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ABSTRACT: Lipid bilayer vesicles offer exciting possibilities for stimulated response, taking
advantage of the membrane’s flexibility and impermeability. We show how synergistic
interactions between vesicles and polymer-based nanoparticles can be triggered at the
nanoscale using UV light. This interaction leads either to adhesion and a membrane-based gel,
or to nanoscale wrapping of the particles by the membrane and then vesicle destruction. To
map the response, we varied the particle-membrane interactions via their surface charge
densities. We found a crossover from adhesion to destruction at a well-defined region in
parameter space. We modeled these results by accounting for the electrostatic attraction and
the energy of membrane bending. We then synthesized amphiphilic polymers containing a UV-
responsive nitrobenzyl moiety that switches its charge, and showed how a trigger predictably
led to either a vesicle gel or disruption and release. The results pave the way to a new triggering
mechanism and new response modes in soft materials.
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INTRODUCTION

The lipid-bilayer membrane offers an enormous range of applications because it is thin,
flexible, impermeable to most solutes, and fluid-like in its plane. Vesicles composed of lipid
bilayers offer a wide range of potential for encapsulation of cargos (drugs, dyes, nutraceuticals) in
their aqueous interiors. Incorporating responsive molecules or moieties into the membrane allows
cargo release by enhancing membrane permeability through light,!” temperature,’1° pH,!! redox,
or enzyme.'3-14 Incorporation of responsive chemical functionalities in the lipid structure has been
the most commonly used strategy to achieve these responsive characteristic. Recently, a very
different approach for altering membrane permeability was reported, where membrane-binding
nanoparticles induced either destruction of the vesicles and cargo release or vesicle-vesicle
adhesion and formation of a solid gel.!> There is a well-defined transition between these behaviors
that depends on the strength of the particle-membrane interaction relative to the energy cost of
bending the lipid membrane.!>!7 We are interested in whether this nanoparticle-membrane
interaction can be turned on in response to a specific stimulus. We aim thereby to develop
triggerable transitions from sol to vesicle-gel or vice versa, or rapid release of cargo encapsulated
within the vesicles.

Toward this goal, we report here an amphiphilic block copolymer-based nanoparticle system
that triggers rapid vesicle-vesicle adhesion or vesicle destruction, on demand, by means of an
ultraviolet light (UV) stimulus (Fig. 1). The mechanism involves triggering the electrostatic
interaction between lipid vesicles and nanoparticles, which triggers a change in morphology at the
nanoscale that develops into a macroscopic response. To map the response of the nanoparticle-
vesicle interaction, we used with nanoparticles self-assembled from amphiphilic polymers.'® Each
polymer consists of a hydrophobic block with a hexanyl coumarinyl methacrylate monomer and a
hydrophilic block containing PEG,;, with a terminus group that is charge-neutral (in P0) or
cationic (P1). We varied the charge density of both the nanoparticles (by varying the relative
fractions of PO and P1) and of the membranes (by mixing zwitterionic and anionic lipids). We
found four distinct modes of response, ranging from vesicle-vesicle adhesion at relatively low
charge densities to rapid vesicle rupture at high charge densities.

Fe 2 & Vesicle adhesion
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o .

Vesicle destruction

Figure. 1: Schematic illustration of the light-triggered particle adhesion and response.
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Turning to a triggerable system, we synthesized a UV-sensitive polymer (P2) with a
nitrobenzyl cap that switches the charge from neutral to positive on exposure to UV (equivalent to
converting P0 to P1 with light). Correspondingly, in the presence of P2-based nanoparticles the
vesicles either rapidly aggregated into a vesicle-gel structure or rapidly self-destructed upon
exposure to light. The nature of the response depended on the charge density of the interacting
assemblies. We successfully model our results by accounting for the attractive electrostatic double-
layer interaction and the energy cost of deforming the membrane at the nanoscale. In addition to
demonstrating the capability of light-triggered gelation or destruction-and-release, these results
show how a multi-faceted or logic-gated response could be incorporated into this system.

RESULTS AND DISCUSSION
We first present the results with polymers and nanoparticles having a constant charge density (PO,
P1), then turn our discussion to the UV-triggerable system (P2).

