a fluorescent probe for
studying the self-assembly of surfactants in water.61,62

Fluorescence spectrum of NPN has been found to exhibit a
large spectral shift along with an enhancement of intensity
upon incorporation into the hydrophobic microdomains of the
self-assembled microstructures of surfactants. Therefore, NPN
fluorescence was used to investigate the self-assembly of
bolaforms in water. In the presence of Bola-1 or Bola-2, the
relative fluorescence intensity (F/Fmax, where F is the
fluorescence intensities in the presence or absence of bolaform
and Fmax is the maximum intensity) of the NPN probe was
observed to increase with the increase of [Bola] is shown in
Figure 5a. A large blue shift of emission maximum (λmax) of
NPN can also be observed in the fluorescence spectra (see the
inset of Figure 5a). The blue shift of λmax and the enhancement
of NPN fluorescence intensity suggest encapsulation of NPN
molecules within the less polar environment of aggregates
formed by self-assembly of the bolaform molecules in an
aqueous solution. The sigmoidal feature of the fluorescence
titration curves indicates a two-state process and suggests the
existence of an equilibrium between bolaform monomers and
self-assembled aggregates. The CAC values obtained from the
inflection point (indicated by downward arrows in Figure 5a)
of the fluorescence titration curves are listed in Table 1. The
CAC values thus obtained are closely similar to the
corresponding values obtained from ST and conductivity
methods, which also indicate the accuracy of the measure-
ments.

As observed from the fluorescence spectra, the blue shift is
larger for Bola-1 (∼60 nm) than for Bola-2 (∼45 nm). Also, in
the case of Bola-1, the enhancement of fluorescence intensity is
larger in comparison to Bola-2. The rise of the fluorescence
intensity signifies a viscous microenvironment around NPN
molecules that are solubilized within the aggregates. The
higher intensity rise and larger blue shift of the NPN
fluorescence in the case of Bola-1 are indicative of a relatively
less polar and more viscous microenvironment of NPN
molecules in comparison to aggregates of Bola-2. This means
that the hydrocarbon spacer chains are more tightly packed in
the aggregates of Bola-1. As discussed earlier, this may be
attributed to the −OH functional groups of the bolaform head
groups, which prevent water penetration into the micellar core.

To further study the nature of the microenvironments of the
aggregates, we performed steady-state as well as time-resolved
fluorescence anisotropy (r) measurements using DPH as a
probe molecule. Like NPN, the aqueous solution of the DPH
probe also exhibits an enhancement of fluorescence intensity in
the presence of Bola-1 and Bola-2 (see Figure S8), indicating
solubilization of DPH molecules within less polar environ-
ments and thus confirming aggregate formation. The
anisotropy decays are included in the SI (see Figures S9 and
S10). The steady-state and time-resolved anisotropy data are
summarized in Table 2. The r values of DPH in solutions of

Bola-1 and Bola-2 are less than those of bilayer vesicles, which
clearly indicates the fluid nature of the microenvironments of
DPH molecules.63 This is also substantiated by the lower
values of microviscosity (ηm) calculated using rotational
correlation time (θ) from the equation51

Figure 5. (a) Fluorescence titration curves for Bola-1 and Bola-2 in water (pH 6) at room temperature (∼25 °C); inset: fluorescence spectra of
NPN probe in aqueous solutions in the absence and presence of Bola-1 and Bola-2. (b) Cartoon picture showing possible aggregation behavior of
Bola-1 and Bola-2.

