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Light-induced transformation of vesicles to micelles and
vesicle-gels to sols†

Hyuntaek Oh,a Vishal Javvaji,a Nicholas A. Yaraghi,a Ludmila Abezgauz,b

Dganit Daninob and Srinivasa R. Raghavan*a

Vesicles are self-assembled nanocontainers that are used for the controlled release of cosmetics, drugs, and

proteins. Researchers have been seeking to create photoresponsive vesicles that could enable the triggered

release of encapsulated molecules with accurate spatial resolution. While several photoresponsive vesicle

formulations have been reported, these systems are rather complex as they rely on special light-sensitive

amphiphiles that require synthesis. In this study, we report a new class of photoresponsive vesicles

based on two inexpensive and commercially available amphiphiles. Specifically, we employ

p-octyloxydiphenyliodonium hexafluoroantimonate (ODPI), a cationic amphiphile that finds use as a

photoinitiator, and a common anionic surfactant, sodium dodecylbenzenesulfonate (SDBS). Mixtures of

ODPI and SDBS form “catanionic” vesicles at certain molar ratios due to ionic interactions between the

cationic and anionic headgroups. When irradiated with ultraviolet (UV) light, ODPI loses its charge and,

in turn, the vesicles are converted into micelles due to the loss of ionic interactions. In addition, a

mixture of these photoresponsive vesicles and a hydrophobically modified biopolymer gives a

photoresponsive vesicle-gel. The vesicle-gel is formed because hydrophobes on the polymer insert into

vesicle bilayers and thus induce a three-dimensional network of vesicles connected by polymer chains.

Upon UV irradiation, the network is disrupted because of the conversion of vesicles to micelles, with the

polymer hydrophobes getting sequestered within the micelles. As a result, the gel is converted to a sol,

which manifests as a 40 000-fold light-induced drop in sample viscosity.
Introduction

Vesicles are nanoscale containers formed by a variety of
amphiphilic molecules, including lipids, surfactants, and block
copolymers.1–3 They consist of an aqueous core enclosed by a
bilayer of the amphiphiles. Vesicles have attracted much
interest owing to their potential for the encapsulation and
controlled release of substances such as drugs in pharmaceu-
tical applications, avors and nutrients in foods, fragrances and
dyes in cosmetics and textiles, etc.3–9 Payloads encapsulated in
the core of vesicles tend to get released slowly through passive
diffusion through the bilayer membrane.10,11 However, passive
release usually does not deliver a high payload concentra-
tion.10–12 An alternative is to engineer the vesicles for active
release; i.e., so that they deliver their entire payload upon acti-
vation by an external trigger, such as pH, temperature, ions,
enzymes, ultrasound, and light.10–15
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Light is an attractive stimulus for triggering release from
vesicles due to its high spatial resolution, i.e., it can induce
release of encapsulated molecules at a precise location with
micron-scale resolution.10–12 Accordingly, many researchers
have designed light-responsive vesicles, typically using custom-
synthesized lipids.10–12 For example, vesicles have been created
using lipids that contain photocrosslinkable,16,17 photo-
isomerizable,18–21 or photocleavable groups.22,23 These vesicles
exhibit either light-induced disruption of their bilayers or light-
activated opening of pores in their bilayers—in both cases,
active release of encapsulated payload from the vesicles is
triggered by light. However, synthesis of photoresponsive lipids
is usually a complex process that requires skills in organic and
biochemistry. Thus, the complexity of these previous systems
makes them difficult to replicate and scale-up for commercial
application. There is a lack of simple and low-cost routes to
making photoresponsive vesicles, which is the motivation for
the present study.

In our efforts to develop a simple class of photoresponsive
vesicles, we focus on vesicles formed by single-tailed amphi-
philes (surfactants) due to their simplicity and ease of prepa-
ration.24–27 It is well-known that a mixture of cationic and
anionic surfactants can spontaneously self-assemble into
nanoscale unilamellar vesicles in water.24 These “catanionic”
This journal is ª The Royal Society of Chemistry 2013
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vesicles are indenitely stable and can be formed by simple
mixing (i.e., there is no need for extrusion or sonication).24,25

The vesicles can encapsulate payloads in their aqueous core
much like conventional lipid vesicles.26,27 How can these
vesicles be made photoresponsive? One straightforward
possibility is to combine a photoresponsive surfactant with a
conventional surfactant of opposite charge. Indeed, this
approach has been tried and does give rise to photoresponsive
vesicles, as demonstrated by several authors using azo-
benzene-modied cationic surfactants.28–31 However, chemical
synthesis is still necessary to incorporate azobenzene or
similar groups into the surfactant molecules, and that is
something we wish to avoid.

