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ABSTRACT: Polyelectrolytes adsorbed at soft interfaces are used in contexts such as materials synthesis, stabilization of
emulsions, and control of rheology. Here we explore how polyelectrolyte adsorption to aqueous interfaces of thermotropic
liquid crystals (LCs) influences surfactant-stabilized aqueous microdroplets that are elastically trapped within the LC. We
find that adsorption of poly(diallyldimethylammonium chloride) (PDDA) to the interface of a nematic phase of 4-cyano-
4 -pentylbiphenyl (5CB) triggers the ejection of microdroplets decorated with sodium dodecylsulfate (SDS), consistent with
an attractive electrical double layer interaction between the microdroplets and LC interface. The concentration of PDDA
that triggers release of the microdroplets (millimolar), however, is three orders of magnitude higher than that which satu-
rates the LC interfacial charge (micromolar). Observation of a transient reorientation of the LC during escape of micro-
droplets leads us to conclude that complexes of PDDA and SDS form at the LC interface and thereby regulate interfacial
charge and microdroplet escape. Poly(sodium 4-styrenesulfonate) (PSS) also triggers escape of dodecyltrimethylammonium
bromide (DTAB)-decorated aqueous microdroplets from 5CB with dynamics consistent with the formation of interfacial
polyelectrolyte-surfactant complexes. In contrast to PDDA-SDS, however, we do not observe a transient reorientation of
the LC when using PSS-DTAB, reflecting weak association of DTAB and PSS and slow kinetics of formation of PSS-DTAB
complexes. Our results reveal the central role of polyelectrolyte-surfactant dynamics in regulating the escape of the micro-
droplets and, more broadly, that LCs offer the basis of a novel probe of the structure and properties of polyelectrolyte-
surfactant complexes at interfaces. We demonstrate the utility of these new insights by triggering the ejection of micro-
droplets from LCs using peptide-polymer amphiphiles that switch their net charge upon being processed by enzymes.
Overall, our results provide fresh insight into the formation of polyelectrolyte-surfactant complexes at aqueous-LC inter-
faces and new principles for the design of responsive soft matter.

INTRODUCTION

The adsorption of polyelectrolytes from solution provides
the basis of a versatile approach for tailoring the interfacial
properties of a range of materials."> For example, control of
interfacial charge,®® surface chemical functionality,” and sur-
face tension® '* !! via polyelectrolyte adsorption has been used
for the preparation of biocompatible coatings'>!*, formulating
cosmetics'> !¢ and for achieving colloidal stability.” "' Addi-
tional control over the properties of surfaces decorated with
polyelectrolytes can be achieved through the use of surfactants,
which often spontaneously complex with adsorbed polyelectro-
lytes.!*-3! Past studies have probed polyelectrolyte-surfactant in-
teractions at air-water interfaces® 2628 30 and oil-water inter-
faces? 2! 32 ysing methods such as dilational rheology,*> 3* dy-
namic light scattering (DLS),>* surface tensiometry,'"> 3 and

zeta potential measurements.'" %% 36 In this work, we investigate
polyelectrolyte-surfactant interactions at aqueous interfaces of
thermotropic liquid crystals (LCs), revealing that formation of
the complexes can trigger and regulate the escape of aqueous
emulsion droplets trapped within the LC as well as generate LC
orientational transitions that depend on the identity of the poly-
electrolytes and surfactants within the complexes.

Our focus on LC interfaces is motivated by past observations
that the long range ordering of molecules within LCs (e.g., 4-
cyano-4’-pentylbiphenyl (5CB), inset in Figure 1a)*” % enables
LCs to rapidly reorganize and communicate information across
macroscopic distances. These properties of LCs have been used
to amplify and transduce molecular-level events at their inter-
faces into easily visualized and quantifiable changes in optical
signals.**? In addition, it was recently shown that surfactant-
stabilized aqueous microdroplets (containing bioactive agents



such as antimicrobial species), when elastically trapped by ei-
ther achiral or chiral nematic LCs (see below for additional de-
tails), can be triggered to escape from the LCs using chemical
and physical stimuli delivered to the LC interface (e.g., shear
stresses induced by motion of motile bacteria near the inter-
face).*® In this paper, we build on these prior results by testing
the hypothesis that adsorption of polyelectrolytes onto the aque-
ous-nematic LC interface can trigger the escape of the micro-
droplets from the LC when the sign of the charge of the poly-
electrolyte is opposite to that of the surfactant used to stabilize
the aqueous droplets (i.e., as a consequence of attractive elec-
trical double layer interactions). While this hypothesis is sup-
ported by our observations, we found that the transient presence
and dynamic properties of polyelectrolyte-surfactant complexes
formed at the LC interface played a key role in regulating the
escape of the microdroplets.

