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Photo-Assisted Gene Delivery Using Light-Responsive Catanionic Vesicles
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Photoresponsive catanionic vesicles have been developed as a novel gene delivery vector combining enhanced cellular
uptake with phototriggered release of vesicle payload following entry into cells. Vesicles with diameters ranging from
50 to 200 nm [measured using cryo-transmission electron microscopy (TEM) and light-scattering techniques] form
spontaneously, following mixing of positively charged azobenzene-containing surfactant and negatively charged alkyl
surfactant species. Fluorescent probe measurements showed that the catanionic vesicles at a cation/anion ratio of
7:3 formed at surfactant concentrations as low as 10 μM of the azobenzene surfactant under visible light (with the
azobenzene surfactant species principally in the trans configuration), while 50-60 μM of the azobenzene surfactant is
required to form vesicles under UV illumination (with the azobenzene surfactant species principally in the cis
configuration). At intermediate surfactant concentrations (ca. 15-45 μM) under visible light conditions, transport of
DNA-vesicle complexes occurred past the cell membrane of murine fibroblast NIH 3T3 cells through endocytosis.
Subsequent UV illumination induced rupture of the vesicles and release of uncomplexed DNA into the cell interiors,
where it was capable of passing through the nuclearmembrane and thereby contributing to enhanced expression. Single-
molecule fluorescent images of T4-DNA demonstrated that the formation of vesicles with a net positive charge led to
compaction of DNA molecules via complex formation within a few seconds, while UV-induced disruption of the
vesicle-DNA complexes led to DNA re-expansion to the elongated-coil state, also within a few seconds. Transfection
experiments with eGFP DNA revealed that photoresponsive catanionic vesicles are more effectively taken up by cells
compared to otherwise identical alkyl (i.e., nonazobenzene-containing and thus nonlight-responsive) catanionic
vesicles, presumably because of π-π stacking interactions that enhance bilayer rigidity in the photoresponsive vesicles.
Subsequent UV illumination following endocytosis leads to further dramatic enhancements in the transfection
efficiencies, demonstrating that vector unpacking and release of DNA from the carrier complex can be the limiting
step in the overall process of gene delivery.

Introduction

Nonviral gene delivery has been a goal in the field of bionano-
technology for many years. Despite promising successes
in this area,1,2 however, transfection efficiencies still generally
remain below those of viral vector counterparts, as a result
of two primary effects. First, viruses often interact with specific
receptors on cell surfaces, providing for targeted delivery
of genetic material. Second, viruses deliver DNA to cells in a
state more readily accessible for expression, such as through
direct injection of uncomplexed DNA into a cell or through
fusion of the virus envelope with the cell membrane. In contrast,
nonviral vectors by necessity must form complexes with DNA,
which, once introduced into the cell, are often slowly liberated,
thereby delaying or preventing potential nuclear uptake and
subsequent expression. Consequently, viral vectors have largely
remained the approach of choice, although their inherent asso-
ciated immunological risks provide large incentives toward the

development of nonviral vectors capable of targeted and triggered
release of DNA.

Recent years have seen considerable interest in com-
pacted DNA complexes as attractive candidates for nonviral
gene delivery vectors. Complexing agents, such as cationic
surfactants,3-9 lipids,10,11 and polyelectrolytes,12-15 as well as
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multivalent ions16-21 and alcohols,22-24 have been shown to
condense DNA from extended, worm-like conformations into a
variety of compact structures (e.g., toroids, spheroids, and rods in
complexes, lipoplexes, or polyplexes17,25,26) with sizes on the order
of 100 nm, analogous to the confinement of DNA in virus heads.
Neutralization and compaction are essential to protect DNA
fromnucleases17 and allow entry ofDNA into cells (because both
the cell surface and DNA are negatively charged), mainly by the
endocytic pathway.27 However, while complexing agents can
increase cellular uptake relative to uncomplexed DNA, the tight
binding of these same agents toDNAmay also generally preclude
or greatly reduce nuclear uptake, resulting in low overall transfec-
tion efficiencies compared to viral vectors.

Indeed, it has been shown that vector unpacking can be
a limiting barrier to gene delivery.28,29 After endocytosis,
DNA encapsulated in endocytic vesicles would be prevented
from interacting with intracellular molecules, such as importin
or transportin, which transport DNA into the nucleus,30,31

and would instead undergo degradation by hydrolysis. Thus,
many systems have been designed for programmed release
of DNA from the carrier complex, including vesicles made
of biodegradable cationic polymers,32 as well as micro-
particles with biodegradable polymers, such as polysaccharides,33

poly[R-(4-aminobutyl)-L-glycolic acid],34 polylactide-co-glyco-
lide,35 polyphosphazenes,36 chitosan,37 and polyethylenimine.38

With traditional cationic polymers, however, DNA release rates
are determined by polymer hydrolysis or biodegradation rates,
which are generally too slow to avoid parallel DNA degradation,
thus, yielding transfection efficiencies that are lower than
viral vectors.39

In the present study, photoresponsive catanionic vesicles
that can be formed and disrupted with simple light
illumination are used to encapsulate and deliver DNA into
cells, followed by light-induced vesicle rupture to trigger
the release of DNA from the carrier vesicle complexes.
Vesicle formation typically requires the input of energy into the
system, which leads to an increase in interfacial area and,
thus, free energy of the system. However, in aqueous mixtures
of cationic and anionic surfactants (i.e., so-called “catanionic”
systems40-44), a combination of electrostatic attractions between
the surfactant head groups and hydrophobic interac-
tions between the surfactant tails can be sufficient to offset
the entropic penalty associated with vesicle self-assembly. Using
a “responsive” surfactant as one of the species in the catanionic
pair, triggered vesicle disruption and spontaneous reformation
can be achieved, as demonstrated with various light-responsive
surfactants.45-49 In these previous studies, photoresponsive
vesicles were examined over the concentration range of
0.1-1.0 wt % total surfactant. In the present study, however,
catanionic vesicles at much lower total surfactant concentra-
tions (0.0028 wt %) have been used for gene delivery
under conditions that reduce toxicity effects on cells. The
catanionic vesicles are formed using azobenzene-containing
photoresponsive surfactant molecules as the cationic species,
similar to surfactants used to photoreversibly control protein
folding50-53 and DNA condensation.54 The azobenzene surfac-
tant undergoes photo-isomerization from the relatively hydro-
phobic trans isomer to the relatively hydrophilic cis isomer
upon exposure to 350 nm UV light. Furthermore, the photo-
isomerization process is reversible, because the cis isomer can
be converted back to the trans form with exposure to 436 nm
visible light or by thermal relaxation. As a result, the trans
conformation self-assembles into vesicles more readily than the
cis form, allowing DNA release from the vesicle carriers
to be rapidly initiated upon UV illumination and leading to
dramatic enhancements in transfection efficiencies.

The use of light to induce DNA release for enhanced
gene expression could potentially lead to in vivo treatments.
In terms of the necessary light delivery, this process could
be considered analogous to photodynamic therapy (PDT)
for the treatment of cancer, where a photosensitizer drug,
localized in tumors, is illuminated with light (typically 400-
700 nm, although UVA is also used) to generate reaction
products toxic to tumor cells. Following FDA approval
in 1995, PDT has been applied to a variety of ailments,
including cancers of the head and neck, brain, lung, pancreas,
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intraperitoneal cavity, breast, prostrate, and skin,55,56 with clinical
trials underway.57Withmodern fiber optics, light can be delivered
to “virtually anypart of the body”57with penetrationdepths of∼1
mm.58 The long-term rate of melanoma is low with UVA
(although higher than the control).59 Thus, it appears that the
use of light to induce DNA release in vivo is technically feasible.