Here, we present a simple design for photoresponsive
vesicles that uses only molecules that are commercially
available and relatively inexpensive. The impetus for our study
was the observation that alkyl-substituted diaryliodonium
salts, which are frequently used as cationic photo-
initiators,32,33 have an amphiphilic nature. In particular, we
have worked with the molecule, p-octyloxydiphenyliodonium
hexauoroantimonate (ODPI),34,35 and we conrm that this
molecule acts as a cationic surfactant. Accordingly, we
combine ODPI with the common anionic surfactant sodium
dodecylbenzenesulfonate (SDBS), and as expected, these
mixtures form unilamellar catanionic vesicles at certain
compositions. The chemical structures of ODPI and SDBS are
shown in Fig. 1a and b, respectively, and a schematic of the
vesicles is shown in Fig. 1c. It is further known that molecules
such as ODPI lose their cationic charge by photodissociation
Fig. 1 Components of our photoresponsive vesicles: (a) the cationic amphiphile
ODPI and (b) the anionic surfactant SDBS. Vesicles formed by combining ODPI and
SDBS are transformed by UV light into spherical micelles. This is shown sche-
matically in (c).

This journal is ª The Royal Society of Chemistry 2013
when irradiated with ultraviolet (UV) light.32,33 Thus, when
ODPI–SDBS vesicles are exposed to UV light, the loss of charge
on ODPI results in a transition from vesicles to spherical
micelles (Fig. 1c). Such a transition will be accompanied by
complete release of the internal payload within the vesicles
into the surrounding aqueous solution.26,27

As an additional potential application, we demonstrate that
these photoresponsive vesicles can be used to design a new
class of photorheological (PR) uids whose rheology can be
tuned by light irradiation.36,37 By combining the ODPI–SDBS
photoresponsive vesicles with an associating polymer, viz.
hydrophobically-modied alginate (hm-alginate), we demon-
strate a photoresponsive vesicle-gel. A vesicle-gel is a volume-
lling network of vesicles bridged by polymer chains, and it is
formed because the hydrophobes on hm-alginate chains insert
into the hydrophobic bilayers of vesicles.38–41 Upon UV irradia-
tion, the vesicles in the gel are transformed into micelles,
thereby disrupting the original network and causing a gel-to-sol
transition.
Results and discussion
ODPI–SDBS vesicles

The photoresponsive vesicles described here are created by
combining aqueous solutions of the cationic photoinitiator
ODPI and the anionic surfactant SDBS. ODPI is an alkyl
substituted diphenyliodonium salt (Fig. 1a) that is widely used
as a photoinitiator for UV and near-infrared (NIR) polymeri-
zation.34,35 We note that ODPI has an octyl tail and a cationic
head group. This suggests that ODPI is amphiphilic and that it
could serve as a cationic surfactant. Surface tensiometry
conrms this point. As shown in Fig. S1 (ESI†), the addition of
ODPI to water decreases the surface tension up to a plateau
value of 32.5 mN m�1. From the inection point of the surface
tension plot,2 we estimate its critical micelle concentration
(CMC) to be 1.3 mM. Incidentally, the CMC of the anionic
surfactant SDBS is reported to be 1.4 mM.42 Thus, ODPI and
SDBS are surfactants with similar CMC values, but with
opposite charges.

We proceeded to examine the phase behavior of ODPI–SDBS
mixtures at a total surfactant concentration of 1 wt%. Samples
with various weight ratios of ODPI to SDBS were prepared in
50 mM phosphate buffer solutions. We used a buffer rather
than deionized water to ensure that the pH remained stable
with time. On their own, both ODPI and SDBS form clear
solutions in buffer. When the two solutions are mixed, samples
at ODPI : SDBS ratios between 2 : 8 and 4 : 6 are homogeneous
and cloudy with a bluish tint, which is indicative of vesicle
solutions (Fig. 2).43 Samples at ODPI : SDBS ratios of 5 : 5 and
6 : 4 reveal some visible solid precipitation, while samples with
higher ODPI content (ODPI : SDBS from 7 : 3 to 9 : 1) separate
into co-existing liquid phases. The above phase behavior of
ODPI–SDBS mixtures is reminescent of other cationic/anionic
surfactant mixtures. In particular, mixtures of cationic surfac-
tants like cetyl trimethyl-ammonium tosylate (CTAT) with SDBS
also give rise to vesicles at ratios similar to those in Fig. 2.24,25

