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Vesicles are self-assembled nanocontainers (size ~100 nm) in which solutes such as drugs can be encap-
sulated. There is great interest in triggering vesicle—micelle transitions (VMTs) because such transitions
will result in the release of encapsulated solute. Here, we focus on reactive oxygen species (ROS) as a
trigger for VMTs. ROS arise in our body within cells, and ROS levels are known to be high near a tumor.
Thus, ROS-responsive vesicles are of interest. We make such vesicles by combining the cationic amphi-
phile (4-phenylthiophenyl)diphenyl-sulfonium triflate (PDST), and the anionic surfactant sodium dodecyl-
benzene sulfonate (SDBS). By simply mixing these two commercially available molecules in water, we
prepare ‘catanionic’ vesicles in an easy, low-cost, and scalable way. When exposed to ROS such as hydro-
gen peroxide (H,0,), the thioether in the PDST tail gets oxidized to a hydrophilic sulfoxide. As a result, the
vesicles are transformed into spherical or short, cylindrical micelles. Evidence for the VMT comes from
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turbidity, light scattering, and cryo-TEM measurements. The same vesicles are also sensitive to other
stimuli, specifically light and temperature: i.e., a VMT can also be induced by irradiation with UV light or
heating above a critical temperature. We explain the origin of the VMT in each case based on changes in
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Introduction

The self-assembly of amphiphilic molecules (surfactants and
lipids) in water can lead to different nanoscale structures."?
This paper is concerned with two such nanostructures, viz.
vesicles and micelles (Fig. 1). Vesicles have sizes ~100 nm with
an aqueous core surrounded by a bilayer of the amphiphiles
(~5 nm thick). Micelles, specifically spherical micelles, have
sizes ~5 nm and have a hydrophobic core. Amphiphiles that
form vesicles generally have a cylindrical geometry (Fig. 1A).">
The hydrophilic heads of the amphiphiles are in contact with
water on either side of the bilayer, whereas the hydrophobic
tails are all pointed towards the center of the bilayer. On the
other hand, amphiphiles that form spherical micelles have a
cone-shaped geometry (Fig. 1B)."> Their tails are directed
towards the center of the micelle, which is why the micelle
core is hydrophobic. The focus of this paper is on spontaneous
vesicle-micelle transitions (VMTs). Vesicles can encapsulate
solutes such as drugs, cosmetic agents, or agrochemicals in
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the driving forces for amphiphile assembly.

their aqueous core.”™ If vesicles are converted to micelles, the
solutes in their cores will be released in a burst. This ability to
switch on the release of solute is why researchers are inter-
ested in VMTs.

Historically, VMTs have been shown to be induced by
stimuli such as pH,*® temperature,”® and light."”*'* The
underlying idea has been to use these stimuli to alter the geo-
metry of the surfactant. If the surfactant is initially shaped like a
cylinder and a stimulus changes this shape to a cone, then the
surfactants will spontaneously rearrange from vesicles to
micelles (see the schematics in Fig. 1)."* The focus of this paper
is on an additional stimulus that is gaining importance, which
is reactive oxygen species (ROS).">™'® ROS are species that
contain oxygen in a reactive form and include the hydroxyl
radical ("OH), superoxide (0,7), and singlet oxygen (*0,). In
living organisms, ROS are routinely generated at low levels in all
cells. They mediate physiological processes including the path-
ways for cell-survival and cell-death (apoptosis).">'® Increased
levels of ROS are often observed locally in tumor microenviron-
ments compared to normal tissues. Consequently, materials
that respond to ROS could be useful for targeting tumors and
thereby for cancer treatment.'”'® In the lab, ROS can be gener-
ated in solution by chemicals such as hydrogen peroxide (H,0,)
or by irradiation of photosensitizers.

How to create ROS-responsive vesicles? To make molecules
or structures responsive to ROS, researchers have exploited

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Concept behind this study: vesicle—micelle transitions (VMTs) induced by ROS, heat, and light. The cationic amphiphile PDST and the anionic
surfactant SDBS are combined to produce the vesicles. Each molecule has a cone-like geometry, but their mixtures are cylinder-shaped (due to
electrostatic binding of their heads). Self-assembly leads to “catanionic” vesicles with sizes ~100 nm (A). Each vesicle has a 5 nm-thick bilayer mem-
brane enclosing an aqueous core. When contacted with ROS, the vesicles undergo a VMT (B). The resulting micelles are ~5 nm in size and have a
hydrophobic core. AVMT can also be induced by heat as well as irradiation with UV light.