Several past studies have reported on the interactions of LCs
and polyelectrolyte complexes.***” Abbott and Caruso reported
that the interactions of lipid-enveloped virus particles with
polyelectrolyte-decorated LC interfaces triggered LC ordering
transitions that report the presence of the virus.*® Bera and
coworkers reported that alternating deposition of anionic and
cationic polyelectrolytes onto the aqueous interface of LC drop-
lets can change the orientation of the LC.* They also reported
on the interactions of polyelectrolyte-surfactant complexes with
LCs, finding that the surfactant concentration required to trigger
a change in the orientation of a LC was several orders of mag-
nitude lower than that required for systems containing only sur-
factant.* This result led the authors to conclude that the role of
the polyelectrolyte was to concentrate surfactants at the LC in-
terface. In the current study, in the context of understanding
how polyelectrolytes can trigger the release of aqueous micro-
droplets from LCs, we show that the response of a LC to a poly-
electrolyte-surfactant complex depends on the identity of both
species, revealing in particular that the dynamic properties of
surfactant-polyelectrolyte complexes regulate a range of inter-
facial phenomena at aqueous-LC interfaces (e.g., LC orienta-
tions).

EXPERIMENTAL

Materials. The nematic LC 4-cyano-4’-pentylbiphenyl (5CB)
was purchased from HCCH (Jiangsu Hecheng Display Tech-
nology Co., Ltd). Poly(diallyldimethylammonium chloride)
(PDDA, M, <100,000 g/mol), poly(sodium 4-styrenesulfonate)
(PSS, M,,= 70,000 g/mol), sodium dodecyl sulfate (SDS, purity
>99%) and dodecyltrimethylammonium bromide (DTAB, pu-
rity ~99%) were purchased from Sigma Aldrich. Fisherfinest
premium grade glass slides were purchased from Fisher Scien-
tific  (Pittsburgh, PA). N,N-dimethyl-N-octadecyl-3-ami-
nopropyltrimethoxysilyl chloride (DMOAP) was purchased
from Sigma Aldrich. Purification of water (18.2 MQ cm resis-
tivity at 25 °C) was performed using a Milli-Q water system
(Millipore, Bedford, MA, USA).

Preparation of 20 pm-Thick LC Films. 20 pm-thick LC films
of 5CB were created by pipetting 0.2 uL of 5CB into the pores
of 75 mesh copper transmission electron microscopy (TEM)
grids resting on a DMOAP-functionalized glass substrate. The
excess SCB was removed via capillary action using a 10 pL pi-
pette tip to form a flat LC interface.

Preparation of Aqueous Microdroplet-in-LC Emulsions.
LC emulsions were prepared as follows. Aqueous solutions of
surfactant at concentrations below their CMC (Csps= 5 mM,
Cprag = 10 mM) were prepared. The purity of the surfactants
was confirmed by measuring the surface tension as a function
of surfactant concentration and verifying that there was no min-
imum in the plot near the critical micelle concentration (see
Section S1). The aqueous surfactant solutions were then emul-
sified into the nematic LC (1.5 v/v% microdroplets in LC) by
vortexing for 30 seconds at 1,000 revolutions per minute (rpm),
followed by 30 seconds at 2,000 rpm, and 30 seconds at 3,000

rpm.

Preparation of 125 pm-Thick LC Films. 125 pum-thick films
of water-in-LC emulsion were created by pipetting 0.8 pL of
the emulsion into the pores of 75 mesh copper transmission
electron microscopy (TEM) grids resting on a DMOAP-
functionalized glass substrate. The film was then directly im-
mersed into the aqueous polyelectrolyte solution.

Zeta Potential ({) Measurements. LC-in-water emulsions
were formed by homogenizing a mixture of SCB in an aqueous
solution comprising polyelectrolyte for 30 s. The LC-in-water
emulsion was then diluted in aqueous polyelectrolyte solution
(same polyelectrolyte concentration) to match the total surface
area of the LC droplets with the LC films (4 mm?) used in our
experiments. After allowing 30 min for the sample to equili-
brate, the zeta potential on the aqueous side of the aqueous-LC
interface was measured using the Malvern Zetasizer Nano in-
strument.