For a xed weight ratio of ODPI : SDBS¼ 3 : 7 (corresponding to
Soft Matter, 2013, 9, 11576–11584 | 11577
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Fig. 2 Phase behavior of ODPI–SDBS mixtures at a fixed total concentration of
1 wt% in aqueous buffer. Samples at ODPI : SDBS weight ratios between 2 : 8 and
4 : 6 show the presence of vesicles. The bluish tinge of these samples reflects light
scattering from vesicles. At higher ODPI content (5 : 5 and 6 : 4), samples reveal a
whitish precipitate. At even higher ODPI content (7 : 3 to 9 : 1) the samples
separate into two liquid phases.
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a molar ratio of 1 : 4.3), homogeneous vesicle-bearing samples
are found over a window of total surfactant concentration from
about 0.1 to 4 wt%. Above 4 wt%, the mixtures become inho-
mogeneous and show a solid precipitate.

The vesicle-containing ODPI–SDBS mixtures were analyzed
further. The samples remained homogeneous and unchanged
for several weeks when stored in the dark at room temperature.
The size of structures in solution was measured by dynamic
light scattering (DLS). For a sample of 1 wt% total surfactant at a
ratio of ODPI : SDBS ¼ 3 : 7, the hydrodynamic diameter Dh

measured by DLS was 110 nm. This size was maintained over a
period of weeks, i.e., there was no aggregation or coalescence of
the vesicles. While DLS and visual observations are strongly
suggestive of vesicles, we resorted to the technique of cryo-
transmission electron microscopy (cryo-TEM) for denitive
evidence in this regard.44–46 Fig. 3a shows a representative cryo-
TEM image of the above ODPI–SDBS sample. The image indeed
conrms the presence of unilamellar vesicles in the sample,
which are each seen to have a distinct dark shell (bilayer)
enveloping their aqueous core.46 The vesicles range from 30 to
120 nm in diameter, which is broadly consistent with the DLS
measurement.
Fig. 3 Vesicle to micelle transition induced by UV light, as shown by visual observatio
Initially (before UV exposure), the sample shows a bluish tinge and high turbidity (Ph
and 120 nm are seen. (b) After 1 h of UV irradiation, the sample is transformed into
TEM, spherical micelles with a size around 3–5 nm are seen.

11578 | Soft Matter, 2013, 9, 11576–11584
Vesicle to micelle transition induced by light

We now discuss the effect of UV irradiation on the 1 wt%
ODPI : SDBS ¼ 3 : 7 sample. As shown in Photo 1 of Fig. 3, this
vesicular sample is initially turbid with a bluish tint and the Dh

from DLS was 110 nm. Upon UV irradiation, the sample grad-
ually loses its turbidity and becomes transparent and yellowish
(Photo 2 in Fig. 3). The loss of turbidity indicates a structural
transformation to much smaller structures.43 Aer 1 h of
UV irradiation, the Dh from DLS was found to be 8.2 nm. Such a
low value of Dh suggests that the vesicles must have been con-
verted into micelles.43 To conrm this aspect, we again resorted
to cryo-TEM. A representative cryo-TEM image of the irradiated
sample is shown in Fig. 3b and it indeed reveals the presence of
spherical micelles, which appear as black spots in the image.46

The size of these micelles is about 3 to 5 nm, which is much
smaller than the vesicles. Note the absence of any larger entities
in the photograph as well as the cryo-TEM image, which implies
that the irradiated sample is a homogeneous, single-phase
micellar solution.

The UV-induced vesicle-to-micelle transition in ODPI–SDBS
mixtures is readily explained based on the photochemistry of
ODPI. Diphenyliodonium salts like ODPI are known to undergo
photodissociation, whereby the molecule loses its positive
charge and generates a proton (indeed, ODPI is an example of a
“photoacid generator”).32,33 In the present case, the protons are
not responsible for the structural transition. All samples were
prepared in buffer solution and the measured pH of the sample
before and aer UV irradiation was almost the same at around
7.5. Also, ODPI–SDBS vesicles are stable and display identical
sizes over a wide range of pH (3–12). Rather than the protons,
it is the loss of positive charge on ODPI that explains the
UV-induced transition, as depicted in Fig. 4. Once ODPI disso-
ciates, the molecule becomes nonionic and hydrophobic, which
is shown as pink tails (without a head) in Fig. 4. In contrast, the
initial ODPI is a surfactant, shown as a pink tail with a blue
cationic head. This difference in molecular geometry impacts
the packing of the molecules within self-assembled structures.
ns and cryo-TEM images. The sample is a 1 wt%mixture of ODPI : SDBS¼ 3 : 7. (a)
oto 1). Under cryo-TEM, numerous unilamellar vesicles with diameters between 30
a transparent, yellowish solution that weakly scatters light (Photo 2). Under cryo-