Neutral and cationic amphiphilic polymers and nanoparticles: Amphiphilic polymers, PO (Mn
8.8 KDa, b 1.02.) and P1 (Mn 8.2 KDa, P 1.05) with molecular structure shown in Fig. 2(a),
formed micellar nanoparticles in aqueous media (NP0, NP1). The average diameter of NP0 and
NP1 was 125 nm, measured by dynamic light scattering (DLS, Fig. 2(b)). TEM images in Fig.
2(d) of drop-cast suspensions of NP0 and NP1 showed discrete particles with a size consistent
with DLS. Figure 2(c) shows the zeta potential spectra of NP0 and NP1, inferred from
electrophoretic mobility measurements. The intensity-weighted mean values were -7.9 £ 6.9 mV
for NP0 and 13.0 = 6.1 mV for NP1. (The uncertainty is the intensity-weighted standard deviation
of the measurements.) The UV-triggerable polymer and nanoparticle (P2, NP2) will be described
below.
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Figure. 2: (a) Molecular structures of amphiphilic diblock copolymers with hydrophilic blocks that are neutral (P0)
or cationic (P1). (b) DLS size of micellar nanoparticles NP0 and NP1. (c) Zeta potentials of NP0 and NP1. (d) TEM
images of drop-cast NP0 and NP1.

States of particle-membrane interaction: To probe the interaction between membranes and
nanoparticles, we explored the parameter space using self-assembled nanoparticles of varying
charge densities. We made positive charged nanoparticles consisting of mixtures of P0 and P1
molecules. We refer to the mole fraction of P1 as the fraction of amine termini, p,mine (relative to
the total, including the nominally neutral P0). Giant unilamellar vesicles of roughly 10 pm radius
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were composed of zwitterionic DOPC and anionic DOPG in different molar ratios. (See SI for
details.) We refer to the molar fraction of DOPG as ppopg. Both pamine and ppopg were set to 0,
25%, 50%, 75% and 100%. We exposed 20 pL of vesicle suspension to 5 plL of micellar
nanoparticle suspension (0.5 mg/mL) in a perfusion chamber, and recorded the interaction under
bright-field microscopy for at least 1 h. We explored 25 different combinations of ppopg and pamine,
with each combination repeated 2-3 times. In all cases, the vesicle interiors with 180 mOsm/L
sucrose and the exteriors were a mixture of glucose and sucrose plus nanoparticles with a total
osmolarity of 180 mOsm/L to avoid osmotic stress. Have sucrose inside the vesicles allowed them
to gently sediment to the bottom and provided a refractive interest difference for viewing in the
microscope.

We found four distinct particle-membrane interaction states as shown in Fig. 3(a-e). With pamine
= 0 (particles of PO only), we could discern no particle-membrane interactions; the vesicles were
freely suspended and moved independently (Fig. 3(a)). With increasing pamine and modest ppopg,
we found adhesion of vesicles to one another (Fig. 3(b)), leading to a macroscopic gel phase. From
dark-field optical microscopy, we found that particles bound to the membranes, where they acted
as an adhesive bridge between vesicles (Fig. S1). The gel phase was stable over time, with no
discernible rupture of the vesicles over a period of 2 h. Its structure was indistinguishable from
vesicle-based gels obtained earlier with Au or silica nanoparticles'®> or oppositely charged
polymers.!® Recent shear rheology studies of those systems showed that the vesicle gel is a solid
at low frequency.!>- 1

With higher particle and membrane charge densities (Fig. 3(c)), we observed at least some of
the vesicles burst into a compact residue with no visible interior lumen. The residue resembled a
network of sub-um tubules, which were flexible enough that thermal undulations were visible in
the microscope. At the highest charge densities (Fig. 3(d)), we found that vesicles burst and then
formed a more compact residue with no discernible thermal undulations. Figure 3(e) shows a
common case that coexisted with that of Fig. 3(d): given two adhered vesicles, one of them would
burst and leave a ring of residue on the other vesicle, in the form of a spherical cap. The presence
or absence of these behaviors was repeatable in samples with the same composition. We emphasize
that the boundary between these responses was sharp and well defined. We return to this point
below.
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Figure. 3: Four distinct states of particle-membrane interaction. (a) Free vesicle state. (b) Vesicle-vesicle adhesion.
(¢) Vesicles burst into flexible residue. (d) Vesicles burst into compact aggregates. (e) One vesicle burst and leaves a
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spherical cap on a neighboring vesicle. (f) State diagram shows the results one hour after mixing, with each icon
showing results of repeated experiments.