functional groups such as thioether, thioketal, and arylboronic
ester, or heavy elements such as selenium and tellurium."”>*
For example, in a recent study, Guo et al.>> synthesized a sel-
enium-bearing surfactant and used it to form vesicles. They
were then able to induce a VMT upon contact with ROS. Only a
few other articles have been published on ROS-responsive vesi-
cles and all of them have custom-synthesized a surfactant,
polymer, or porphyrin derivative.'”>* Such synthesis requires
complex procedures and rigorous knowledge of organic chem-
istry. Instead, is it possible to create ROS-responsive vesicles in
a simpler way using just molecules that are commercially avail-
able and quite inexpensive? That is the motivation behind this
study.

Here, we combine two commercially available amphiphiles
and show that they form vesicles that are responsive to ROS.
The two molecules are the cationic amphiphile (4-phenylthio-
phenyl)diphenyl-sulfonium triflate (PDST) and the anionic sur-
factant sodium dodecyl benzene sulfonate (SDBS). PDST is
used as a photoinitiator for some polymerizations of mono-
mers (e.g., with epoxy or vinyl ether groups) induced by ultra-
violet (UV) light.”> We noted from the structure of PDST
(Fig. 1) that it is amphiphilic, i.e., that there is a distinct separ-
ation of its hydrophilic (sulfonium) head and hydrophobic
part (connected aromatic rings). However, to our knowledge,
PDST has not been employed in any studies as an amphiphile.
On the other hand, SDBS is a common surfactant used in
cleaning products and it also has been the subject of numer-
ous academic studies.>*”>® Our rationale in selecting PDST was
that it has a thioether (sulfide) group, which is one of the most
studied groups for ROS-sensitivity. We therefore hypothesized
that, if vesicles could be formed from PDST, they would be
responsive to ROS.

PDST and SDBS, being single-tailed amphiphiles, do not
form vesicles on their own—they either remain insoluble or
form micelles. To obtain vesicles, we exploit the idea that mix-
tures of single-tailed cationic and anionic amphiphiles can
assemble into ‘catanionic vesicles’ when combined in certain
ratios.>®>® While PDST and SDBS each have a cone shape,
their combinations (e.g., 20/80 PDST/SDBS) can have a net

This journal is © The Royal Society of Chemistry 2024

cylindrical shape (Fig. 1) due to binding of the oppositely
charged heads. The cylindrical shape leads to unilamellar vesi-
cles, which are extremely stable for long times. We further
show that these vesicles are indeed responsive to ROS (via
H,0,)—they get transformed into small micelles (Fig. 1). The
mechanism for this VMT is that the thioether in the PDST tail
gets oxidized to a hydrophilic sulfoxide or sulfone; thus, the
tail is no longer hydrophobic and PDST loses its amphiphili-
city. Interestingly, the above vesicles are also responsive to
light and temperature—i.e., a VMT can also be induced by
irradiation with UV light or heating above a critical tempera-
ture. We will explain the origin of the VMT in each case based
on changes in the driving forces for amphiphiles to assemble
into nanostructures.

Results and discussion
Phase behavior of PDST-SDBS mixtures

We first assess the phases present in mixtures of PDST and
SDBS at a total concentration of 1% by weight (Fig. 2). All
samples are made in a phosphate buffer so that a stable pH of
7.4 is maintained. Photos of samples at different weight ratios
of PDST : SDBS are shown in Fig. 2A. Samples from 1:9t0 5:5
are bluish (turbid), which is indicative of light scattering from
colloidal structures present (Tyndall effect).”*® Above the 5:5
ratio, the samples are phase-separated: a white precipitate can
be seen at the bottom of the vials and this coexists with a clear
supernatant. The phase-separation occurs because PDST is a
rather hydrophobic molecule (Fig. 1). PDST does not dissolve
in water and it is not expected to form micelles on its own (for
this reason, it is better to term PDST a ‘hydrotrope’*°? rather
than a ‘surfactant’). However, when PDST is added to water
along with a surfactant like SDBS (with the SDBS fraction
being 50% or greater), it does dissolve.>* This is why we see a
single-phase up to 5: 5 in Fig. 2A.

The bluish appearance of PDST : SDBS samples from 1:9 to
5:5 provides an initial indication for the presence of vesicles
with sizes around 100 nm in these samples. We used Dynamic
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Fig. 2 PDST-SDBS vesicles and their characterization. (A) Vial photos of 1% PDST—SDBS in phosphate buffer show that vesicles (bluish samples)
form between 1:9 and 5:5 PDST: SDBS weight ratios. At higher PDST, phase separation occurs. (B) Size distributions from DLS give diameters
around 120 to 150 nm for the vesicles. (C) The {-potential of the vesicles is plotted vs. the fraction of anionic SDBS.