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Mechanism for the UV-induced conversion of ODPI–SDBS vesicles to
micelles. Initially, ODPI is cationic and it pairs with the anionic SDBS, giving a
cylindrical geometry (p � 1) that leads to vesicles. UV irradiation transforms ODPI
into uncharged byproducts (pink tails). In this case, the lack of cationic species to
pair with the anionic heads of SDBS implies a net cone shape (p � 1/3), in turn
leading to spherical micelles. The pink tails are embedded in the hydrophobic
cores of these micelles.
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It is useful to invoke the concept of the critical packing
parameter in this context.1,2 This parameter p¼ atail/ahead, i.e., it
is a ratio of the average area of the tail region (atail) to the
average area of the head region (ahead). The head area (ahead)
includes the inuence of electrostatic charge, i.e., when the
head is charged, ahead will be large. Initially, when ODPI and
SDBS are mixed, the cationic heads of ODPI will bind with the
anionic heads of SDBS, creating ion-paired complexes.24,25

These complexes will have comparable atail and ahead and will
assume the overall shape of a cylinder (p � 1), as shown in
Fig. 4. This geometry favors the formation of bilayers and in
turn vesicles.1,2 (Note that the vesicles still have an excess of one
surfactant, which in turn imparts a net charge to the bilayer that
may help to stabilize the vesicles.) Upon UV irradiation, the loss
of charge on ODPI will leave only the anionic SDBS with a net
charge on its head, and this will mean a large ahead. Such a
molecule will take on a cone shape (p � 1/3), i.e., its head area
will far exceed its tail area (Fig. 4). This geometry favors the
formation of spherical micelles.1,2Note that the hydrophobic by-
products of ODPI photodissociation are expected to get
sequestered in the cores of SDBS micelles. That is why the
sample remains homogeneous aer UV irradiation.

In closing this section, we reiterate that our photoresponsive
vesicles are one of the simplest classes of light-sensitive
This journal is ª The Royal Society of Chemistry 2013
nanocontainers. The mixture of ODPI and SDBS, two well-
known commercially available compounds, results in sponta-
neous assembly into unilamellar vesicles, and light causes a
phase transition of these vesicles to spherical micelles. A note-
worthy aspect here is that both the initial and the irradiated
states are stable, homogeneous and well-dened. This is in
contrast to many previous light-responsive vesicle systems,
where light-induced complete disruption of the bilayer causes
the vesicles to aggregate or transform into an undened
precipitate.22,28,30
Vesicle-gels using ODPI–SDBS vesicles and hm-alginate

Next, in addition to light-triggered disruption of nanocontainers,
we investigated the use of our photoresponsive vesicles to design
photorheological (PR) uids, i.e., uids that undergo a signicant
change in their rheological properties upon exposure to light.36,37

For this, we created a “vesicle-gel” using ODPI–SDBS vesicles. A
vesicle-gel, as demonstrated by us and others, is obtained by
adding an associating polymer to a solution of vesicles.38–41 Asso-
ciating polymers are those with a hydrophilic backbone and
hydrophobes that are either attached at the chain ends or along
the chain backbone.47 When added to vesicles, the hydrophobes
on the polymer chains get embedded in vesicle bilayers, thus
bridging the vesicles into a three-dimensional network (see
Fig. 7a).40 The sample then becomes either gel-like (highly visco-
elastic, with a long, but nite relaxation time) or a true elastic gel
with an innite relaxation time.38–41

To gel the ODPI–SDBS vesicles, we synthesized a hydro-
phobic derivative of the biopolymer alginate using established
procedures (see Experimental section for details).48–50 The
resulting hydrophobically modied alginate (hm-alginate)
bears octyl (C8) groups along its backbone, as shown in Fig. 5a.
The degree of hydrophobic modication was determined to be
23% by NMR (see Fig. S2, ESI†). Note that hm-alginate has an
anionic character due to the residual carboxylate groups on the
polymer. The vesicles at a ratio of ODPI : SDBS ¼ 3 : 7 are also
anionic (since the anionic surfactant SDBS is in molar excess).