Table 2. Values of Steady-State Fluorescence Anisotropy
(r), Rotational Correlation Time (θ), and Microviscosity
(ηm) of Bola-1 and Bola-2 in Aqueous Solution (pH 6) at
Different Concentrations

bolaform [Bola] (mM) r θ (ns) ηm (mPa·s)
Bola-1 5.0 0.059 ± 0.002 0.82 ± 0.03 11.0 ± 0.2

20.0 0.107 ± 0.005 1.16 ± 0.04 15.0 ± 0.8
Bola-2 5.0 0.043 ± 0.003 0.32 ± 0.05 4.0 ± 0.9

20.0 0.082 ± 0.002 0.59 ± 0.02 8.0 ± 0.1
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= k T v/m B (4)

where kB is the Boltzmann constant, T is the absolute
temperature, and v is the molecular volume of the DPH (313
Å3)63 probe. For both bolaforms, the ηm value is comparable to
those of micellar aggregates of conventional surfactants but is
less than that of bilayer vesicles.63 Thus, the microviscosity
data indicate the existence of micellar (spherical or cylindrical)
aggregates in aqueous solutions of both bolaforms. However,
the increase of the r or ηm value in going from dilute (5 mM)
to concentrated (20 mM) solution suggests the growth of
aggregates. As both Bola-1 and Bola-2 have shorter hydro-
phobic spacer which cannot bend, they are not expected to
form vesicles or disks with bilayer membrane(s). However, the
existence of monolayer vesicles (MVs) or monolayer disks
cannot be ruled out. In such a case, the spacer chain of the
bolaform molecules forming the monolayer membrane would
be tightly packed due to strong intermolecular hydrogen-
bonding interactions between adjacent urea groups, leading to
the formation of rigid membrane with a higher ηm value. The
more fluid microenvironments of DPH molecules indicate the
formation of micellar aggregates. As the ηm value is much less
than that of vesicular aggregates,63 the shape of the micelles
must be either spherical or cylindrical as shown in Figure 5b.
This is supported by the results of DLS and AFM
measurements, as discussed below.

Size and Shape of Aggregates. The measurement of the
size of aggregates formed in the solution can give an idea of
their shape. Therefore, we performed DLS measurements to
estimate the mean hydrodynamic diameter (dh) of the
aggregates formed by the bolaforms in a 20 mM aqueous

solution. The size distribution histograms of both Bola-1 and
Bola-2 are presented in Figure 6a,b. Both bolaforms exhibit
aggregate formation with a relatively narrow size distribution.
The mean hydrodynamic diameter of Bola-1 and Bola-2 was
found to be ∼15 and 40 nm, respectively. However, the
molecular length of the bolaforms as obtained from molecular
mechanics calculation using ChemDraw software (version)
that uses MM2 force field is about 18 Å (see Figure 5b).
Accordingly, if the bolaforms formed spherical micelles, the
hydrodynamic diameter of aggregates of Bola-1 or Bola-2
would have been in the range of 2−3 nm. Thus, considering
the length of the spacer chain, the aggregate size for both
bolaforms is much larger than normal spherical micelles (3−5
nm),64 which suggests that the bolaforms produce large
elongated micelles as shown in Figure 5b.

The morphology of the aggregates was investigated by AFM
measurements. The AFM images of 20 mM aqueous solutions
of Bola-1 and Bola-2 are depicted in Figure 6c,d. As can be
seen, the AFM image of Bola-1 exhibits the existence of large
elongated aggregates of sizes in the range of 18−24 nm (see
Figure 6c), which is closely similar to that of the mean dh value
obtained from DLS measurement. Interestingly, as observed in
Figure 6d, Bola-2 exhibits the existence of rod-like micelles
(see Figure 6d) with diameters in the range of 4−6 nm. This is,
however, smaller than the mean dh value obtained from the
DLS measurements. This is expected because AFM measure-
ments involved drying the samples.

DNA Binding Studies. The study of the binding of
cationic surfactants to DNA has received huge attention
because of its applications in DNA extraction, purification,
counting, and transfection.65 Various experimental methods,

Figure 6. Hydrodynamic size (dh) distribution histograms of aqueous solutions (20 mM, pH 6) of (a) Bola-1 and (b) Bola-2 at room temperature
(∼25 °C). AFM images of aqueous solutions (20 mM) of (c) Bola-1 and (d) Bola-2 at room temperature (∼25 °C).
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including surface tension, fluorescence, isothermal titration
calorimetry, and UV spectroscopy, have been employed in the
past to study the interaction of DNA and cationic surfactants.
DNA condensation is a fundamental process that has
implications for gene delivery. Single-headed cationic surfac-
tants with long hydrophobic chains can condense large DNA
molecules into particles in the nanometer to micrometer size
range.66 Some researchers have suggested that the binding of
cationic surfactants with DNA involves the formation of
surfactant aggregates on the DNA when the surfactant
concentration is above the CAC and subsequently the
aggregates associated with the phosphate groups of DNA.67