Measurement of Microdroplet Mass Released. Micrographs
were taken over the course of 4 hours. The images were con-
verted to Imagej as a stack, and the extent of escape of micro-
droplets from the LC was quantified by measuring the total pro-
jected area of microdroplets in the LC film at each point in time
(microdroplet release was also confirmed visually in real-time).
We calculated the mass of microdroplets released into the aque-
ous bulk from the initial mass loaded (0.8 pg) and the fractional
release (as determined by imaging).

Synthesis of Charge Invertible Peptide-Polymers (CIP). CIP
synthesis procedures and characterization are provided in the
Supporting Information.

Thermolysin-induced Cleavage of CIPs. 3 mM CIP in aque-
ous 0.5 mM CaCl, was prepared. Aqueous thermolysin was
then mixed into the CIP mixture to make an aqueous solution
comprising 3 mM CIP, 0.5 mM CacCl,, and 60 uM Thermolysin.
The mixture was then heated at 55 °C for 12 hours to promote
enzymatic cleavage of the CIP.

RESULTS AND DISCUSSION

Colloidal Interactions of Aqueous Microdroplets Elastically
Trapped Within LCs. At the outset of this study, we sought to
determine whether PDDA adsorption at the aqueous-LC inter-
face would modulate the LC interfacial charge, and subse-
quently generate electrical double layer interactions that trigger
the ejection of aqueous SDS-decorated microdroplets elas-
tically trapped within LC films (Figure 1). We used 5CB in the
studies reported in this paper because the aqueous-nematic SCB
interface has been widely studied,’® ! and because 5CB forms



a room temperature nematic phase as a single component.>
First, we verified that PDDA adsorbs to aqueous-LC
interfaces™ by measuring zeta potentials ({) of LC
microdroplets of S5CB dispersed in aqueous PDDA (see
Materials and Methods). In the absence of PDDA (Cpppa = 0),
we measured zeta potentials of —24 £ 3 mV (Figure 2a). At
Crppa = 6 UM (concentration of PDDA monomers), the LC
interfacial charge reversed (lag.Lc = 37 + 2 mV), indicating the
adsorption of PDDA onto the LC interface. Ultimately, when
Crppa> 0.6 mM, we observed the interfacial charge to saturate
with a corresponding zeta potential of 52 = 1 mV (Figure 2a).
This result indicates that at concentrations above 0.6 mM
PDDA, there is excess PDDA in the bulk aqueous solution.

Figure 1. (a-c) Schematic illustrations of colloidal interactions of
aqueous microdroplets dispersed in a nematic film of 5CB. (a) Elas-
tically trapped microdroplet with radius R in a bulk nematic (FE
represents elastic force between the microdroplet and the interface
of the LC to an overlying aqueous phase). (b) Dispersion of micro-
droplets in LC (h is the distance between the microdroplet and
aqueous-LC interface). (c¢) Electrical double layer interaction
(FepL) between the surfactant stabilized aqueous microdroplet
(SDS) and cationic polyelectrolyte (PDDA) adsorbed at the aque-
ous interface of the LC.

Next, we calculated the magnitudes of the colloidal
interactions (elastic and electrical double layer) between the
dispersed aqueous microdroplets and the LC interface with the
overlying aqueous phase. The force acting on the microdroplet
due to elastic interactions, Fr, *>°* was evaluated as

2 R 1*
Fg = — tKA?B m] (1)
where R is the radius of a microdroplet (Figure 1a), 4 is the dis-
tance between the microdroplet surface and aqueous-LC inter-
face (Figure 1b), K is the elastic constant of the LC, and B is a
constant associated with the LC orientation at the aqueous-LC
interface, such that B = 1/2 for perpendicular (homeotropic)
alignment and B = 3/4 for tangential (planar) alignment. A is a
numerical prefactor that takes the value of 2.04 for droplets with
R>1 pm and homeotropic anchoring.>* The force due to elec-
trical double layer interactions, Frpi*® was evaluated as

2
Fgpr, = —4meyekR (ke—cT) YpYiexp(—xh) 2

where, & is the vacuum permittivity, ¢ is the relative permittiv-
ity of the electrolyte solution, e. is the elementary charge, T is
temperature of the system, 1}, is the effective surface potential

of the microdroplet, Y; is the effective surface potential of the
aqueous-LC interface, and « is the Debye screening length of
the LC.>> 3 Here we note that buoyant forces arising from den-
sity differences between the aqueous microdroplets and LC (pmi-
crodroplet= 1.00 g/mL; prc=1.01 g/mL) were calculated to be two
orders of magnitude smaller than Fr and Fgp. when the micro-
droplets are separated from the LC by distances (h) of a few
micrometers or less (see Section S2).