Fig. 5b describes vesicle-gel formation upon mixing non-
viscous solutions of the above ODPI–SDBS vesicles and hm-
alginate. As seen in Plot 1, a 3 wt% solution of the vesicles is a
Newtonian uid with a low viscosity around 2 mPa s. A 1 wt%
solution of hm-alginate also shows a viscous response,51 as
indicated by its dynamic rheological data in Plot 2. That is, the
elastic (G0) and viscous (G0 0) moduli are strong functions of
frequency u, with G00 > G0 over the frequency range. When 1 wt%
hm-alginate is combined with 3 wt% vesicles, the mixture is
instantly turned into a gel that holds its weight in the inverted
vial (Photo 3). Note that the vesicle-gel is bluish and cloudy,
similar to the vesicle sample (Photo 1). The gel shows a
predominantly elastic response in dynamic rheology (Plot 3):
i.e., G0 > G0 0 over the u range, and with both moduli showing a
weak dependence on u. Such a response is indicative of a gel-
like material comprising a transient physical network.51 The
same sample under steady-shear rheology shows a zero-shear
viscosity h0 around 400 Pa s (Fig. 6a). It also exhibits weak shear-
thickening beyond the Newtonian regime, which is oen
Soft Matter, 2013, 9, 11576–11584 | 11579
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Fig. 5 Vesicle gel formation by combining hm-alginate and ODPI–SDBS vesi-
cles. (a) Molecular structure of hm-alginate. (b) Photographs and rheological
data demonstrating the formation of a vesicle gel. A sample of 3 wt%
ODPI : SDBS ¼ 3 : 7 vesicles is initially a low-viscosity fluid (Photo 1) and shows
Newtonian behavior in steady-shear rheology (Plot 1). This is combined with a
1 wt% solution of hm-alginate (Photo 2), which is moderately viscous, as shown
by data from dynamic rheology (Plot 2). The mixture results in a vesicle gel that
holds its weight in the inverted vial (Photo 3) and shows an elastic response in
dynamic rheology (Plot 3). In plots 2 and 3, the elastic modulus G0 (filled circles)
and the viscous modulus G0 0 (unfilled triangles) are depicted as functions of the
angular frequency u.

Fig. 6 Gel-to-sol transition of the photoresponsive vesicle gel upon UV irradia-
tion. Data from steady-shear rheology (a) and dynamic rheology (b) are shown for
a vesicle gel obtained by mixing a 3 wt%ODPI : SDBS¼ 3 : 7 vesicles and a 1 wt%
hm-alginate solution. In (a) the apparent viscosity is shown as a function of shear
stress. In (b), the elastic modulus G0 (filled circles) and the viscous modulus G0 0

(unfilled triangles) are plotted against the angular frequency u. Before UV irra-
diation (blue symbols), both sets of data indicate gel-like behavior of the sample.
After UV irradiation, the sample is reduced to a thin fluid that exhibits purely
viscous, Newtonian behavior. This is corroborated by the photos shown in the
inset of (a).
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observed in solutions of associating polymers.47 When the shear
stress exceeds 5 Pa, a steep drop in viscosity is observed. This is
akin to a yield stress, i.e., the sample hardly ows at stresses
below this value, as seen in Photo 3.47,51
Vesicle-gel to sol transition induced by light

Next, we investigated the effect of UV irradiation on the above
vesicle-gel. Visual inspection revealed that the gel was turned
into a thin, freely-owing liquid (sol) when exposed to UV light.
A photograph of the UV-irradiated sample is shown in the inset
to Fig. 6a. The sample has the yellowish tinge previously
observed in Photo 2 of Fig. 3; note the contrast in both color and
ow properties with the initial vesicle-gel sample. These visual
observations are corroborated by data from steady-shear and
dynamic rheology. The steady-shear data (Fig. 6a) indicate that
the gel (h0 z 400 Pa s) is converted to a Newtonian sol with a
viscosity of 10 mPa s (i.e., a reduction by a factor of 40 000). The
data from dynamic rheology (Fig. 6b) conrm the viscous nature
of the irradiated sample, i.e., G00 > G0 with the moduli being
11580 | Soft Matter, 2013, 9, 11576–11584
strong functions of frequency. This is in contrast to the elastic
gel-like response of the sample prior to irradiation.