Light Scattering (DLS) to characterize these samples and the
results are shown in Fig. 2B as size distributions for the hydro-
dynamic diameter Dy,. The 1:9 and 2 : 8 samples both show a
single peak in D with a low polydispersity (spread). The
average Dy, is 145 nm for the 1:9 sample and 120 nm for the
2: 8 sample. Such Dy, values are typical of spherical unilamel-
lar vesicles, and their presence is further confirmed by cryo-
TEM (see Fig. 4 below). The 3:7 sample, on the other hand,
shows a bimodal Dy, distribution with peaks around 100 and
450 nm. Such a broad Dy, distribution was also seen with the
4:6 and 5:5 samples (data not shown). Thus, the high-SDBS
samples contain polydisperse vesicles.

Fig. 2C shows the zeta potentials { of these vesicles as a
function of their SDBS content. The vesicles are strongly
anionic (|| > 50 mV), and the magnitude of { increases as
their SDBS content increases. Note that PDST has a cationic
headgroup while SDBS has an anionic headgroup. When we
account for their molecular weights, a 4:6 weight ratio of
PDST : SDBS corresponds to a molar ratio around 1:2, ie.,
there are twice as many SDBS molecules for every PDST. Thus,
even a 4:6 sample is expected to be strongly anionic, consist-
ent with the experimental findings.

For the rest of our studies, we focus on the PDST :SDBS
vesicles at the 1:9 and 2: 8 ratios (with the total PDST + SDBS
=1 wt%). These are the samples that exhibit low polydispersi-
ties in their sizes. We further analyzed these samples over a
period of six months at room temperature and found that both
the average vesicle size and the optical density remain stable
over this time. Such long-term stability is rare for vesicles
made from lipids (i.e., liposomes), which tend to destabilize
unless they are maintained at a low temperature (e.g., 4 °C).?

16944 | Nanoscale, 2024, 16, 16942-16951

However, excellent stability over time has been reported for cat-
34735 These are even referred to as ‘equilibrium
vesicles’,** implying that the vesicle state is thermodynamically
favored in these mixtures. We believe the PDST-SDBS system
falls in this category. As shown by the schematics in Fig. 1C
(see also Fig. 6 later), we believe PDST and SDBS molecules
will bind due to their opposite charge, thereby giving rise to a
cylinder-like geometry for each pair. Note that the tail area of
PDST is larger than for a single-tailed surfactant. However, to
compensate for this, there is an excess of SDBS at the compo-
sitions that give rise to vesicles. Thus, overall, the mixture
adopts the geometry needed for forming vesicles.

anionic vesicles.

VMT induced by ROS

We now discuss the effect of ROS on PDST-SDBS vesicles. The
thioether group in the tail of PDST is expected to be oxidized
to hydrophilic sulfone or sulfoxide by ROS.">*® A simple way
to generate ROS in the lab is by using hydrogen peroxide
(H,0,). We added H,0, at different concentrations to vesicle
samples at room temperature and monitored the samples both
visually and by UV-Vis spectroscopy. Fig. 3A shows photos of
1:9 PDST:SDBS vesicles taken immediately after H,O,
addition. As the H,0, concentration is increased, the turbidity
(bluish tinge) decreases, and beyond 6% H,0,, the sample
turns colorless and clear. This is indicative of a VMT: when
vesicles (~100 nm) are transformed into micelles (~5 nm), the
smaller structures will scatter light to a much lower extent,
which is why the sample appears clear.”*® To quantify the tur-
bidity change, we measured the optical density (OD) at a wave-
length of 500 nm by UV-Vis spectroscopy. Fig. 3B plots the OD
of the 1:9 and 2:8 PDST-SDBS samples as a function of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 ROS-induced VMT in PDST-SDBS samples. (A) Photos of a 1: 9 PDST-SDBS vesicle sample at various H,O, concentrations. The sample
turns from turbid to clear, indicating a VMT. (B) Optical density (OD, a measure of turbidity) as a function of H,O, for 1:9 and 2: 8 PDST : SDBS mix-
tures. In both cases, the turbidity decreases to zero, indicating VMTs. Photos of the end-points confirm the turbidity changes.

added H,0, (all measurements were taken right after H,O,
addition). A sigmoidal decay in OD with H,O, is seen for both
samples. The 1 :9 sample becomes clear (OD ~ 0) at 6% H,O, (see
Photos B1 vs. B3), while the 2:8 sample requires a higher H,0,
concentration of 14% to become clear (see Photos B2 vs. B4).