Materials and Methods

Surfactants. The photoresponsive azobenzene trimethylam-
monium bromide surfactant (azoTAB, Mw = 420.4 g/mol) of
the form shown in Scheme 1a was synthesized according to
published procedures.60,61 The surfactant undergoes reversible
photo-isomerization upon exposure to the appropriate wave-
length of light, with the trans isomer (436 nm visible light)
exhibiting a lower dipole moment and, hence, greater hydro-
phobicity than the cis isomer (365 nm UV light).60 The conven-
tional alkyl surfactants, sodium dodecylbenzenesulfonate
(SDBS,Mw = 348.5 g/mol, Scheme 1b), sodium dodecylsulfate
(SDS, Mw = 288.4 g/mol, Scheme 1c), and dodecyltrimethy-
lammonium bromide (DTAB, Mw = 308.3 g/mol), were pur-
chased from Aldrich and used as received.

Cell Culture. Both murine fibroblast NIH 3T3 cells and
human embryonic kidney HEK 293T cells obtained from the
American Type Culture Collection (ATCC, Rockville, MD)
were cultured in 35 mm diameter 6-well polystyrene cell culture
dishes (Falcon, Franklin Lakes, NJ) at 37 �C and 5% CO2

until the cell number reached 2 � 105 in each well. Each well
contained 2 mL of growth media composed of 90% high
glucose Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech, Inc., VA) and 10% fetal bovine serum (FBS, Gibco
BRL). Cell numbers were determined with an inverted light
microscope by measuring the cell concentration in 16.4 μL
growth media after the cells were suspended and distributed
homogeneously in solution.

Cell Viability. To test the cytotoxicity of the surfactant,
2 mL of azoTAB-SDBS and azoTAB-SDS mixtures in
serum-free DMEM were overlaid with NIH 3T3 cells in 6-well
plates for 6 h, after which time the serum-free DMEM was
refreshed with growth media and then incubated for an addi-
tional 18 h. Finally, the growth media was replaced with 1�
ethylenediaminetetraacetic acid (EDTA) trypsin (Irvine Scien-
tific, SantaAna, CA) to suspend the surviving cells. Cell viability
was calculated using a hemocytometer with the trypan-blue
exclusion method and light microscopy, expressed relative to
cell numbers without added surfactant. At the conditions of the
transfection experiments (50 μM azoTAB), cell viabilities were
96 ( 0.5 and 97 ( 1% in the azoTAB/SDBS and azoTAB/SDS
systems. For comparison, the cell viability measured with the
same weight percent of PEI (25 kDa, Aldrich) over 6 h was 94(
1%. This indicates a slight toxicity of these catanionic systems,
consistent with previous observations for similar conventional
catanionic vesicles.62 Indeed, the resulting cell viability was
found to be a strong function of the surfactant concentration,
decreasing to essentially 0% at only 500 μM azoTAB. Further
independent measurements indicated that cell viability was not
affected by exposure (ca. 10 min) to 365 nmUV light. The extent

of UV damage is determined by two factors: the wavelength of
illumination and the light intensity, as measured by an “action
spectrum” (i.e., reciprocal of the UV dose required to kill
50% of the cells). Typical UV sterilization uses high-intensity
(>10 000 μW/cm2) UV-C light at 264 nm, the peak in the action
spectrum. From a typical action spectrumofEscherichia coli, for
example,63 exposure to 365 nm light with an intensity approxi-
mately 4 orders of magnitude higher that this typical UV-C dose
would be required for a similar effect. However, the lamp used in
the present study offers a relatively low UV-A dose of 1100 μW/
cm2 at the peak intensity of 365 nm, as reported by the
manufacturer. Thus, under the conditions used here, relatively
little effect of the UV-A light is expected, as observed. With
regard to potential long-term risks to DNA of UV-A exposure,
the best comparative data come from the literature on PDT for
the treatment of cancer, where a photosensitizer drug, localized
in tumors, is illuminated with light to generate reaction products
toxic to tumor cells (typically 400-700 nm, although UV-A is
also used). The long-term rate of melanoma is low with UV-A
(although higher than the control).64

Transfection Measurements. After the cell concentration
reached 2 � 105 cells in each well, the culture medium was
replaced with 4 μg of eGFP DNA (plRES2-EGFP vector,
Clontech, Palo Alto, CA) encapsulated in photoresponsive
catanionic vesicles suspended in fresh 2 mL of DMEM plus
10% FBS. The cells were then cultured at 37 �C in an incubator
balanced with 5% CO2 for various “pre-incubation” times,
followed by refreshing of the growth media to remove any
DNA-catanionic complexes not internalized within cells.When
desired, the cis-azoTAB samples were then exposed to a rela-
tively low-intensity 84 W long wave UV lamp (365 nm, Spectro-
line, Model XX-15A) for 10 min in the incubator, with the lamp
approximately 20 cm from the sample, such that heating was
negligible. The measured absorbance of the cell culture medium
at 365 nmwas 0.1 at the depth of themediumused (0.2 cm); thus,
this protocol was more than sufficient to convert the surfactant
to the cis form (confirmed with UV-vis spectroscopy). After a
total of 24 h, the cells were then examined by confocal micro-
scopy (Zeiss LSM 510 META, Carl Zeiss, Inc.) after post-
incubation to determine expression efficiency, defined as
the ratio of transfected cells exhibiting green fluorescence to
the total number of viable cells measured under bright field.
The reported results were averaged over three different spots
for each cell culture, with an average number of 500 cells
counted at each condition. For the control experiments, 4 μg
of pcDNA3.1-GFP (Invitrogen) was used in 2 mL of growth
media and transfected with the catanionic pairs at various molar
ratios (DTAB/SDBS = 7:3, azoTAB/SDBS = 7:3, and azo-
TAB/SDBS= 3:7) with 50 μMof the cationic surfactants. After
4 and 6 h of pre-incubation time, the growthmedia was refreshed

Scheme 1. (a-c) Surfactants Used To Form Catanionic Pairs
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and the transfection efficiencies were determined by confocal
microscopy, as above. Further control experiments demon-
strated that UV light alone did not enhance the expression of
uncomplexed DNA.

Flow Cytometry. Additional quantitative transfection effi-
ciency measurements were conducted using a flow cytometer
(Becton Dickinson, FACSort). The HEK293T cells were seeded
in 6-well plates with 2 � 105 cells/well in 2 mL of growth media.
After an initial 24 h incubation period at 37 �Cwith 5%CO2, the
media was replaced with serum-free medium containing DNA
(4 μg of eGFP-coded DNA) plus carrier (either 15 μMazoTAB/
6.4 μMSDBS vesicles or 8 μg of PEI as a control). The cells were
then incubated for 6 h, after which time UV illumination was
applied to one of the azoTAB/SDBS samples for 10 min in the
incubator. All culture media were then aspirated from each well
and replaced with 2 mL of growth media, and the cells were
additionally incubated for 18 h. The transfected cells were then
washed with phosphate-buffered saline (PBS) solution and
detached with 2 mL of trypsin. A total of 0.2 mL from each well
was collected and then settled with centrifugation. After dis-
carding the liquid phase, the cells were resuspended in 0.2 mL of
PBS. The transfection efficiency was then calculated as the
percentage of cells expressing green fluorescent protein (GFP),
with the fluorescence from 20 000 cells evaluated by flow
cytometry.