We attribute the light-induced gel-to-sol transition of the
above sample to the light-induced transformation of ODPI–
SDBS vesicles to micelles. The scenario is depicted in Fig. 7.
Initially, when the vesicles are mixed with hm-alginate, a
vesicle-gel is formed as shown in Fig. 7a. Here, the hydrophobes
on the polymer chains are inserted into vesicle bilayers and the
vesicles thus act as multi-functional crosslinks in a network
structure.40 As demonstrated by dynamic rheology, the bonds in
this network relax very slowly, and the sample thus exhibits
gel-like behavior with a yield stress.47 Upon UV irradiation, a
transition from vesicles to spherical micelles occurs. The
hydrophobes are now expected to be embedded (“solubilized”)
in the spherical micelles, as shown in Fig. 7b. Because micelles
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Mechanism for the UV-induced gel-to-sol transition. Initially, when ODPI–
SDBS vesicles and hm-alginate are combined, a vesicle gel is obtained, as shown in
(a). Here, the hm-alginate chains are depicted with a blue backbone and red
hydrophobic pendant groups. The hydrophobes embed in the bilayers of vesicles,
also shown in red, via hydrophobic interactions. The result is that the vesicles
becomes connected by the polymer chains into a network, which explains the gel-
like behavior. Upon UV irradiation, the vesicles are transformed into spherical
micelles (b). These micelles enclose and sequester the hydrophobes on the
polymer chains. As a result, the crosslinks in the network are eliminated and the
sample is converted to a sol.
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are much smaller than vesicles, they will typically enclose
individual hydrophobes, but will be isolated from other poly-
mer chains.47 Note also that spherical micelles are dynamic
structures that break and re-form frequently due to rapid
surfactant exchange,52 whereas vesicles are relatively static
structures due to a much slower rate of surfactant exchange.2 In
other words, micelles cannot serve as crosslinks in the same way
as vesicles.40 All in all, the transition from vesicles to micelles
eliminates the crosslinks that held the network in place. This
explains the gel-to-sol transition and thus the PR effect.

We have considered an alternate possibility for the
UV-induced PR effect, which is that reects the scission of
hm-alginate chains due to radicals generated by photodissoci-
ation of ODPI.32,33 To test this, we solubilized ODPI in micelles
of the nonionic surfactant Triton X100 and added it to solutions
of alginate and hm-alginate. No changes in viscosity were
observed in these solutions upon UV irradiation. (Note that if
ODPI was directly mixed with alginate, it formed a precipitate
due to the opposite charges on the two moieties.) Thus, the PR
changes cannot be attributed to the effect of radicals. This is
probably because the generated radicals are expected to be
hydrophobic, and would get buried in the interior of micelles
i.e., they would not directly interact with the polymer chains or
with the surfactant head groups.
This journal is ª The Royal Society of Chemistry 2013
We also studied the PR response for different concentrations
of hm-alginate and the vesicles. First, we xed the vesicles at
2 wt% and varied the hm-alginate concentration. Data are
shown in Fig. S3 (ESI†) for the low-shear viscosity h0 before and
aer UV irradiation. At low concentrations of hm-alginate
(�0.5 wt%), the sample is not gel-like because there are too few
polymer chains to connect the vesicles into a network.40 On the
other hand, at high concentrations of hm-alginate (>1.5 wt%),
there is very little difference in h0 before and aer irradiation.
This is because at high concentrations, hm-alginate can form a
gel-like network by itself through associations between its
hydrophobes, i.e., even in the absence of vesicles.48,49 Next, we
xed the hm-alginate at 1 wt% and varied the vesicle content.
Below 1 wt% vesicles, the samples are again not gels because
there are insufficient vesicles to connect the polymer chains into
a network.40 Gels do form for >1 wt% vesicles, and the viscosity h0
and yield stress of the gels increase with vesicle concentration
(Fig. S4, ESI†). Aer UV irradiation, these vesicle-gels become
non-viscous solutions regardless of the vesicle concentration.
Thus, in order to maximize the PR effect, it is better to use a
moderate concentration of hm-alginate (�1 wt%) and a high
concentration of ODPI–SDBS vesicles.