These behaviors are summarized in a state diagram in Fig. 3(f). The states that are defined as
rupture (Fig. 3(c,d,e)) are those in which at least some vesicles were seen to undergo rupture. The
states varied systematically with the values of both ppopg and pamine. For example, with p,mine fixed
at 50% and varying ppopg, we found a trend from vesicle-vesicle adhesion to vesicle rupture as a
flexible residue when ppopg reached 50%. On the other hand, when we kept ppopg at 50%, we
observed no interaction at p,,,i.. = 0, vesicle-vesicle adhesion at p,pine = 25%, vesicle rupture and
flexible residue at p,mine = 50%, and vesicle rupture with compact residue at p,mine = 75% and 100%.
We also observed that roughly 1 out of 20 surviving vesicles showed the spherical cap (as in Fig.
3(6)) at Pamine = 100%.

The vesicle-vesicle adhesion began approximately 20-40 s after particles were added to
vesicles. For the flexible-residue rupture case, we observed at least 1 out of 100 vesicles ruptured.
For example, at pamine = 25%, pporg = 75%, roughly 1 out of 50 vesicles were observed to rupture
as flexible residue. We typically observed no apparent change for up to 30 s, followed by a rapid
rupture process within 1 s. In cases with pamine = 100%, ppopg = 100%, 1 out 20 vesicles ruptured
as compact residue within 1 s, starting about 40 s after particle addition. Below, we describe
experiments with a higher particle concentration that show a higher fraction of vesicles destroyed,
indicating that the number of particles limits the total destruction. We return to this point near the
end of the discussion.

UV-triggerable amphiphilic polymers and nanoparticles: To achieve triggerable nanoparticle-
membrane interactions, we prepared nanoparticle NP2 from a light-senstive polymer P2 (Mn 8.2
K Da, P 1.05), which provides the opportunity to tune the surface charge through the UV-cleavable
nitrobenzyl group'®-2° (Fig. 4(a)). Like PO and P1, P2 formed nanoparticles in aqueous solution.
When an NP2 solution was exposed to UV light, we found that the zeta potential of the
nanoparticle converted from -4.1 £ 5.8 mV to 7.7 + 4.5 mV (Fig. 4(b)), indicating the UV light
successfully cleaved the nitrobenzyl group to generate a primary amine. This was also confirmed
by the absorbance increase at 400 nm corresponding to the formation of nitrosobenzaldehyde
byproduct from the photoinduced degradation of the nitrobenzylcarbamate (Fig. S2). Also note
that the hydrophobic core of NP2 was concurrently crosslinked in the presence of UV light to
generate a stable nanoparticle because of the coumarin dimerization, as discerned by the
absorbance decrease at 320 nm (Fig. S2).2-2! The DLS spectrum (Fig. S3) and TEM images (Fig.
S4) indicate that the morphology of NP2 did not change in a detectable way after UV exposure
and that all of the nanoparticles had a similar size distribution. With UV exposure, NP2 switched
its zeta potential from slightly negative (NPO-like) to positive (NP1-like) (Fig. 4(b)). NP2
therefore allowed us to switch our system from one state to another in the diagram of Fig. 3().

Triggered particle-membrane interactions: To trigger vesicle-vesicle adhesion, we mixed 100
pL of vesicle suspension (ppopg = 0) and 200 pL. of NP2 (0.5 mg/mL) suspension having the same
osmolarity. We then split the mixture into control (150 puL) and experiment (150 uL) groups. We
observed that vesicles in the control group (no UV) remained freely suspended with no intensity
enhancement detected in dark-field microscopy and no vesicle adhesion detected even after 24 h.
On the contrary, after being sealed in a chamber to prevent water evaporation, the experiment
group was exposed to UV (wavelength 365 nm, power 15 W for 10 min), after which we observed
vesicle-vesicle adhesion throughout the sample as shown in Fig. 4(¢c). In terms of Fig. 3(f), this

Cao and Gao, et al., “Triggered Interactions...” p5



Soft Matter Page 6 of 12

(b) B NP2 as made

[ NP2 after 20 min UV
NP1

30

Zeta potential (mV)

Figure. 4: (a) Molecular structures of the UV-triggerable amphiphilic diblock copolymer, P2. (b) Zeta potentials
of NP2 show the switch induced by UV exposure. Corresponding data for NP0 and NP1 are shown for
comparison. (c) Bright-field optical images of triggered adhesion of vesicles with ppopg =0 mixed with NP2. UV
was turned on at 1 = 0. (d) Time sequence of UV-triggered vesicle destruction of vesicles with ppopg =100%,
mixed with NP2. UV was turned on at #=0.

experiment corresponds to rapidly shifting from pamine, Pporc = (0,0) to (100%, 0). The observed
final state is indistinguishable from what we reported in the steady-state experiments of Fig. 3.