Confocal Microscopy. To examine intracellular incorpora-
tion of DNA with catanionic vesicles, the plasmid DNA was
covalently labeled with a LabelIT fluorescein labeling kit
(Mirus). The HEK293T cells were seeded in two 35 mm glass
base dishes (MatTek) with 2 mL of serum-free medium contain-
ing 15 μMazoTAB/6.4 μMSDBS and 4 μg ofDNA in each dish.
After 6 h of incubation, one dishwas exposed toUV illumination
for 10 min. All samples were then fixed with 3.7% formaldehyde
(Ted Pella, Inc.) and treated with 0.1% Triton X-100 (Shelton
Scientific, Inc.) for 10 min. After that, mouse monoclonal anti-
body EEA1 (Abcam) and Texas Red goat anti-mouse IgG
(Invitrogen) were used to label the early endosomes. Thus,
confocal microscopy could independently determine the loca-
tion of both DNA and endosomes. An argon/krypton laser with
an excitation wavelength at 488 nm was used to induce emission
from fluorescein of DNA and observed through a 500-530 nm
band-pass filter, while the endosomes stained by Texas Redwere
observed using a HeNe laser with an excitation wavelength of
543 nm and a 565-615 nm band-pass filter.

Fluorescence Spectroscopy. A Quanta-Master spectrofluo-
rometer (Photon Technology International, Monmouth Junc-
tion, NJ, model QM-4) was used to collect the fluorescent
spectra of the hydrophobic probe Nile Red. Experiments were
performed at 37 �C using a cuvette with a working volume of
3.5 mL and a path length of 10 mm (Nova Biotech, El Cajon,
CA). The excitation wavelength was 590 nm with excitation and
emission slit widths of 4 nm. The spectrofluorometer was loaded
with various concentrations of azoTAB-anionic surfactant
mixtures and 0.3 μM Nile Red in phosphate buffer (pH 7.4),
followed by stirring for 10 min to reach steady state. UV-vis
spectra were taken after each fluorescence measurement to
determine the precise concentration of azoTAB, using an ex-
tinction coefficient of 22 000M-1 cm-1 at 350 nm. For measure-
ments using trans-azoTAB, 2 mL of a 0.3 μMNile Red solution
were successively mixed with 5.7 μL of both a stock azoTAB
solution (3.5 mM azoTAB and 0.3 μM Nile Red) and stock
SDBS (1.5 mM SDBS and 0.3 μM Nile Red) or SDS (1.5 mM
SDS and 0.3 μM Nile Red) solution to maintain an azoTAB/
anion molar ratio of 7:3. For measurements with cis-azoTAB,
independent 1.98 mL azoTAB/anion (7:3 molar ratio) solutions
were prepared at each desired concentration and pre-exposed to
long wavelength 365 nm UV light (Spectroline, 120 V, 60 Hz,
0.7 A), followed by quickly mixing with 0.02 mL of a 30 μMNile
Red solution in the dark. In this manner, potential Nile Red
photodegradation with UV exposure was avoided, although in

some instances, not entirely prevented.51 In some cases, the
fluorescence intensity was observed to decrease slightly with an
increasing surfactant concentration (particularly below the cri-
tical aggregate concentration), an apparent result of Nile Red
photobleaching during the 10 min allotted between adding
surfactant and taking the measurement. Furthermore, the UV-
illuminated samples possessed similar but not identical Nile Red
concentrations, giving rise to some scatter in the measured
emission intensities. As a result, the wavelengths of maximum
emission, expected to be insensitive to Nile Red photobleaching
and overall concentration, were chosen as the best reporters of
micelle formation. The wavelength of maximum absorbance
(λmax) for each sample was determined by fitting the measured
spectrum to a fifth-order polynomial near each peak.

For the time-resolved measurements, 2 mL of a 50 μM/
21.4 μM azoTAB/SDBS solution with 1 μM Nile Red were
repeatedly exposed at 25 �C to a 200Wmercury arc lamp (Oriel,
model 6283) equipped with either a 320 nm band-pass filter
(Oriel, model 59800) or 400 nm long-pass filter (Oriel, model
59472) combined with a 300-500 nm short-pass filter (Oriel,
model 57374) to isolate the 365 or 436 nm lines from themercury
lamp, respectively. The excitation and emission wavelengths
were set at 590 and 650 nm, respectively. The emission spectra
were recorded using a 15% neutral density filter just prior to the
photomultiplier tube to prevent saturation of the detector with
light from the mercury arc lamp (seen as an immediate jump or
drop in the fluorescent intensity upon switching to 436 nmvisible
or 365 nm UV light). This effect results in different fluorescent
intensity scales in the steady-state and time-resolved measure-
ments.

Dynamic Light Scattering. Dynamic light scattering mea-
surements were performed at 37 �C on a BI-200SM instrument
equipped with a BI-9000AT digital correlator (Brookhaven
Instrument Corp., Holtsville, NY). A 35 mW helium-neon
(632.8 nm) laser (Melles Griot, model 05-LHP-928) was used
for the measurements, which did not affect the isomeric state of
azoTAB species. Pure azoTAB and SDBS aqueous solutions
were separately passed through 200 nm Anatop filters and then
mixed at the appropriate ratios, followed by vortexing for 1min.
Control experiments on separate surfactant solutions under the
same conditions revealed no scattering in excess of the solvent,
indicating that the results obtained upon mixing are due to self-
assembly products within the catanionic mixture. The transient
light-scattering measurements were repeated twice indepen-
dently on each sample to ensure reproducibility of the time-
dependent behaviors. Hydrodynamic diameters were obtained
from the measured diffusion coefficients using the Stokes-
Einstein equation.54 The intensity-weighted relative variances
of the diffusion coefficient distributions were relatively low
ranging from 0.05-0.12, indicating relatively monodisperse
distributions.

Cryo-Transmission Electron Microscopy (TEM). Vitri-
fied specimens for cryo-TEM were prepared in a controlled
environment vitrification chamber (CEVS) and quenched
into liquid ethane at its freezing point.65 Specimens, kept below
-178 �C, were examined in a FEI T12 G2 transmission electron
microscope, operated at 120 kV, using a Gatan 626 cryo-holder
system. Images were recorded digitally in the minimal electron-
dose mode by a Gatan US1000 high-resolution cooled CCD
camera with the DigitalMicrograph software package. AzoTAB
isomerization from the trans to cis form was achieved through
2 min of exposure of the surfactant solution to UV light from a
spectral calibration mercury (argon) lamp (Oriel, model 6035)
equipped with a long-wave filter (Oriel, model 6047).