An attractive feature of these vesicle-gel-based PR uids is
that vesicles, i.e., nanocontainers, are present in the gel state
whereas these containers are disrupted and converted to
micelles in the sol state. Thus the light-induced gel-to-sol
transition can be combined with light-triggered release of
payloads encapsulated in the vesicles. Consequently, the
current uids may be envisioned as a type of photoresponsive
delivery system (e.g., an injectable gel) for drug delivery or
controlled release applications.41
Conclusions

We have described a simple class of photoresponsive vesicles
that transform into spherical micelles upon UV irradiation.
These are prepared by mixing two inexpensive and commer-
cially available surfactants, viz. the cationic ODPI and the
anionic SDBS. The oppositely charged head groups of ODPI and
SDBS bind to each other, resulting in cylinder-shaped pairs of
molecules, which spontaneously assemble into vesicles. When
these vesicles are irradiated by UV light, ODPI molecules lose
their positive charge and become hydrophobic. SDBS head
groups then no longer have a binding partner and so the
molecular geometry assumes a cone shape, which explains
the transition to spherical micelles. Using the above vesicles, we
have also demonstrated a photoresponsive vesicle-gel that is
converted to a sol by UV irradiation. The gel is created by
combining the associating biopolymer hm-alginate with the
ODPI–SDBS vesicles. hm-Alginate chains bind to the vesicles via
hydrophobic interactions between the hydrophobes and vesicle
bilayers; in turn, the vesicles become connected by polymer
chains into a network. Upon UV irradiation, the vesicles are
converted into micelles, and the resulting micelles envelop the
hydrophobes. In turn, the crosslinks holding the gel network
are eliminated and therefore the sample is converted to a sol.
Our vesicle-gel thus serves as a photorheological (PR) uid with
Soft Matter, 2013, 9, 11576–11584 | 11581
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a 40 000-fold reduction in sample viscosity due to light. Because
the gel-to-sol transition is accompanied by the disruption of
vesicles, the above gel could also be envisioned as an injectable
material for light-controlled delivery of drugs or other payloads.

Experimental section
Materials

p-(Octyloxyphenyl)phenyliodonium hexauoro-antimonate
(ODPI) was purchased from Gelest and sodium dodecylbenze-
nesulfonate (SDBS) was obtained from TCI. The nonionic
surfactant Triton X100 was purchased from Sigma Aldrich.
Sodium alginate (product number 4-00005) was purchased from
Carbomer, Inc. and the molecular weight was specied by the
manufacturer to be around 500 kDa. Disodium phosphate
(Na2HPO4) was purchased from J. T. Baker and was used to
make buffer solutions. All chemicals andmaterials were used as
received without further purication. Ultrapure deionized (DI)
water from a Millipore water purication system was used in
preparing samples.

Surface tension measurements

The surface tension of ODPI solutions in 50 mM Na2HPO4 at
different concentrations was measured by a Surface Tensiomat
21 (Fisher Scientic) using a platinum ring. Each solution was
measured three times.

Sample preparation

Stock solutions of ODPI and SDBS were prepared separately by
dissolving calculated amounts in 50 mM Na2HPO4 buffer at
room temperature for 24 h. Vesicle solutions were prepared by
mixing these stock solutions at the appropriate weight ratio.
The mixture was stirred overnight using a magnetic stir bar.
Sample vials were wrapped with aluminum foil to prevent
exposure to visible light. Vesicle-gel samples were prepared by
mixing appropriate amounts of a vesicle solution and an hm-
alginate solution, followed by vortex mixing.

hm-Alginate synthesis

hm-Alginate was synthesized by amidation of sodium algi-
nate as described previously.48–50 For the synthesis, the coupling
agent N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydro-
chlo-ride (EDC) and the hydrophobic compound n-octylamine
were purchased from Sigma Aldrich. 1.5 g of sodium alginate
was dissolved in 75 mL of DI water and the solution was stirred
overnight to obtain a homogeneous solution. To adjust the pH
to around 3, 30 mL of 0.1 M HCl was added dropwise and the
solution was further stirred for 2 h. 75 mL of methanol was
then added dropwise and the solution was again stirred for
2 h. Next, a solution of 0.4 g of the coupling agent EDC in 5 mL
DI water was added dropwise. 1.37 g of n-octylamine (corre-
sponding to 124 mol% of the repeating units of alginate) in
5 mL of methanol was then added slowly and the mixture was
stirred for 24 h under ambient conditions. During this stage,
hm-alginate is generated by reaction (see Fig. S2a, ESI†). The
product was precipitated by adding acetone and separated by
11582 | Soft Matter, 2013, 9, 11576–11584
vacuum ltration. This purication step was repeated 3 times.
The nal hm-alginate was recovered by vacuum drying at room
temperature. The hydrophobic modication degree was
determined by 1H NMR as described previously.48 1H NMR
spectra were taken on a Bruker AVANCE 500 MHz spectrom-
eter. Spectra were referenced to the 3-trimethylsilypropionic
acid sodium salt-d4. The calculated degree of hydrophobic
modication was 23 mol% (see Fig. S2c, ESI†).