Figure 2b shows the net forces predicted to act on aqueous
microdroplets dispersed in LC due to Fgpr and F% (see Section
S3 for details, including values of parameters used in Eq. 1 and
2). When the phase overlying the LC is water ({ag-c =-24=+3
mV), we predicted that aqueous microdroplets stabilized by
SDS will be sequestered within the LC (F < 0, Figure 2b; purple
line). In contrast, when PDDA is added to a concentration of
Cpppa = 0.6 mM (assuming planar LC alignment), we predicted
F to be positive (Figure 2b, blue line), indicating that micro-
droplets can escape from the LC. Below we test these predic-
tions in experiments.
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Figure 2: (a) Zeta potentials ({, black circles) measured at inter-
faces of droplets of nematic 5CB incubated in 0.6 mM PDDA, and
mass per unit LC film area of SDS-stabilized microdroplets ejected
after 4 hours (red squares) of incubation in aqueous PDDA solu-
tions. (b) Predicted net forces (comprising Fr + Frpr) acting be-
tween SDS-stabilized aqueous microdroplets and LC interface be-
fore (purple line) and after adsorption of PDDA (blue line) from
the bulk aqueous solution.

PDDA-Triggered Microdroplet Escape from LCs. We pre-
pared 125 pm-thick LC films of 5CB containing SDS-stabilized
microdroplets (3 pg of microdroplets per square millimeter of
LC within the film; diameters of 3 + 2 pum; see Materials and
Methods), and then immersed the films into water (Cpppa = 0).
We observed the microdroplets to remain trapped in the LC,



consistent with repulsive Fr and Fgp. acting on the micro-
droplets near the LC interface (Figure 2a; red square). After ad-
dition of PDDA to a concentration of Cpppa = 0.6 mM, how-
ever, we observed the escape of 4 & 2 v/v% of the microdroplets
from the LC within 2.5 minutes of addition of the PDDA (see
Materials and Methods). Following this initial release, however,
no further escape of microdroplets was observed during an ad-
ditional 4 hours of incubation of the LC interface against the
PDDA solution (Figure 2a; red squares, Section S4). In con-
trast, for Cpppa > 0.6 mM, conditions under which we measured
the LC interfacial charge density to be saturated by PDDA ad-
sorption (Cag-Lc = 52 £ 1 mV; Figure 2a), we measured the rate
and extent of escape of microdroplets to increase with Cpppa
such that at Cpppa = 2.4 M all of microdroplets initially in the
LC were ejected (Figure 2a; red squares). We verified that aque-
ous microdroplets ejected from the LC were not coated by a thin
LC shell by observing the microdroplets using optical micros-
copy (side view; bright field and polarized light) following their
release into the bulk aqueous phase. While these observations,
when combined, are generally consistent with our proposal that
PDDA-regulated interfacial charge density can trigger the re-
lease of SDS-stabilized microdroplets from the LC (Figure 2b),
the need for such high concentrations of PDDA to trigger com-
plete release of microdroplets led us to investigate further the
mechanisms by which PDDA influences the escape of the mi-
crodroplets.

Mechanisms by which PDDA Triggers Microdroplets Es-
cape from LC. We approached this question of how PDDA in-
fluences the escape of SDS-stabilized microdroplets by consid-
ering a possible role for colloidal phenomena beyond Fgpr, such
as convective flows,* 57 osmotic pressure differences (diffusi-
ophoresis),*® 3 and reorientation of the LC.>*® First, we per-
formed microscopic observations to determine whether convec-
tive flows occurred near the LC interface, which would facili-
tate transport of microdroplets to the aqueous-LC interface and
potentially promote their rate of escape from the LC. We deter-
mined, however, that adsorption of PDDA at the aqueous-LC
interface does not induce convective flows via direct observa-
tion of interfaces between aqueous PDDA and LC (see Section
S5).