We then used cryo-TEM to confirm the VMT.'*?*’ Fig. 4A
and B show cryo-TEM micrographs of the 1:9 and 2:8
samples before and after addition of 15% H,O,. Initially, the
1:9 sample (Image A1) shows unilamellar vesicles with sizes
ranging from 100 to 200 nm. These sizes are consistent with
the DLS data in Fig. 2B. The 2:8 sample (Image B1) also has
mostly unilamellar vesicles, along with some bilamellar vesi-
cles (i.e., vesicles with two concentric bilayers). Both samples

(A) 1:9 PDST: SDBS

were bluish at the outset, but upon exposure to H,O,, the
samples became clear. Analysis of these clear samples by cryo-
TEM confirms that vesicles are no longer present. In the case
of the 1:9 sample, the final structures are small spherical or
cylindrical micelles (dark dots or small lines in Image A2)."**”
In the case of the 2:8 sample, grey dots corresponding to
spherical micelles are seen (Image B2). Micelle sizes are all
around ~5 to 10 nm, which are much smaller than the sizes of
vesicles in Images A1 and B1. Thus, consistent with our expec-
tations, we find evidence from cryo-TEM of a VMT induced by
exposure to ROS.

Next, we studied the kinetics of the ROS-induced VMT at
different H,0, concentrations (Fig. 5). Previously, for the data

(B) 2:8 PDST: SDBS

Fig. 4 Cryo-TEM images confirming the ROS-induced VMT. The images are of (A) 1:9 and (B) 2:8 PDST: SDBS samples before and after the
addition of 15% H,O,. Images Al and B1 show that the initial samples mostly contain unilamellar vesicles with sizes of 100—200 nm. Images A2 and
B2 show no vesicles and instead the presence of small spherical or cylindrical micelles (~5-10 nm). Thus, the images confirm that ROS from H,0,

induce a VMT. Scale bars: 100 nm.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Kinetics of ROS-induced VMT. Optical density (OD) vs. time plots
for (A) 1:9 PDST:SDBS and (B) 2: 8 PDST:SDBS at different concen-
trations of H,O,.

in Fig. 3, we had measured the OD (turbidity) right after
adding H,0, (¢t = 0) However, for a given H,0, addition, the
turbidity changes over time ¢, which is now our focus. Turning
first to the 1:9 sample (Fig. 5A), a plot of the OD vs. ¢ is shown
for 2% H,0,. The OD at ¢ = 0 (right after addition) is lower
than that of the baseline (0% H,0,)—i.e., the H,O, has an
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immediate effect, albeit small. But as time progresses, the OD
curve shows a sigmoidal decay down to an OD ~ 0 in about
3 h. This means that just 2% H,O, is enough to completely
convert vesicles into micelles in this sample over 3 h. Next, the
kinetics are shown for the 2:8 sample (Fig. 5B). In this case,
with 2% H,0,, there is a small initial drop in OD but no
further change. However, with 5% H,0,, we see a sigmoidal
curve similar to that in Fig. 5A and the OD drops to ~0 in
~60 min. Increasing the H,0, to 7.5% causes an immediate
large decrease in OD and then a steep drop to OD ~ 0 in
20 min.

Based on the above results, we can outline a mechanism for
the ROS-induced VMT in PDST-SDBS mixtures. For this, we
invoke the critical packing parameter (CPP) for molecular self-
assembly. The CPP = ag,;/ang is the ratio of the tail area (@)
to the effective area of the head group (ang) in the
amphiphile."”” Note that an, includes contributions from
electrostatic and/or steric repulsions. A CPP ~ 1/3 implies that
the geometry of the amphiphile favors spherical micelles,
whereas a CPP ~ 1/2 implies cylindrical micelles and a CPP ~
1 results in vesicles or bilayers."” Fig. 6A shows the CPP values
expected for PDST and SDBS as well as their mixtures. As was
already noted under Fig. 1, we expect PDST to be a cone-
shaped molecule (CPP ~ 1/3) due to its cationic head.
Likewise, SDBS is also cone-shaped (CPP ~ 1/3) due to its
anionic head. Note that the PDST tail of aromatic rings is very
hydrophobic: the sulfur (S) in the tail (thioether functionality)
is not bonded to other electronegative atoms. Because of its
hydrophobic tail, PDST is insoluble in water (or buffer) at
room temperature (see photo in Fig. 6A where PDST particles
are seen to be suspended in the water). However, PDST does
get solubilized in the presence of SDBS. When PDST and SDBS
are combined, the molecules will pair up as shown in Fig. 6A
—this will be mainly driven by the electrostatic affinity
between the oppositely charged heads. A secondary interaction