To trigger vesicle rupture, we set ppopc = 100%. After carefully depositing 1 uL vesicle
suspension in the chamber filled with 300 uLL NP2 suspension (in glucose solution with the same
osmolarity), we exposed the sample to UV (wavelength 365 nm, power density 8 mW/cm?)
continuously while acquiring bright-field images (Fig. 4(d)). We observed clear vesicle rupture
and a dramatic decrease in the number of intact vesicles over time. From image analysis, we found
that 83 out of the initial 124 vesicles ruptured within 70 min. Among the remaining intact vesicles,
we also noted a reduction of image contrast between the inside and outside of the vesicles. This
observation confirms release of sucrose solution from inside the ruptured vesicles, leading to a
closer match of the interior and exterior refractive indices.

Mechanism of binding, deformation, and destruction: The binding response arose from
electrostatic attraction between the membrane and the nanoparticles. Previous work showed that
the zeta potential of DOPC/DOPG vesicles is tunable using ppopg (at 0, 20%, and 100%, zeta
potentials were approximately -8, -70 and -80 mV, respectively, with ~10 mM NaCl??). With
nanoparticles composed of PO (pamine = 0), the charge was near zero and the interaction between
lipid membranes and nanoparticles was weak. Irrespective of ppopg, vesicles moved freely with
NPO. After increasing pamine to > 25%, the nanoparticles were sufficiently positively charged,
leading to a double-layer interaction with the negatively charged membrane.

Cao and Gao, et al., “Triggered Interactions...” p6
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When the attractive interaction strength was moderate (e.g., Pamine = 25% and ppopg = 25%),
nanoparticles bound to the membranes. Dark-field optical images (Fig. S1) showed that the
intensity of light scattered by particles bound on a membrane was approximately 12x greater than
scattered from the membrane alone. Furthermore, the concentration of membrane-bound particles
was greater by a factor of 1.7 + 0.2 between two membranes compared to at one free membrane.
(See SI for details.) This enhancement indicates that particles were attracted to the adhesion spots
where they could bind to both membranes. Figure 5(a) illustrates the adhesion mechanism. This
enhancement factor is close to the value of 2 that is expected from theory if the particle
concentration were tuned to maximize the inter-vesicle adhesion.?> No thermal motion of vesicles
was observed, which indicates strong adhesion energy relative to the thermal energy.

When the attractive interaction was strong (e.g., Pumine = 25% and ppopg = 100%), nanoparticles
induced rupture of the vesicles. We attribute this rupture to strong binding and compete wrapping

of the particles by the membrane at the nanoscale, as illustrated in Fig. 5(b). When a particle binds
to the membrane, the membrane tends to wrap the particle, driven by the binding energy per area
of contact, w. Deformation of the membrane is suppressed by the membrane’s bending modulus
Kk, the tension 1,'® 2428 or osmotic pressure.”? When the binding predominates, an individual
particle is completely wrapped by the membrane.!3-16-39-32 For a single spherical particle of radius

a having short-ranged attraction and binding to membranes with low tension (ta?/k <« 1), there

is a predicted sharp transition from weak deformation to wrapping. The transition occurs when wa?

/K exceeds a threshold of 2.1 When many spherical particles are present, the deformed membrane
induces in-plane particle interactions, which can amplify the membrane response and cause large-
scale remodeling. 33-37 (Cooperative effects are also seen among non-spherical particles including
proteins.?6-27. 32, 38-41) Recent simulations showed that in the regime of many spherical particles, the

threshold to wrapping is reduced to wa?/k ~ 0.5.1

As more particles bind and are wrapped, the membrane must stretch to encompass the vesicle
interior volume, so that tension rises and eventually the vesicle bursts.*> Bursting leaves a
composite membrane-nanoparticle residue whose features are too small to resolve. Finally, the
crossover from flexible residue to rigid residue (Fig. 3(f)) is attributed to a greater concentration
of bound particles with greater p,mine. We speculate that in such conditions, the membrane surface
may become jammed by particles and thereby develop a rigid surface.