On the other hand, other groups of scientists think that a single
surfactant monomer interacts with DNA solely through
charge−charge interactions and subsequently catalyzes the
binding of additional molecules.68 Long-chain cationic
surfactants could have their hydrocarbon tails pointing away
from the DNA surface, which could promote intermolecular
interactions between hydrophobic chains and thus favor DNA
condensation. But short-chain surfactants that do not induce
any condensation lie down on the DNA surface and directly
interact with the DNA grooves through hydrophobic−
hydrophobic interactions. However, still there is debate
about the interaction of DNA with cationic surfactants.

To understand the driving forces involved in molecular
interactions and the mode of binding, we investigated the
complexation ability of Bola-1 and Bola-2 with DNA through
measurements of fluorescence quenching of calf thymus DNA
(ct-DNA)-bound ethidium bromide (EB). Although EB is
weakly fluorescent in water, in the presence of DNA, the
fluorescence intensity is greatly enhanced.69 This has been
associated with the intercalation of EB molecules between the
base pairs of the DNA double helix. If an additive also occupies
the same location occupied by EB molecules in the interaction
with DNA, EB molecules are separated from DNA through a
competitive binding process. This results in the fluorescence
quenching of EB.

The fluorescence spectra of EB (1 μM) and the ct-DNA-EB
complex designated as DNA in the absence and presence of
Bola-1 and Bola-2 are depicted in Figure S11. It is seen that EB
has a weakly intense peak in the absence of ct-DNA. But in the
presence of ct-DNA, the fluorescence intensity increased
remarkably. Also, as expected, the spectrum is red-shifted upon
binding to the ct-DNA. Interestingly, upon the addition of
Bola-1 or Bola-2, the fluorescence intensity of the ct-DNA-EB
complex decreased with increasing concentration of the
respective bolaform. The sigmoidal fit (Figure 7, inset) of
the experimental data indicates a two-state equilibrium, and
the extent of fluorescence quenching is much greater for Bola-1
in comparison to Bola-2. In other words, the binding of Bola-1
with ct-DNA is stronger than Bola-2. This is substantiated by
the values of binding constants (Kb) estimated using the
Stern−Volmer equation51

= + [ ]F F K/ 1 Bolao b (5)

where Fo and F are fluorescence intensities in the absence and
presence of bolaform, respectively, and [Bola] is the bolaform
concentration in mol L−1. The Stern−Volmer plots (Fo/F vs
[Bola]) are shown in Figure 7. A good fit of the experimental
data to eq 5 suggests that the binding of cationic bolaforms to
DNA involves a two-state equilibrium. However, the binding
process involves an electrostatic interaction not only with an
isolated negatively charged phosphate group on the DNA

strand but also through the hydrophobic spacer that lays on
the DNA surface. The structural change (twisting) caused by
the binding process pushes the EB molecules out of the DNA
structure, resulting in its fluorescence quenching. The results
suggest that Bola-1 has a higher complexation ability with ct-
DNA in comparison to Bola-2. But unlike conventional
cationic surfactants, no significant hydrophobic interactions
between DNA and surfactant alkyl chains occur in the case of
Bola-1 and Bola-2. This is consistent with the electrolytic
nature of the bolaforms, as discussed earlier. The binding
constant was calculated from the slope of the respective
binding isotherm, and the Kb value of Bola-1 (521.34 ± 20.08
L mol−1) was found to be much higher than that of Bola-2
(126.23 ± 5.37 L mol−1). This means that Bola-1 is more
effective in binding to DNA compared to Bola-2 that has no
−OH groups at the cationic heads. Since both bolaforms have
the same spacer length, the difference in DNA binding abilities
must be associated with electrostatic interactions involving
cationic head groups. This means that the −OH functional
groups at the bolaform heads influence the binding
phenomenon and are involved in hydrogen-bonding inter-
actions with phosphate groups of DNA strands.