(B) On adding ROS: Micelles

+
PDST tail is partially o__, Solibiohn

hydrophilic
C; s o
sulfoxide

SDBS
oo \ Hydrophilic
i : PDST is
) ! ! outside in

PDST is : ! g}p \solution
no longer I ! E>
an amphiphile E ' %

| GPP = =BES

1 3, micelles

Fig. 6 Mechanism for the ROS-induced VMT. (A) Initially, PDST and SDBS, each of which are cone-shaped (CPP ~ 1/3) pair up to give a cylinder-
shaped amphiphile, which forms vesicles. PDST on its own is insoluble in water, as shown by the photo. (B) ROS (H,O;) convert the thioether in the
PDST tail to hydrophilic sulfoxide, and PDST hence becomes soluble. However, it is no longer an amphiphile and will simply exist as unimers in solu-
tion. This leaves SDBS to form micelles. The net result is a VMT, i.e., a transition from PDST—-SDBS vesicles to SDBS micelles.
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could arise from n-m stacking of the aromatic rings in the
PDST and SDBS tails.*® All in all, the net amphiphile will have
a cylinder-like geometry with CPP ~ 1 (i.e., @i & @ng), Wwhich
will lead to ‘catanionic’ vesicles.>* % Incidentally, a similar for-
mation of vesicles by combining a cationic hydrotrope (ben-
zylamine hydrochloride) and SDBS has been reported
previously.*®

Upon exposure to ROS, the thioether in the PDST tail gets
oxidized to a hydrophilic sulfoxide (Fig. 6B). The presence of a
hydrophilic group in the middle of the tail means that the
PDST molecule will no longer have a distinct demarcation of
hydrophilic (head) and hydrophobic (tail) regions. In other
words, PDST will no longer be an amphiphile. Evidence that
PDST is converted to a hydrophilic form by ROS comes from
solubility studies: whereas PDST is initially insoluble in water
(Fig. 64), it is found to be completely soluble in 10% H,O,
(note the clear solution in the vial in Fig. 6B, compared to the
turbid suspension in Fig. 6A). With regard to self-assembly,
the non-amphiphilic PDST will no longer be able to assemble
together with the SDBS—it will simply remain as discrete
unimers in the aqueous solution. This leaves behind SDBS
molecules (CPP ~ 1/3), which will then form micelles (Fig. 6B).
Thereby, we can explain why we observe a VMT due to ROS.

Further proof for the above mechanism comes from the
experiments in Fig. 7. Here, we show that the ROS-induced
VMT can be reversed by a reducing agent such as hydrazine.
Hydrazine is known for its ability to reduce sulfoxides back to
thioethers."™'® For these experiments, we first made 1:9 and
2: 8 PDST : SDBS vesicles, then converted them to micelles by
adding 15% H,0, (and allowing sufficient time for the
thioethers to completely convert to sulfoxides). With the
samples as clear micellar solutions (OD ~ 0) as the starting
point, we added hydrazine at different concentrations. Fig. 7
shows that the OD increases in a sigmoidal fashion for both
samples until it reaches a plateau. Correspondingly, the
samples revert from clear to bluish, indicating that the
micelles have been converted back to vesicles due to the
reduction of sulfoxides in the PDST tail back to thioethers (see

06
r2:8 PDST:SDBS 90— 0@
> C
2 04
= n
S C
3 - ; :
S ool 1:9 PDST:SDBS
o L
o) C
0.0@

00 02 04 06 08 1.0

Hydrazine Conc. (wt%)

Fig. 7 Reversal of VMT by a reducing agent. First, 1:9 and 2:8
PDST : SDBS vesicles are converted to micelles by adding 15% H,0, and
incubating for 2 days. Then the reducing agent, hydrazine is added at
different concentrations and the optical density (OD) is measured. OD
increases in a sigmoidal fashion, reflecting the re-formation of vesicles.
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structures in Fig. 6). The plateau in the OD indicates that this
reduction proceeds to completion.