Fluorescence Microscopy. T4-phage DNA (165.6 kb pairs,
1.076 � 108 Da) was purchased from Wako Chemical (catalog

(65) Talmon, Y. Cryogenic temperature transmission electronmicroscopy in the
study of surfactant systems. In Modern Characterization Methods of Surfactant
Systems; Binks, B. P., Ed.; Marcel Dekker: New York, 1999; p 147.
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number 318-03971), visualized with the fluorescent dye Yoyo-3
(λex/λem = 612/631 nm) using an Olympus IX71 inverted
fluorescence microscope, and recorded with a Hamamatsu
digital CCD camera (model C4742-95), as previously de-
scribed.54 The concentrated DNA solution was diluted to
2.9 μM (base pair) in TE buffer (10 mM Tris and 1 mM EDTA)
and gentlymixed with the dye solution to a ratio of 15 bp per dye
molecule. Approximately 250 μL of the DNA-dye solution was
then placed in the custom-made slide and kept open to air.
Concentrated stock solutions of first azoTAB and then SDBS,
both in TE buffer, were then added to final concentrations of
48 and 19 μm, respectively (a 7.2/2.8 ratio), with homogeneity
ensured by swirling prior to optical observation. The DNA-
catanionic surfactant mixture was then alternately exposed to
UV and visible light using a 200 W mercury arc lamp (Oriel,
model 6283) equipped with a liquid light guide (Oriel, model
77557), a fiber-bundle focusing assembly (Oriel, model 77800),
and either a 320 nm band-pass filter (Oriel, model 59800) or a
435.8 nm band-pass filter (Oriel, model 56551) filter, respec-
tively. A heat-absorbing filter (Oriel, model 59060) was placed in
the beam path to absorb IR light produced by the lamp.66

Results and Discussion

The photoresponsive azobenzene-trimethylammonium bro-
mide (azoTAB) surfactant shown in Scheme 1a undergoes rever-
sible photo-isomerization upon exposure to visible or UV light,
associated with absorption by the trans and cis isomers at ca.
365 and 436 nm for both pure azoTAB solutions and azoTAB-
DNA mixtures.54 For example, illuminating a 31 μM azoTAB
solutionwith 436 nmvisible light from amercury lamp results in a
75:25 trans/cis photostationary distribution within a few seconds,
whereas UV illumination at 365 nm results in a 20:80 trans/cis
photostationary distribution again within a few seconds.54 These
photostationary states develop when the rates of trans-cis and
cis-trans conversions become equal, with the resulting composi-
tions controlled by the relative absorption coefficients at the
respective illumination wavelengths, as well as the efficiencies of
the two isomerization reactions. In addition, both of these
photostationary states thermally relax to the thermodynamically
favored 100% trans state54 under dark conditions in ∼24 h. The
smaller dipole moment of the trans azo moiety (0.5 D) compared
to that of the cis moiety (3.1 D)60 contributes to the trans state
being more hydrophobic.61 Consequently, alternate exposure to

visible and UV light causes photoreversible changes in the
hydrophobicity/hydrophilicity of the surfactant species that can
be used to control various surfactant properties,67 including
photocontrol of protein folding50-53 and DNA condensation.54

To form photoresponsive catanionic vesicles, an aqueous
solution of the cationic azoTAB surfactant species was mixed
with an aqueous solution of either of two conventional anionic
surfactants, sodiumdodecylbenzenesulfonate (SDBS, Scheme 1b)
or sodiumdodecylsulfate (SDS, Scheme 1c). Representative cryo-
TEM images of the catanionic vesicles under visible and UV
illumination are shown in Figure 1 for the azoTAB-SDS system
(31:69molar ratio, 0.2 wt% solution) at 38 �C.Under visible light
conditions (Figure 1a), spherical vesicles are present, with sizes
generally ranging from50-200 nm, consistentwith separate light-
scattering measurements (see below). Illumination of the same
sample with UV light for 2 min, however, results in significant
changes to the vesicle ensemble. The cryo-TEM image in
Figure 1b shows that a number of the catanionic vesicles have
ruptured, because of the trans-cis isomerization induced in the
azoTAB surfactant by the UV light. Arrows in Figure 1b show
bilayer patches that have separated from the rest of the vesicle
but have not dissolved or formed micelles. This suggests that
π-π stacking interactions, which are likely prevalent in the
bilayers formed from the planar trans-azoTAB surfactant species,
are not completely disrupted upon conversion to the bent cis
form.While the light-dependent vesicle structures are expected to
be complicated, the cryo-TEM images show that the catanionic
vesicles are clearly present under visible light conditions. Further-
more, some of these vesicles are disrupted upon UV irradiation.

Whether and when catanionic vesicles form depend upon
numerous factors, including head group and chain interactions
among the cationic and anionic surfactant pairs, their relative
composition ratios, the total surfactant concentration, and tem-
perature. The formation of photoresponsive catanionic vesicles
can be readily monitored using the sensitivity of probe molecules
to their local environments. For example, the lipophilic probe
moleculeNileRed incorporates readily into self-assembled vesicle
bilayers and yields distinct fluorescence spectra, according to
whether it is in polar or nonpolar environments. Whereas, in
water, Nile Red exhibits relatively low fluorescence, upon solu-
bilization in a nonpolarmedium (e.g., lipid or vesicle bilayers), the
fluorescence intensity increases and the emission spectrum blue

Figure 1. Cryo-TEM images of aqueous 31:69 (molar) azoTAB/SDS catanionic vesicles formedat 0.2wt%overall surfactant concentration
and at 38 �Cunder (a) visible light and (b) following 2min ofUV illumination. Thewhite arrowheads point to flat bilayer patches imaged face
on; the black arrowhead points to a bilayer patch imaged edge on; the white arrow indicates an opening in a ruptured vesicle; and the black
arrow indicates a partially folded bilayer patch.

(66) Lee, C. T.Jr.; Smith, K. A.; Hatton, T. A. Macromolecules 2004, 37, 5397–
5405. (67) Eastoe, J.; Vesperinas, A. Soft Matter 2005, 1, 338–347.
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shifts to lower wavelengths.68,69 Nile Red, thus, represents a
convenient polarity indicator that assists in establishing the onset
of bilayer formation associated with catanionic vesicle formation.

Figure 2 displays the wavelengths of maximum fluorescence
emission (λmax) collected for several isotropic solutions of azo-
TAB-SDBS and azoTAB-SDS catanionic surfactant mixtures
containing a small (0.1 μM) amount of Nile Red and different
azoTAB concentrations (the complete emission spectra can be
found in the Supporting Information). A fixed cation/anion
molar ratio of 7:3 was selected to yield catanionic vesicles with
net positive charges capable of complexingwithDNA(see below).
In pure water, the wavelength corresponding to maximum emis-
sion occurs at approximately λmax=657 nm in both parts a and b
of Figure 2, similar to values for Nile Red expected from the
literature.68 As shown in Figure 2a for the azoTAB-SDBS
system, increasing the surfactant concentration under visible light
with ∼75% of azoTAB in the trans state leads to a characteristic
decrease in λmax at concentrations above 10 μM azoTAB
(Figure 2a), indicating that bilayer formation and the onset of
vesicle formation [i.e., the critical aggregation concentration (cac)]
occurs at approximately 10 μM azoTAB surfactant. Similar to
phenomena observed for other catanionicmixtures,70 this value is
far below the critical micelle concentration (cmc) of separate
(noncatanionic) aqueous solutions of cationic azoTAB under
visible light (5.0 mM)66 or anionic SDBS (2.2 mM).71 A gradual
decrease (as opposed to a step change) in the emission maximum
of Nile Red is observed beyond the cac as a result of Nile Red
preferentially partitioning from the water phase into the growing
hydrophobic bilayer phase.