Gene Transfection Study. The limitations, such as host
immune and inflammatory reactions, expense of production,
the size limit of the exogenous DNA, and the risks of inducing
tumorigenic mutations, have led researchers to find more
efficient nonviral vectors. Despite the numerous studies70 on
the structure−activity relationship of cationic surfactants used
in gene delivery, no solid conclusion is obtained due to the
complexity of the transfection pathway. The transfection
efficiency can be affected by variations in the hydrophilic
headgroup structure, such as the charge density and
orientation concerning the backbone. Thus, in the past, the
focus of research has been the relationships between the degree
of hydration of the cationic headgroup and the transfection
efficiency and/or between the charge density of the headgroup
and the transfection efficiency.71

Figure 7. Stern−Volmer plots for fluorescence quenching of EB-DNA
complex by Bola-1 and Bola-2 in water (pH 6) at room temperature
(∼25 °C); inset: fluorescence titration of EB-DNA complex for Bola-
1 and Bola-2. The error bars show the standard deviation (±SD) from
three separate measurements (n = 3).
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Therefore, to understand the structure−activity relationship,
we have compared gene transfection efficiencies of Bola-1 and
Bola-2. To study gene transfection efficiency, Bola-1 and Bola-
2 were utilized at doses of 10, 25, 50, and 85 μM, with
turbofectamine serving as the control. The results are
summarized in Figure 8a. As observed, Bola-1 shows a gradual
increase in transfection efficiency with increasing concentration
from 10 to 85 μM. On the other hand, Bola-2 exhibits slightly
higher transfection efficiency compared to Bola-1 at 10 and 25
μM, but the effectiveness decreased at higher concentrations.
Thus, both Bola-1 and Bola-2 show a comparable transfection
efficiency in comparison to the turbofectamine standard.
However, the slightly lower gene transfection ability of Bola-
1 may be associated with its stronger binding to the DNA
chain. Thus, both Bola-1 and Bola-2 can be used as potential
transfecting agents.

Cytotoxicity Studies. Cytotoxicity assessment is a crucial
parameter for evaluating the potential of drugs to induce cell
death. Many authors have reported favorable safety profiles of
bolaforms justifying their use in biomedical applications.
Considering the diversity of bolaform structures and their
complex self-assembly behavior that can alter their mode of
action, safety should be evaluated and not assumed. Indeed,
the relationship between the cationic lipid structure and
toxicity in gene delivery is very important. The charge density
as well as the orientation of the hydrophilic headgroup can
affect the toxicity of cationic surfactants. Thus, in this work, we
have examined in vitro cytotoxicity of Bola-1 and Bola-2 using

an MTT assay. The results are presented in Figure 8b. It can
be found that in both Bola-1 and Bola-2 at lower
concentrations, the toxicity of both molecules is quite minimal
and does not significantly affect cell viability. However, both
amphiphiles exhibit some level of toxicity at higher
concentrations (>75 μM). Despite their toxicity at higher
concentrations, Bola-1 and Bola-2 can still be used as
successful transfection agents at lower concentrations. This
finding highlights the importance of careful dosage and
concentration selection when using bolaamphiphiles as trans-
fection agents. It is crucial to strike a balance between
achieving effective transfection and minimizing cytotoxicity.

Antibacterial Activity. As the bacterial membrane is
negatively charged, these cationic bolaforms can potentially
disrupt or destabilize cell membranes by the initial electrostatic
interaction. Since in vitro cytotoxicity measurements indicated
significant toxicity of the bolaforms at concentrations greater
than 75 μM, both Bola-1 and Bola-2 can act as effective
antimicrobials at higher concentrations. The length of the
hydrophobic spacer and the nature of the cationic head groups
are important factors in determining antibacterial activity.
Therefore, the antimicrobial activity studies were performed
using both Gram-positive (S. aureus) and Gram-negative (E.
coli) microorganisms as a model. E. coli is one of the most
studied72 microorganisms with a variety of pathogenic strains
causing a range of negative health problems through foodborne
contamination. On the other hand, S. aureus is a high-key
human nosocomial as well as a foodborne pathogen.73 To

Figure 8. (a) Bar graphs showing gene transfection efficiency (%) of Bola-1 and Bola-2 at different concentrations with respect to turbofectamine.
(b) Bar graphs showing cell viability (%) in the presence of Bola-1 and Bola-2 at different concentrations. The error bars show the standard
deviation (±SD) from three separate measurements (n = 3).