Sample response before and aer UV irradiation

Samples were irradiated with UV light from an Oriel 200 W
mercury arc lamp. A dichroic beam turner with a mirror
reectance range of 280 to 400 nm was used to access the UV
range of the emitted light. A lter for below 400 nm light was
used to eliminate the undesired visible wavelengths.
Samples (2.5 mL) were placed in a Petri dish of 60 mm
diameter with a quartz cover, and irradiation was done for a
specic duration under mild stirring with a magnetic stir-
ring bar.

Dynamic light scattering (DLS)

Solutions were studied at 25 �C using a Photocor-FC instrument
equipped with a 5 mW laser source at 633 nm. The scattering
angle was 90�. The autocorrelation function was measured
using a logarithmic correlator and this was analyzed by the
Dynals soware package to yield the average hydrodynamic
radius.

Rheological studies

Steady and dynamic rheological experiments were per-
formed on an AR2000 stress controlled rheometer (TA
Instruments). Samples were run at 25 �C on a cone-and-plate
geometry (40 mm diameter, 2� cone angle). Dynamic exper-
iments were performed in the linear viscoelastic range of the
respective samples.

Cryo-TEM

Specimens were prepared in a controlled environment
vitrication system (CEVS) at 25 �C and 100% relative
humidity.44,45 A drop of the sample was placed on a TEM grid
covered with a perforated carbon lm and blotted with a
lter paper to form a thin lm on the grid. The blotted
sample was allowed to stand in the CEVS for 10–30 s to relax
from the shear caused by blotting. The relaxed samples were
then plunged into liquid ethane at its freezing temperature
(�183 �C) to form vitried specimens, which were then
stored at �196 �C in liquid nitrogen until examination.
Specimens were examined in a Tecnai T12 G2 TEM (FEI) at
an accelerating voltage of 120 kV. Samples were placed in an
Gatan cryo-specimen holder that maintained the samples
below �175 �C. Imaging was done in the low-dose mode to
minimize electron-beam radiation damage. Images were
recorded digitally at nominal magnications up to 46 000�
on a cooled UltraScan 1000 Gatan camera, using the
DigitalMicrograph.
This journal is ª The Royal Society of Chemistry 2013
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Figure S2. (a) Reaction scheme for synthesis of hm-alginate. This involves amidation of
sodium alginate with n-octylamine using the coupling agent EDC. 1H NMR spectra of
alginate (b) and hm-alginate (c). From the peaks of anomeric protons, the G content of
alginate was calculated to be 51.2%.1 The 1H NMR spectrum of hm-alginate shows
additional peaks (0.8 ~ 3.3 ppm, 4.9 ppm) which indicate the successful modification of
alginate with octyl groups. From the ratio of methyl protons to anomeric protons, the
degree of modification was obtained to be 23%.2
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Figure S3. Rheology of vesicle gels before and after UV irradiation: Effect of altering the
hm-alginate concentration at a constant ODPI/SDBS vesicle concentration of 2 wt%. (a)
Representative steady-shear rheology data for samples before (closed circles) and after
45 min of UV irradiation (open circles): 2 wt% hm-alginate (green symbols); 0.5 wt% hm-
alginate (blue symbols). (b) From the steady rheology data, the zero-shear viscosity 0 is
plotted against the hm-alginate concentration: before UV irradiation (closed red circles);
after 45 min of UV irradiation (open red circles).
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Figure S4. Rheology of vesicle gels before and after UV irradiation: Effect of altering the
ODPI/SDBS vesicle concentration at a fixed hm-alginate concentration of 1 wt%. (a)
Steady-shear rheology data for samples before (closed circles) and after 45 min of UV
irradiation (open circles) for vesicle concentrations of 1 wt% (blue symbols), 2 wt% (red),
3 wt% (greeen) and 4 wt% (cyan). (b) From the steady-shear data, the zero-shear
viscosity 0 and the apparent yield stress (point of sharp drop in viscosity) are plotted
against the vesicle concentration: 0 before UV irradiation (closed blue circles); yield
stress before UV irradiation (closed green circles); 0 after 45 min of UV irradiation (open
blue circles).
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