Under UV illumination with ∼80% of azoTAB in the cis
state, a similar effect is observed, although the decrease in λmax

does not occur until ca. 60 μM (Figure 2a), corresponding to a
significantly larger cac value. This increase in the cac may be
expected on the basis of the relative hydrophilicity of the cis

isomer compared to the trans state, as well as potential steric
hindrances for bilayer formation because of the bent cis
conformation. Indeed, from neutron and light-scattering data,
Hubbard and Abbott concluded that the trans and cis isomers
of a similar azobenzene-containing photosurfactant segregate
into separate microstructures, with vesicles being rich in the
trans isomer.49 Interestingly, at the respective cac values in
Figure 2a, the resulting concentrations of azoTAB in the trans
conformation would be similar based on the aforementioned
photostationary states (i.e., 75% for 10 μM and 20% for
60 μM). This implies that between 7.5 and 12 μM of trans-
azoTAB is required for vesicle formation under either visible or
UV illumination and, in general, agrees with the argument of
Hubbard and Abbott that primarily trans isomers participate
in bilayer formation.

Similar results for the light-dependent formation of vesicles are
found for the azoTAB/SDS catanionic system, as shown in
Figure 2b. Under visible light, λmax is observed to undergo a
similar sudden blue shift, as the azoTAB surfactant concentration
is increased above 10 μM, consistent with the onset of vesicle
formation. In contrast, under UV illumination, vesicles do not
form until 50 μM azoTAB, again, corresponding to a substan-
tially higher cac, because of the greater hydrophilicity of the cis-
azoTAB isomer and its diminished tendency to form vesicles.
The somewhat lower cac of the cis-azoTAB/SDS solution (50 μM
azoTAB, Figure 2b) compared to that of cis-azoTAB/SDBS
(60 μM azoTAB, Figure 2a) appears to be due to differences in
the trans-azoTAB populations of the two systems under UV light
conditions. Control experiments revealed a shift in the UV-
illuminated photostationary state of azoTAB in the presence of
SDS to favor a greater proportion of trans-azoTAB isomers
(27%) than in the presence of SDBS (21%). Bonini et al. similarly
reported that the presence of SDS in catanionic mixtures with an
azobenzene-containing cationic surfactant can influence the
photostationary state.72The higher proportionof vesicle-promot-
ing trans-azoTAB isomers in the presence of SDS is consistent
with its lower cac compared to SDBS.

These cac measurements are useful for two important reasons.
First, it is noteworthy that previous studies of photoresponsive
catanionic vesicles have all used surfactant concentrations ran-
ging from 0.1 to 1.0 wt % surfactant.45-49 In contrast, the
transfection experiments below are performed at 50 μM azoTAB
(corresponding to 0.0028 wt % total surfactant), between the
measured cac values of azoTAB in the trans and cis forms. The use
of surfactant concentrations nearly 2 orders of magnitude lower
than in previous studies significantly mitigates the toxicity effects
that low-molecular-weight surfactants can have on target cells.
Toxicity measurements (see the Materials and Methods) show
that cell viability is dramatically improved at such low azoTAB
surfactant concentrations, increasing to ∼97% viability in the
presence of 50 μM azoTAB from ∼0% viability for 500 μM
azoTAB. Determining and controlling the lowest possible con-
centration(s) at which photoresponsive catanionic vesicles form is
crucial to establishing conditions and compositions required for
efficient and safe incorporation of DNA into cells.

Second, the cac measurements demonstrate that both the
azoTAB-SDBS and azoTAB-SDS catanionic systems exhibit
large differences in their respective cac values under visible and
UV light conditions, which can be exploited to control their self-
assembly behaviors. In particular, operating at a surfactant
concentration between the respective UV and visible cac values

Figure 2. Wavelength at maximum fluorescence emission of
0.1 μM Nile Red (λex = 590 nm) as a function of the azoTAB
surfactant concentration in aqueous catanionic solutions of (a)
azoTAB/SDBS (molar ratio of 7:3) and (b) azoTAB/SDS (molar
ratio of 7:3) under visible andUV illumination. Arrows denote the
approximate cac values. T= 37 �C.

(68) Sackett, D. L.; Wolff, J. Anal. Biochem. 1987, 167, 228–234.
(69) Deye, J. F.; Berger, T. A.; Anderson, A. G. Anal. Chem. 1990, 62, 615–622.
(70) Wang, G.-J.; Engberts, J. B. F. N. Langmuir 1994, 10, 2583–2587.
(71) Singh, C. D.; Shibata, Y.; Ogita, M. Sens. Actuators, B 2003, B96, 130–132.

(72) Bonini, M.; Berti, D.; DiMeglio, J. M.; Almgren, M.; Teixeira, J.; Baglioni,
P. Soft Matter 2005, 1, 444–454.
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is expected to allow vesicles formed under visible light (relatively
low cac) to be completely disrupted upon UV illumination
(relatively high cac), as opposed to just partial disruption at
concentrations higher than the cis cac. This useful property of
azobenzene-containing catanionic mixtures allows for photore-
versible control of vesicle formation and rupture and suggests that
DNA release from the carrier complex can be photo-initiated, as
will be shown below.
Photo-induced Catanionic Vesicle Rupture and Reforma-

tion. To test for photo-initiated vesicle rupture, transient light-
scattering and fluorescence measurements were used to measure
the intensities of scattered and fluorescent light from a catanio-
nic azoTAB-SDBS solution (7:3 molar ratio, 50 μM azoTAB,
21.4 μM SDBS, and 0.1 μM Nile Red) at 37 �C, as correlated
with incident visible and UV light illumination. For this cata-
nionic solution composition, vesicles are expected to form under
visible light conditions but not under UV illumination
(see Figure 2a). Figure 3a shows that, under visible light
conditions, the azoTAB-SDBS solution scattered HeNe laser
light extensively at a rate of ∼150 � 103 counts per second (cps)
(separate and otherwise identical aqueous solutions of azoTAB
and SDBS at twice the desired concentrationwere independently
filtered and thenmixed at equal volumes to the appropriate ratio
to ensure that any scattering observed resulted from surfactant
self-assembly into vesicles and not because of small micellar
assemblies or impurities). By comparison, upon UV illumina-
tion of the same azoTAB-SDBS solution, however, the count
rate rapidly decreased to∼7� 103 cps, on par with the count rate
of the filtered solvent and the filtered separate surfactant
solutions. These results are consistent with UV-induced vesicle
dissolution that is essentially complete within ∼30 s. Re-illumi-
nation with visible light some time later leads to restoration,
within∼30 s, of the intensity of scattered HeNe light to a similar
count rate (∼150 � 103) as previously measured for the sample
before exposure to UV light. Such restoration of scattered light
intensity corresponds to reformation of the catanionic vesicles,
indicating the reversibility of this process, as well as its trigger-
ability. Furthermore, dynamic light-scattering measurements
yielded essentially identical sizes for both the originally formed
and the ruptured and reformed vesicles (185( 5 nm). The slight
decrease in scattering intensity observed after the initial jump,
following visible-light-induced vesicle reformation in Figure 3a,
is likely due to a slow approach to the final equilibrium vesicle
size. This overall process could be repeated practically indefi-
nitely with essentially fully reversible “visible T UV light”
cycles. These observations are consistent with catanionic vesicles
behaving as equilibrium structures, as opposed to non-equili-
brium entities resulting from shear processes that are inevitably
present during mixing of the cationic and anionic surfactant
solutions.73

Time-resolved fluorescence emission measurements made on
the same catanionic azoTAB-SDBS solution (7:3 molar ratio,
50 μM azoTAB, 21.4 μMSDBS, and 0.1 μMNile Red) at 37 �C
quantitatively corroborate reversible vesicle formation and dis-
ruption under visible and UV illumination. As shown in
Figure 3b, fluorescence intensity changes rapidly from high
values under visible light conditions to low values under UV,
corresponding to Nile Red probe species in lipophilic bilayers
and polar aqueous environments, respectively. The sharp
changes in fluorescence intensity observed in Figure 3b corre-
late with light-induced vesicle rupture and reformation, both

occurring on time scales of ∼30 s, as established independently
by the light-scattering measurements in Figure 3a.