Figure 9. Bar graphs showing the antibacterial activity (CFU) of Bola-1 and Bola-2 (a) against E. coli and (b) against S. aureus microorganisms after
24 h. The error bars show the standard deviation (±SD) from three separate measurements (n = 3).
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assess the potential antimicrobial activity, we measured the
survival of E. coli and S. aureus after exposure to the presence
or absence of 10−150 μM bolaforms under aqueous
conditions. We monitored the effects of these two compounds,
Bola-1 and Bola-2, on the mentioned species at different
concentrations and time intervals. The data are collected in
Table S1 (see SI) and the data after 24 h are presented in
Figure 9a,b. The data for the standard antibiotics are also
included in the figure. As seen, after 24 h, Bola-1 and Bola-2
have a minimum inhibitory concentration (MIC) of 75 and 50
μM, respectively, for Gram-negative bacteria, which is less than
that of kanamycin (∼82.6 μM).52 Interestingly, both Bola-1
and Bola-2 demonstrated closely similar antibacterial activity
with the MIC value of 10 μM in the case of Gram-positive
bacteria, which is higher than that of ampicillin (∼0.7 μM).53

This means that, in comparison to kanamycin, Bola-1 and
Bola-2 are more effective antibacterial agents for Gram-
negative bacteria. However, in comparison to ampicillin, Bola-1
and Bola-2 are less effective antibacterial agents for Gram-
positive bacteria.

■ CONCLUSIONS
In summary, two novel bolaforms, Bola-1 and Bola-2, were
designed and developed, which were found to be weakly
surface-active, reflecting their more electrolytic nature. Despite
the bipolar structure, the bolaforms were observed to self-
assemble to form elongated micelles in water above a relatively
low CAC value, which is less than that of traditional single-
headed cationic surfactants with comparable hydrocarbon
chain lengths. Indeed, the self-assembly formation by the
bolaforms is thermodynamically more favorable than corre-
sponding single-headed cationic surfactants. Further, these
bolaforms also follow thermodynamic principles of self-
assembly similar to those of classical surfactants. That is like
traditional surfactants, the self-assembly of both Bola-1 and
Bola-2 is an entropy-driven process. However, unlike typical
symmetrical bolaamphiphiles, the driving force for aggregation
is higher than corresponding single-headed amphiphiles. The
favorable aggregation in the cases of Bola-1 and Bola-2 is due
to the existence of urea groups in the spacer chain. The
bolaforms investigated in this work strongly bind to ct-DNA
through electrostatic interactions at concentrations much
lower than their CAC value and lie on the DNA surface.
Bola-1 exhibits stronger binding to DNA due to the hydrogen-
bonding interactions of the multiple hydroxyl groups at the
cationic heads. Despite stronger interaction with DNA
molecules, the transfection efficiency of Bola-1 was observed
to be similar to that of Bola-2. In contrast to literature reports,
the hydroxyl groups at the cationic heads have no role in DNA
transfection. Also, the transfection efficiency of both Bola-1
and Bola-2 was found to be comparable to that of the
turbofectamine standard at low concentrations. This means
that both Bola-1 and Bola-2 can be used as potential
transfecting agents. Interestingly, both Bola-1 and Bola-2
have low cytotoxicity against the HEK 293 cell line. The
bolaforms were found to have better antibacterial activity
against E. coli in comparison to kanamycin antibiotic but less
activity against S. aureus than ampicillin antibiotic. Thus, the
bolaforms investigated in this work can find applications in
areas such as gene delivery and antimicrobials.
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