VMT induced by UV light

PDST finds use as a photoinitiator and thus is known to be
sensitive to UV light.*®?° The scheme in Fig. 8A shows that UV
light photolyzes PDST into hydrophobic products and triflic
acid. In turn, while the intact PDST has amphiphilic character,
the products of UV photolysis will not have any capacity to
self-assemble, whether into micelles or vesicles. We proceeded
to examine if a VMT could be induced by irradiating the
sample with UV light. Fig. 8B shows the results of UV
irradiation on the OD of the 1:9 and 2:8 PDST:SDBS
samples. Both samples are initially bluish (high OD), indica-
tive of vesicles. Within 20 min of broadband UV irradiation
(280-400 nm), the 1:9 sample becomes nearly clear (OD ~ 0).
Likewise, the 2 : 8 sample also transforms into clear over 2 h of
such UV irradiation.

Taking a closer look at the mechanism, once PDST is photo-
lyzed, there is no amphiphile to complex with the anionic
SDBS and form catanionic vesicles. Thus, the SDBS will simply
form micelles on its own (as was the case earlier in Fig. 6B)
and the net result will be a VMT. Note that the photolysis is a

(A) PDST cleavage by UV light

+ F,CcS0O,

e
J

PDST

UV light

OO+ O 4 FCsoy H
%{—/

Hydrophobic by-products Acid

(B) VMT induced by UV light

Vesicles

PDST cleavage
products go into
micellar core

Optical Density

100

150 200 250

UV Irradiation Time (min)

Fig. 8 Light-induced VMT in PDST—SDBS samples. (A) UV light cleaves
PDST into hydrophobic by-products and acid. Thus, PDST is no longer
an amphiphile after this cleavage. (B) Optical density (OD) vs. UV
irradiation time for 1: 9 and 2 : 8 PDST : SDBS vesicles. The OD decays to
zero, indicating a UV-induced VMT.
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one-way transition and cannot be reversed by light at a
different wavelength. The hydrophobic products of the photo-
lysis are expected to be solubilized in the oily core of SDBS
micelles. Alternatively, these molecules may get emulsified,
i.e., exist as oily droplets that are stabilized by the SDBS. (The
existence of such droplets may explain why the OD remains
around 0.1 in the final state, rather than drop to zero.) Note
also that the generation of acid does not alter the pH of the
samples because they are prepared in phosphate buffer; thus,
the pH remains constant at 7.4 before and after the UV
irradiation.

VMT induced by heat

In addition to ROS and UV light, we have found that PDST-
SDBS vesicles are also sensitive to temperature. Specifically, we
report the effect of temperature 7 on the 1:9 and 2:8
PDST : SDBS samples in Fig. 9. Upon heating, the initial bluish
samples both transform into clear solutions and in turn, the
plots of OD vs. T show a sigmoidal decay to zero. These results
imply a VMT in both samples as they are heated. The critical
temperature 7. at which OD reaches zero is 38 °C for the 1:9
sample and 62 °C for the 2:8 sample. Subsequently, when
cooled back to room temperature, the samples revert to their
initial bluish state, indicating that the VMT is thermo-
reversible.

To elucidate the mechanism for this VMT, we must discuss
the effect of heating on the solubility of PDST in buffer. We
find a similar pattern to how the solubility was influenced by
ROS in Fig. 6. That is, while PDST is insoluble in buffer at low
T (25 °C), it completely dissolves at high T (>60 °C). As PDST
becomes more soluble, its interaction with the anionic SDBS
seems to become weaker. This suggests that PDST binds to
SDBS partly via n-n stacking of the aromatic rings in their two
tails.*”*" Such aromatic interactions are well-known and can
be sensitive to temperature."’ Thus, our hypothesis is that

Vesicles

1.0 |

0.8 Hydrophilic
> T F 2:8 PDST: 5331): in
@\ C
S 06 SDBS
o =
E =
© 0.4 —
= L
O o2 1:9 PDST:

SDBS )
Micelles
0.0 [y Lol [

30 40 50 60 70 80

Temperature (°C)

Fig. 9 Heat-induced VMT in PDST-SDBS samples. Optical density (OD)
vs. temperature for 1: 9 and 2 : 8 PDST : SDBS vesicles. The OD decays to
zero, indicating a VMT upon heating. The effect is reversible and the
micelles revert to vesicles when cooled.
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PDST unbinds from SDBS and thereby leaves the vesicle
bilayers when heated beyond the critical temperature 7. PDST
will then simply remain as discrete molecules in solution, co-
existing with SDBS micelles, as depicted in Fig. 9.