The dynamics of vesicle rupture/formation have been
monitored in conventional catanionic surfactant mixtures
[e.g., dodecyltrimethylammonium bromide (DTAB) and SDS]
under conditions of rapid mixing.74 In these systems, vesicle
formation was found to be a complicated process, manifesting
multi-exponential transient behavior that could be modeled as a
progression through a series of intermediate states [e.g., small
non-equilibrium aggregates (mixed micelles and elongated mi-
celles) that eventually lead to vesicles]. Conversely, the DTAB-
SDS vesicle rupture was found to be a kinetically simpler
process, for which single-exponential behavior was observed
with a characteristic time constant of ∼10 s.74 The gradual
decrease in scattering intensity observed in Figure 3a after the
initial rapid jump following visible-light-induced vesicle refor-
mation is also consistent with a slow approach to equilibrium of
the final vesicle size that would account for the multi-exponen-
tial dynamics of DTAB-SDS vesicle formation (although, in
the azoTAB-SDBS case, the gradual decrease in light-scatter-
ing intensity suggests that the aggregates decrease in size over
time, in contrast to the DTAB-SDS system). Scattered light
intensity is expected to be more sensitive to subtle changes in the
vesicle size distribution than Nile Red fluorescence, which
reports mainly on hydrophobic bilayer formation. Thus, it is
not surprising that this apparent multi-exponential behavior of
vesicle formation is not detected in Figure 3b. Both the light-
scattering and fluorescence results in Figure 3 similarly suggest
that UV-light-induced vesicle disruption is a single-exponential
process, akin to the DTAB-SDS system.
FluorescenceMicroscopy.Cyclical visible-UV light illumi-

nation can be used to reversibly compact and release DNA
molecules from vesicles that undergo photo-induced rupture
and reformation. Fluorescence microscopy measurements were

Figure 3. (a) Light-scattering intensity and (b) fluorescence emis-
sion spectra fromanaqueous catanionic surfactant solutionatT=
37 �C containing 50 μM azoTAB, 21.4 μM SDBS, and 0.1 μM
Nile Red under alternating exposure to visible (436 nm) and UV
(350 nm) light. The sharp changes correspond to photo-induced
vesicle rupture and reformation, which are reversible.

(73) Horbaschek, K.; Hoffmann, H.; Hao, J. J. Phys. Chem. B 2000, 104, 2781–
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conducted to correlate DNA free volume with the presence of
vesicles before and after illumination of a catanionic azoTAB-
SDBS solution (48.2 μM azoTAB, 18.9 μM SDBS, and 2.9 μM
DNA). The catanionic surfactant solutions were similar to those
reported above. The DNA concentration was the same as that
used in the transfection experiments below, although the larger
T4-DNA molecule was employed to provide better visual
observation in the microscopy measurements. As shown in the
images of Figure 4, 2.9 μM T4-DNA in a buffered solution in
the absence of cationic or anionic surfactant species yields DNA
molecules in highly elongated states (Figure 4a). After the
subsequent addition of 48.2 μM azoTAB to this solution
(preserving buffering and other component concentrations)
without the anionic counterpart, no evidence of DNA compac-
tion was observed (Figure 4b) nor expected on the basis of our
previous studies.54 However, upon further addition of 18.9 μM
anionic SDBS surfactant (Figure 4c), DNA condensed from the
elongated-coil to a compact-globular state within a few seconds.
For the resulting cationic azoTAB/anionic SDBS molar ratio of
7.2:2.8, the catanionic vesicles have net positive charges and
would thus be expected to interact strongly with and effectively
compact anionic DNA, as suggested in the literature,75 into
likely lamellar or hexagonally packed assemblies.76,77

By comparison, DNA in the presence of azoTAB/SDBS or
azoTAB/SDS vesicles with net negative charges (e.g., with 50 μM
azoTAB and an azoTAB/SDBSmolar ratio of 3:7, confirmed to
form vesicles by light scattering and Nile Red fluorescence
measurements) was not compactable using the protocol in
Figure 4 under otherwise identical conditions. This suggests
that encapsulation of DNA in catanionic vesicles is electrosta-
tically driven, as reported in the literature for non-photorespon-
sive catanionic vesicles.78 Thus, the fluorescence microscopy
images in Figure 4 demonstrate that simple molecular binding of
the positively charged azoTAB species to negatively charged
DNA molecules at this relatively low azoTAB concentration
(50 μM) is not the cause of conformational changes in
DNA; instead, only upon the formation of positively charged
catanionic vesicles does DNA condensation appear to occur.

Subsequent UV illumination to disrupt the vesicles (Figure 4d),
as expected from the cac measurements in Figure 2 then lead to
re-expansion of DNA molecules upon their release from the
vesicle complexes. This phenomenon is completely photorever-
sible. Re-illumination with visible light reconstituted the vesicles
(Figure 3), leading to photo-induced recompaction of DNA
within ∼2 s, similar to previous measurements.54

DNA Delivery with Catanionic Vesicles for Cell Trans-

fection. On the basis of the evidence above, photoresponsive
catanionic vesicles are capable of forming reversible complexes
with DNA that result in compacted DNA-containing vesicles
with diameters less than about 250 nm. Such small vesicles are
generally within the size range considered suitable for efficient
cellular internalization via endocytosis.79 However, it should be
noted that, while reversible complex formation was demon-
strated above in simple buffer, the situation in the extracellular
environment is likely to be more complex. Thus, direct struc-
ture-function comparisons should be made with caution.
Nevertheless, to test whether these systems might be used
as novel gene delivery vectors, NIH 3T3 cells were exposed
to eGFP-coded plasmid DNA that was encapsulated in various
catanionic vesicles. Cells were incubated for 24 h total, with
the growth media refreshed after pre-incubation times of 2, 4, 6,
or 8 h to remove any external vesicles. The representative
photomicrographs shown in Figure 5 were obtained following
DNAdelivery with azoTAB/SDBS (parts a and b of Figure 5) or
azoTAB/SDS (parts c and d of Figure 5) vesicles both with and
without UV-induced vesicle rupture, following a pre-incubation
time of 8 h. Successful delivery of eGFP-DNA into a given cell
was established by comparing the bright-field image of a cell
with the fluorescence image, detecting the presence of the green-
fluorescent protein (GFP) expression product within the cell.

Overall transfection efficiencies were estimated from confocal
microscope measurements that establish the percentage of cells
exhibiting green fluorescence following incubation. Table 1
shows such transfection efficiencies obtained from a sufficient
number of confocal images to observe 300-500 cells at each
condition, from which representative comparisons were made.
Even without light-induced vesicle rupture, the catanionic
vesicles generally increase transfection efficiencies, compared
to uncomplexed DNA (measured to be <5%). This suggests
that the positively charged catanionic vesicles (at amolar ratio of

Figure 4. Fluorescent microscope images of conformational changes in T4-DNAmolecules in (a) aqueous solution, upon the addition of
(b) azoTAB and also (c) SDBS surfactants, as well as (d) under UV or (e) visible light illumination to disrupt and reform the catanionic
vesicles, respectively. [DNA]bp = 2.9 μM, [azoTAB] = 48.2 μM, and [SDBS] = 18.9 μM in TE buffer. Three representative molecules are
displayed for each condition.