We propose a straightforward continuum-level model to predict the conditions leading to the
triggered rupture. We used the Debye-Hiickel model for the electrostatic double-layer interaction
to estimate the binding energy per area w. When the distance between the particle surface and the
membrane (h) is much smaller than the Debye screening length Ip, it is reasonable to regard both
membrane and particle as flat plates with surface potentials ,,, and ¥, (Fig. S5). The adhesion
free energy per area, w, is estimated as w = (2e€o/1p) YpYm exp(— h/lp).# We assumed that
both 1, and ¥, increased linearly with pamine and ppopg and used our electrophoretic mobility
measurements to estimate their values. We then found the set of points in the (pamine, PpOPG) Plane

where wa? /x= 0.5, the estimated onset of wrapping and destruction with many particles.!> Owing
to the uncertainty in the measured surface potentials, we obtained a range of results corresponding

Cao and Gao, et al., “Triggered Interactions...” p7
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Figure. 5: The cross-over from weak binding, illustrated in (a), to strong binding where the membrane
fully wraps leading to rupture (b). (¢) Predicted cross-over from adhesion to wrapping. The cross-over is
expected to be sharp and the width of the gray region accounts for uncertainties in the physical parameters.
Symbols: e are measured points of adhesion; x are measured points of wrapping and destruction.

to this predicted transition; details are given in the supplementary section. The calculation and the
experimental results are plotted together in Fig. 5(c). We found that the model successfully
captures the data trend despite the model’s simplicity. The model shows how future systems could
be designed with this approach.

In the model, we implicitly assumed that tension was negligible, i.e., that ta®/x <« 1. For our
system (¢ = 60 nm, x ~ 107! J*%), this condition requires T < 30 uN/m. Tension at that low scale
can be realized in vesicles that are slightly deflated by osmotic stress.?? Such vesicles have clearly
visible thermal undulations of their shape, whereas vesicles with 7 in the mN/m scale appear
spherical in shape (like typical GUVs in our experiments). This leaves open the question of how
affects binding and wrapping. Here we speculate that when particles bind to a tense membrane,
they locally strain it and enhance permeability to water and solute.*> By this mechanism, T would
decrease over time until the above condition is met and the particles are completely wrapped. This
mechanism would explain the approximately 30 s time lag that we observed between particle
addition and vesicle destruction.

In the triggered-response experiments of Fig. 4, we found that the majority of vesicles were
destroyed. By contrast, in the exploration of the state diagram of Fig. 3, a smaller fraction was
destroyed. We attribute this difference to the total quantity of particles in the sample relative to the
amount of exposed membrane area. For Fig. 4(c,d), the estimated particle concentration was
4x1013/mL, so that the total particle surface area was roughly 3x10* cm?/mL. For the vesicles (10
um radius), we assumed a close-packed volume fraction and estimated the membrane surface area
as 2x103 cm?/mL. There were therefore roughly 10x more particles than were needed to entirely
cover all of the exposed membrane. For the data of Fig. 3, by contrast, the particles were present
at approximately 1,000 lower concentration, which explains the smaller fraction of destroyed
vesicles.

SUMMARY

In summary, we showed that the response of the vesicles could be rationally tuned between liquid
suspension, solid gel, or destruction-and-release by means of the surface charge densities of the
membrane and nanoparticles. Using this scheme, we then demonstrated UV-stimulated transitions
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from liquid to vesicle-gel and from liquid to destruction-and-release. The destruction begins with
a wrapping transition at the scale of individual particles and extends to macroscale as the
membrane ruptures and releases its contents. These results allow us to design amphiphile-based
systems that can be designed to respond in specific ways depending on the stimulus. By extension
of our results, it should be possible to trigger either gel formation or total destruction by means of
the light intensity or by varying the amount of responsive block copolymer in the nanoparticle,
which determines the value of p,mine. If the vesicles had a narrow size distribution, then triggered
particle-induced adhesion may lead to new symmetries in the packing of the vesicles, determined
by the conditions of fixed vesicle interior volume but flexible shape. We also anticipate materials
that could respond to different triggers in disparate ways. For example, vesicles with 10% DOPG
could be mixed with two or more kinds of particles that have different p,mine (e.g., 20% and 90%)
and that respond to different triggers, so that gel formation or destruction-and-release follow from
separate triggers. Alternatively, vesicles with two different compositions and containing two
different cargoes could be mixed with particles that would cause gel formation by some of the
vesicles, together with disruption of the other ones. Overall, the findings here create new
opportunities for programmable molecular release applications.

Supporting Information:

Materials and methods; NMR spectra of PO, P1 and P2; dark-field images of bound nanoparticles;
absorption spectra; particle sizes by DLS and TEM images; details of the theoretical prediction for
the adhesion-to-destruction crossover.
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