Dye release studies

Finally, the utility of VMTs is demonstrated through solute
release studies. We selected a well-studied cationic dye,
Rhodamine 6G,** as a model solute. 1 mM of this dye was
added to an SDBS-containing buffer solution, followed by the
addition of PDST to form 2:8 PDST: SDBS vesicles. The cat-
ionic dye binds to the anionic SDBS molecules in the vesicle
bilayers.*>** The vesicles were then placed in dialysis bags
with a 100 kDa cutoff. We placed one bag at 25 °C and the
other at 60 °C. The rationale behind this experiment was that
the vesicles undergo a heat-induced VMT, as shown by Fig. 9.
So, this allows us to probe the release of solute in the vesicle
state vs. the micelle state.

Fig. 10 plots the cumulative dye release (as a percentage of
the total) vs. time ¢ at the two temperatures. At 25 °C, only 5%
of the dye is released from the dialysis bag over 18 h. This neg-

Release |

Dialys i i
ialysis into solution |

bag

100 T
2:8 PDST:SDBS at
60°C (micelles)

80
60

40

2:8 PDST:SDBS at
25°C (vesicles)

Solute Release (%)

20

024681012/‘5“141618

Time (h) |
At 25°C: Vesicles

No release
into solution

Fig. 10 Switching on the release of solutes by exploiting a VMT.
Cumulative release of the solute (a cationic dye) vs. time from dialysis
bags containing 1% of 2: 8 PDST—-SDBS mixtures at 25 °C and 60 °C. At
25 °C, the dye is bound to vesicles, which are too large to pass through
the bag. At 60 °C, a VMT occurs, i.e., the vesicles transform into micelles
(with bound dye), which leak out of the bag.
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ligible release is because the dye remains electrostatically
bound to the vesicles, which are too large (~100 nm) to pass
through the dialysis membrane, as indicated by the schematic.
Conversely, at 60 °C, 95% of the dye is released from the dialy-
sis bag over the same 18 h period. In this case, the VMT has
occurred, and so the sample contains micelles of about 5 nm
size. These are small enough to escape out of the pores in the
dialysis membrane. The results prove that vesicles can keep
solutes encapsulated for extended periods, while rapid release
can be triggered by a transition to the micelle state, i.e., by a VMT.
These findings show how a VMT could be exploited for the
delivery of solutes such as drugs, agrochemicals or cosmetics.

Conclusions

In this work, we have designed vesicles that are sensitive to
ROS (and additionally to light and heat). Key points from our
study are:

1. Simple formulation: The vesicles are created by combin-
ing a commercially available cationic photoinitiator PDST with
the anionic surfactant SDBS. The binding of their ionic head-
groups leads to catanionic vesicles. Stable vesicles are obtained
at PDST : SDBS ratios of 1: 9 and 2: 8.

2. Sensitivity to ROS: When exposed to ROS (H,0,), the
thioether in the PDST tail is oxidized to a sulfoxide. In turn,
the originally hydrophobic tail becomes partially hydrophilic
and thus PDST ceases to be an amphiphile. The PDST then
unbinds from the SDBS, leaving the SDBS to form small
micelles. Thus, a vesicle to micelle transition (VMT) ensues in
response to ROS. This can be reversed by a reducing agent.

3. Sensitivity to light and heat: A VMT is also observed
when the sample is irradiated with UV light. In this case, the
PDST is cleaved by UV to hydrophobic byproducts—thus, it
again stops behaving as an amphiphile. A VMT also arises
when the sample is heated. In this case, heat increases the
solubility of PDST in water, which may allow it to unbind from
the SDBS. This transition is reversible, ie., the vesicles revert
to micelles upon cooling.

4. Utility and outlook: Overall, ‘smart’ vesicles that respond
to stimuli could be exploited for the delivery of solutes in
many practical applications. We have shown how a VMT could
enable the release of payloads to be triggered.

Experimental section

Materials

(4-Phenylthiophenyl)diphenylsulfonium triflate (PDST), cetyl
trimethylammonium tosylate (CTAT), hydrogen peroxide
(30 wt% in water), and hydrazine hydrate (50-60%) were pur-
chased from Sigma-Aldrich. p-Octyloxydiphenyliodonium hexa-
fluoroantimonate (ODPI) was from Gelest. Sodium dodecyl
benzenesulfonate (SDBS) was from TCI and glacial acetic acid
from Fisher Chemical. Sodium phosphate dibasic heptahy-
drate and sodium phosphate monobasic monohydrate were
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used to prepare phosphate buffer solutions and were pur-
chased from Sigma-Aldrich. Ultrapure deionized (DI) water
was used in all experiments. Spectra-Por Float-A-Lyzer G2 dialy-
sis inserts (with a molecular weight cut-off or MWCO of
100 kDa) and Sephadex G-50 beads (fine) were purchased from
Sigma-Aldrich.