(75) Gershon, H.; Ghirlando, R.; Guttman, S. B.; Minsky, A. Biochemistry
1993, 32, 7143–7151.
(76) Raeder, J. O.; Koltover, I.; Salditt, T.; Safinya, C. R. Science 1997, 275,
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7:3) allow for enhanced uptake past the negatively charged cell
membrane. For comparison, negatively charged catanionic
vesicles at amolar ratio of 3:7 resulted in a transfection efficiency
on par with uncomplexed DNA, as expected on the basis of the
inability of these vesicles to effectively condenseDNA (Figure 4)
or transit the cell membrane. As shown in Table 1 for positively
charged catanionic vesicles, longer pre-incubation times yielded
greater transfection efficiencies, as expected because of a greater
degree of DNA endocytosis over time. The transfection effi-
ciencies eventually appear to level off with increasing pre-
incubation time (within experimental uncertainty of(3% based
on averaging several measurements), as the rates of endocytosis
and exocytosis become comparable. Interestingly, the azoTAB/
SDBS vesicles appear to offer higher nonphoto-assisted trans-
fection efficiencies (∼20%) than the azoTAB/SDS system
(∼12%). This suggests that the enhanced stability of the
DNA-carrier complexes (hypothesized to be due to π-π

interactions) within the vesicle bilayers leads to greater cellular
uptake, an advantage also of azoTAB- as opposed to alkyl-
containing catanionic vesicle components.

To test this hypothesis, transfection experiments were per-
formed using otherwise identical solutions of the non-photo-
responsive catanionic pair DTAB/SDBS. DTAB species were
selected because of their identical head groups and similar tail
lengths compared to azoTAB. The DTAB/SDBS system is also
known to form catanionic vesicles,80 which were confirmed
here for 50 μMDTAB and a 7:3 cationic DTAB/anionic SDBS
ratio by Nile Red fluorescence and light-scattering measure-
ments. After 4 and 6 h of pre-incubation time and using the
same protocol as Figure 5, very low transfection efficiencies of
2.7 and 4%, respectively, were measured by confocal micro-
scopy. These low values are (within experimental uncertainty)
the same as obtained for uncomplexed DNA, indicating that
favorable interactions involving the azobenzene moieties con-
tribute to improved delivery properties. Further measurements
are underway to examine the molecular origins of such effects,
which are thought to result from increased bilayer rigidity
because of π-π interactions among aromatic moieties of the
azoTAB and SDBS surfactant species. Similar π-π interac-
tions were observed previously in mixtures of DNA with
azoTAB.54 Furthermore, extensive azobenzene interactions
(so-called H aggregates) have been used as a means to control
bilayer permeability.81

Table 1. Percent Transfection Efficiencies of NIH 3T3 Cells with

2 μg/mL eGFP-Coded DNA Encapsulated in Photoresponsive

Catanionic Vesicles (7:3 Molar Ratios) Both without and with

UV-Induced Vesicle Rupture Following Various

Pre-incubation Times

azoTAB/SDBS azoTAB/SDS

pre-incubation time
(h)

no UV
(%)

UV rupture
(%)

no UV
(%)

UV rupture
(%)

2 7 ((3) 12 ((3) 3 ((3) 6 ((3)
4 16 35 4 8
6 16 39 9 12
8 20 37 12 13

Figure 5. Fluorescent (top left), bright-field (top right), and combined (bottom left) photomicrographs of the same regions ofNIH 3T3 cells
expressing eGFP, following exposure to eGFP-coded DNA encapsulated in (a,b) azoTAB/SDBS or (c,d) azoTAB/SDS catanionic vesicles
before andafter rupture. The cellswere immersed in solutions containingpremixedDNA/catanionic vesicles for pre-incubation times of 8 h at
37 �C, after which the growth media was replaced to remove any complexes external to the cells. The images were then obtained after a total
incubation time of 24 h. In all cases, [azoTAB] = 50 μM at a cationic/anionic surfactant ratio of 7:3, while [DNA] = 2 μg/mL. Scale bars
denote 20 μm.
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Transfection experiments were also performed and compared
to the cationic polyelectrolyte polyethylenimine (PEI), a stan-
dard delivery agent known to enhance DNA transfection.82

Using a pre-incubation time of 8 h, a transfection rate of 44.3%
was obtained for the DNA/PEI complexes. PEI is thought to
mediate endosome rupture through a “proton sponge” mechan-
ism, whereby the low pHwithin endosomes results in protonated
nitrogen atoms along the PEI backbone, leading to a charge
gradient that causes an influx of Cl- counterions.83,84 This in
turn increases the osmolarity of the endosome, resulting in an
influx of water and, hence, endosome swelling/rupturing. It is
noteworthy that the transfection efficiencies shown in Table 1
for the non-photoruptured catanionic vesicles were below the
PEI benchmark, which exhibits facilitated endosome release.
This suggests that, in the absence of light-initiated vesicle
rupture, the release of DNA from the catanionic vesicle
complexes within endosomes may limit the rate of overall
transfection.
Photo-assisted DNA Delivery. To investigate potential

enhancements in gene delivery provided by photo-initiated
release of DNA from photoresponsive catanionic vesicle com-
plexes, such vesicles were allowed to enter the cells via en-
docytosis and their efficacy was monitored and compared
against control solutions. For identical catanionic azoTAB/
SDBS/DNA and azoTAB/SDS/DNA vesicle solutions as de-
scribed above (50 μM azoTAB, 7:3 cationic/anionic surfactant
molar ratios, and 2 μg/mL DNA), endocytosis was allowed to
proceed for 2-8 h of pre-incubation time, followed by illumi-
nation with 365 nm UV light to promote vesicle rupture and a
wash step to remove any non-internalized disrupted vesicle
complexes. Using this strategy, transfection efficiencies of
∼40% (Table 1) were achieved for the azoTAB-SDBS system,
approaching the value obtained for PEI. For example, after 8 h
of incubation, transfection efficiencies of 37.0, 36.5, and 38.4%
were obtained following UV-induced rupture in independent
measurements. The relatively low extent of transfection
achieved after only 2 h prior to illumination in the azoTAB/
SDBS system suggests that 4 h are required for maximum
cellular uptake through endocytosis, consistent with literature
reports.85

In contrast, the azoTAB/SDS system results in little
enhancement in UV-light-induced transfection efficiency
(Table 1), compared to the azoTAB/SDBS system (within
experimental uncertainty). Three factors could explain this
effect. First, the transfection experiments were performed at
50 μM azoTAB to provide the maximum amount of DNA
delivery, while keeping the overall surfactant concentration
low to avoid issues of cell toxicity, as discussed above. From the
cac values measured under UV light for the azoTAB/SDBS
(60 μM) and azoTAB/SDS (50 μM) systems (Figure 2), more
complete rupture of catanionic vesicles would be expected in
azoTAB/SDBS solutions, compared to the azoTAB/SDS sys-
tem, following UV illumination. Second, the rate of cellular
uptake is likely affected by vesicle size. DLS measurements
indicate that the vesicles are on average larger and exhibit a
greater size distribution in the azoTAB/SDS system (230 nm)
compared to the azoTAB/SDBS system (185 nm), in agreement
with the cryo-TEM images in Figure 1. Thus, a greater fraction

of the azoTAB/SDS vesicles are expected to be above the
endocytosis size limit of ca. 250 nm. Finally, the potential for
π-π stacking interactions is reduced in the azoTAB/SDS
system compared to azoTAB/SDBS, which could lead to lower
transfection efficiencies, as similarly observed and discussed
above for the DTAB/SDBS system. Thus, the azoTAB/SDBS
system appears to offer two desirable and often mutually
exclusive properties: high stability to enhance cellular uptake
combined with photo-activated release of DNA from the
vesicle complexes.