Sample preparation

Stock solutions of SDBS were prepared first in 50 mM phos-
phate buffer. Next, PDST powder and the above SDBS solution
were mixed in appropriate ratios and stirred for 24 h at room
temperature to ensure equilibration. The total concentration of
PDST + SDBS was maintained at 1% by weight in all samples.
Sample vials were stored in the dark at room temperature until
use.

Sample response to ROS

Known amounts of 30 wt% H,0O, solution were added to
PDST-SDBS vesicles and mixed using a vortex mixer. Glacial
acetic acid at 1% (w/v) was then added to enhance the rate of
conversion of thioether to sulfoxide groups.** Samples were
analyzed for turbidity by UV-Vis spectroscopy.

Sample response to light

1.5 mL of PDST-SDBS vesicles were placed in a polystyrene
cuvette and irradiated with broadband UV light (280-400 nm)
from an Oriel 200 W Mercury arc lamp, which incorporated a
dichroic beam turner to emit light in the specified range. Note
that PDST has a peak absorption at 300 nm.*® Samples were
analyzed periodically for turbidity by UV-Vis spectroscopy.

Sample response to temperature

PDST-SDBS vesicle samples were placed in a water bath
equipped with a Julabo heater. Samples were analyzed at
different temperatures for turbidity by UV-Vis spectroscopy.
Measurements were done during both heating and cooling
cycles.

UV-Vis spectroscopy

AVarian Cary 50 UV-Vis spectrophotometer was used to deter-
mine the optical density (OD), ie., the absorbance of the
vesicle solutions over a 1 cm path length, at a wavelength of
500 nm. The OD is a measure of sample turbidity. For the OD
measurements as a function of temperature, a Peltier-con-
trolled cell was used to maintain the temperature.

Dynamic light scattering (DLS) and zeta potential
measurements

Vesicle sizes and zeta potentials were determined using a
Malvern Zetasizer Nano ZS90 instrument. 1 mL of a given
sample was loaded into a polystyrene cuvette for size measure-
ments and into a disposable folded capillary cell (DTS1070,
Malvern) for zeta-potential measurements. Samples were equi-
librated at 25 °C before taking the measurements.
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Cryo-TEM

Samples were prepared using a FEI Vitrobot. 5 pL of a sample
was pipetted onto the surface of a 200-mesh lacey carbon-
coated copper grid (from Ted Pella, Inc). Excess solution was
then removed by blotting the grid using a filter paper attached
to the arms of the Vitrobot for 2 s, leaving behind a thin
sample film. This film was then frozen quickly by plunging the
grid into liquid ethane, followed by liquid nitrogen. The rapid
cooling ensures that the water in the sample vitrifies instead of
forming ice crystals. The vitrified specimen was then trans-
ferred onto a single-tilt cryo-specimen holder for imaging. All
the images were taken below —170 °C with a FEI G2 F30
Tecnai TEM operated at 100 kV.

Solute release experiments

2:8 PDST-SDBS vesicles were first loaded with 1 mM of the
cationic dye Rhodamine 6G. The dye binds to the anionic
vesicle bilayers by electrostatic interactions. This was con-
firmed by passing a vesicle-dye mixture through a size-exclu-
sion chromatography (SEC) column packed with Sephadex G50
beads. Negligible separation was observed in the SEC column
because most of the dye was bound to the vesicles. Release
experiments with the above mixture were done as follows.
First, 1.5 mL samples were injected into the dialysis inserts,
which were then placed in two 200 mL beakers, each with
150 mL of 50 mM phosphate buffer. One beaker was main-
tained at 25 °C (below the VMT) and the other at 60 °C (above
the VMT). The cut-off molecular weight (100 kDa) of the dialy-
sis membranes was chosen such that micelles could leak out
into the external solution, but not vesicles. As time progressed,
1 mL samples were taken periodically from the external solu-
tion and analyzed for dye concentration by UV-Vis spec-
troscopy (the samples were then returned to the external solu-
tion). Cumulative dye release (%) was calculated for Fig. 10 by
normalizing the dye concentration with that in the solution
after equilibration for 2 days at 60 °C.
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