These results were confirmed for a much larger number of
cells by using flow cytometry to examine the transfection rates
of HEK293 cells in the presence of various carriers (e.g., PEI as
well as azoTAB/SDBS vesicles with and without UV illumina-
tion), as shown in Figure 6. In this way, statistics were
established on the basis of measurements of ∼20 000 cells, in
addition to the 300-500 cells counted by hand and analyzed
above. The transfection efficiency with PEI as a carrier after 6
h of transfection (32.2%) was found to be significantly higher
than for the azoTAB/SDBS vesicles without UV illumination
(19.9%). However, with the addition of a 10 min UV-illumi-
nation step to convert azoTAB to the cis form and disrupt the
catanionic vesicles, the transfection rate improved markedly
(29.8%), again approaching the value obtained for PEI.
Moreover, the flow cytometry measurements additionally
allowed cytotoxicity to be quantified over the much larger
number of cells. In each of the cases, low cytotoxicities were
determined for the transfection conditions discussed above:
cell viabilities of 92.5, 92.2, and 92.3% were measured for the
PEI, trans-azoTAB/SDBS, and cis-azoTAB/SDBS carriers,
respectively. The flow cytometry results independently
support the conclusions that UV illumination of azoTAB/
SDBS catanionic vesicles provides an effective, low-toxicity,
and nonviral means of enhancing the delivery of DNA
into cells.
Intracellular DNA Incorporation. One crucial mechanism

remains to be explained. Exactly how would the in vitro release
of DNA from catanionic vesicles demonstrated in Figure 4 give
rise to the apparent release within cells suggested in Figures 5
and 6? The endocytic pathway results in encapsulation of the
carrier in endosomes. It is the release of DNA from these endo-
somes and not the carrier per se that must be achieved for nuclear
uptake and expression to occur. Transfection studies with

Figure 6. Flow cytometry results of the transfection rate of
HEK293T cells infected with GFP-encoded DNA. The cells were
incubatedwithDNAand (a) PEI for 2 h, (b) PEI for 4 h, (c) PEI for
6 h, (d) noDNA, (e) azoTAB/SDBS for 6 h, and (f) azoTAB/SDBS
for 6 h followed by 10 min of UV exposure. After this time period,
the growth medium was refreshed and the sample was incubated
for a total of 24 h.
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conventional cationic lipids indicate that significant “lipid mix-
ing” occurs between the carrier vesicles and the endosomes.86-88

Consequently, it is expected that the azoTAB surfactant species
similarly experience such intracellular mixing, with the result
that UV-induced endosome disruption may contribute to the
photo-enhanced transfection efficiencies demonstrated in Fig-
ure 5. The mechanisms of light-triggered disruption of endo-
somes or catanionic vesicles are likely to be similar, both
controlled by azoTAB hydrophobicity and molecular confor-
mation. Nevertheless, such subtle and complex effects could
have profound implications on the observed transfection
efficiencies.

As a result, dual-labeling of DNA (fluorescein) and early
endosomes (Texas Red) was used to study specifically UV-
induced release of DNA from the endosomes. As shown
in Figure 7a, without a UV-illumination step, the majority of
the DNAmolecules (green) are observed to be co-localized with
the endosomes (red) after 6 h of incubation, resulting in yellow
spots in the merged images. Counting ∼100 DNA molecules
from several images reveals that about 60-80% of the DNA
molecules are associated with endosomes; for example, the
image in Figure 7a shows only one non-endosome-associated
DNA molecule. In contrast, after 6 h of incubation, the same
samples when exposed to UV light for 10 min show that only
∼10% of ∼100 counted DNA molecules are co-localized with
endosomes; for example, the image in Figure 7b shows all of the
DNA molecules released from the endosomes following UV
illumination.

Although Figure 7a does not prove that the azoTAB/SDBS
vesicles are taken up into the cells by endocytosis, these
images are at least consistent with this hypothesis and indicate
that DNA is co-localized with (if not necessarily encapsulated
within) endosomes. Regardless of whether the DNA/vesicles are
encapsulated within endosomes or merely adhering to the
surfaces of endosomes, UV illumination is seen to release
DNA from the endosomes (from either the inside or surface of
the endosome) in Figure 7. Significant photo-enhancement of
the gene expression levels accompany this phenomenon, sug-
gesting that endosome escape may be rate-limiting.

Although the transfection efficiencies were ultimately similar
to that obtained with traditional PEI vector, the photorespon-

sive azobenzene-based carrier offers a number of potential
advantages. First, phototriggered release of DNA from the
endosomes is relatively rapid (i.e., within 10 min of UV illumi-
nation), which could offer benefits for the delivery of especially
labile species (e.g., someRNAs that have hydrolysis half-lives on
the order of 1 h or less). Furthermore, the azoTAB/SDBS system
could potentially be engineered to further optimize the delivery
and stability through changes in the surfactant ratio, architec-
ture, and overall concentration.

Conclusions

Comparing the transfection efficiencies of DNA encapsu-
lated in azoTAB/SBDS vesicles with and without UV illumina-
tion indicates that the release of DNA from the vesicle carriers
and their associated endosomes appears to be the rate-limiting
step. This points to the utility of using photoresponsive
catanionic vesicles for the triggered release of DNA into cells.
After 4 h, with the number of DNA-carrier complexes within
the cells balanced by endocytosis and exocytosis, the transfec-
tion efficiencies reached maxima of around 15-20% without
and 35-40% with UV-induced vesicle disruption. It is worth
noting that these results were obtained using UV illumination
of the entire sample compartment. With focused light used to
target and rupture only internalized vesicles, substantially
higher transfection efficiencies might be achieved, as the rate
of exocytosis could be reduced, while non-internalized vesicles
would continue to undergo endocytosis. Furthermore, strate-
gies to deliver DNA to specific individual cells are expected to
be possible and feasible by using focused light to target and
illuminate cells selectively. The architectures and concentra-
tions of photoresponsive cationic and anionic surfactant com-
ponents are shown to be important to reversible formation of
catanionic vesicles, their interactions with negatively charged
DNA, and their interactions with the cell membranes to
promote incorporation by endocytosis. By measuring and
understanding the underlying physicochemical properties of
the photoresponsive vesicle-DNA-cell systems, the com-
positions and conditions of these complicated mixtures
can be selected to incorporate DNA into cells effectively,
while maintaining low cytotoxicity. The identification and
optimization of interactions among the various functional
and cellular components yield important design criteria that
are central to and expected to enable other nonviral approaches
to gene delivery.

Figure 7. Representative confocal microscopy images of fluorescein-labeled DNA transfected into HEK293T cells with azoTAB/SDBS
catanionic vesicles and early endosomes labeled with Texas Red goat anti-mouse IgG. (a) Without UV illumination after 6 h of transfection
with trans-azoTAB/SDBS vesicles; the majority of DNAmolecules are observed to remain associated with endosomes (the arrows point to
DNAnot co-localizedwithanendosome). (b)WithUVillumination, underotherwise identical conditions, to convert to cis-azoTAB, showing
that the majority of DNA molecules are subsequently released from the endosomes.
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