Second, because microdroplet escape was found to depend
on Cpppa, we considered the possible role of osmotic pressure
differences between the microdroplets and aqueous bulk. In the
experiments described above, the microdroplets contained 5
mM of sodium and 5 mM of dodecyl sulfate ions whereas the
bulk aqueous phase contains 1 uM of PDDA (0.6 mM of mon-
omer units) along with 0.6 mM of counterions. To determine if
an increase in the osmotic pressure of the bulk aqueous phase
would impact microdroplet release, we added 10 mM glucose
to the aqueous bulk in addition to the PDDA (Section S6). We
found, however, that the additional glucose (and thus osmotic
pressure difference) did not change the escape of the micro-
droplets. This result suggests that the microdroplet escape re-
ported in Figure 2a is not influenced by changes in osmotic
pressure associated with the addition of PDDA.

Third, we explored the influence of PDDA adsorption on the
LC orientation at the aqueous interface. Specifically, we im-
mersed LC films (containing SDS-decorated microdroplets) in
aqueous solutions comprising either water (Figure 3a), Cpppa =

60 mM (Figure 3b), or Ceppa = 2.4 M (Figure 3c). In the ab-
sence of PDDA (Figure 3a), when viewed between crossed-po-
larizers over 4 hours, the LC films maintained a bright optical
appearance. This appearance is consistent with planar align-
ment of the LC at the aqueous-LC interface. Additionally, no
microdroplets escaped from the LC during the 4 hrs (Figure 3d).
While past studies have reported that surfactants can exhibit low
solubility in LCs,*! the former result indicates that any partition-
ing of SDS into the LC in our experiments is sufficiently low
that it does not impact the LC orientation at the aqueous-LC
interface. This conclusion regarding the low extent of partition-
ing of SDS into the LC is further supported by the absence of a
change in the nematic-to-isotropic phase transition temperature
(Tni) of LC films (no microdroplets) immersed in aqueous 1
mM SDS for 4 hours (7ni = 35.5 £ 0.1 °C). When combined,
these observations indicate that SDS partitioning into the LC
does not affect the escape of microdroplets reported in our ex-
periments.
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Figure 3: (a-c) Sequential optical micrographs (crossed polarizers)
of 125 um-thick LC films containing aqueous 5 mM SDS-
decorated microdroplets (example circled in red) that were im-
mersed in aqueous baths of (a) water, (b) Cpppa= 60 mM, and (c¢)
Cpppa = 2.4 M. Each image shows the time elapsed since immer-
sion into the PDDA solution. (d) Microdroplets (mass per unit area
of LC film) ejected from LC as a function of time. Scale bar is 100
um. Dashed line represents total mass of microdroplets in LC.

At Cpppa = 60 mM (Figure 3b), we observed the LC film to
exhibit a planar LC alignment (consistent with that observed in



water) for approximately 30 mins following contact with the
PDDA. Subsequently, we found that localized regions of the
LC interface underwent a planar to homeotropic (perpendicu-
lar) orientational transition, with the fraction of the surface ex-
hibiting the homeotropic orientation increasing over 4 hrs (Fig-
ure 3b). After 24 hrs of incubation with the PDDA, however,
the LC was observed to have relaxed back to its initial planar
orientation. Accompanying this time-dependent change in LC
orientation, we observed release of the aqueous microdroplets,
with the initial release occurring during the first 30 mins when
the LC was in its initial planar orientation. After 4 hours, 70 +
8 v/v% of the microdroplets were measured to have escaped
(Figure 3d), with complete release observed after 24 hrs (Figure
3b). At Crppa = 2.4 M (Figure 3c), we observed the same se-
quence of states of the system as when using 60 mM of PDDA,
but the dynamics of the processes were accelerated. For exam-
ple, within 4 hrs of exposure to the PDDA, all microdroplets
had been released and the LC had reverted to its planar align-
ment from a transient homeotropic state (Figure 3c,d).

The observations described above lead to three key conclu-
sions. First, microdroplet escape is, in some cases, accompanied
by a planar to homeotropic reorientation of the LC (Figure
3b,¢). Second, the LC reorientation observed to accompany the
escape of microdroplets is transient, indicating that the phenom-
ena underlying the reorientation is dynamic (Figure 3c). Third,
the lifetime of the transient homeotropic state of the LC is con-
trolled by the concentration of PDDA in the aqueous bulk.
While these results establish that reorientation of the LC can
accompany the release of microdroplets, the factors that control
the reorientation, and whether or not reorientation is needed for
the release of all microdroplets, are not established by these re-
sults. These open questions are addressed by the studies re-
ported below.

Additional Observations that Identify the Role of Polyelec-
trolyte-Surfactant Complexes in Regulating Microdroplet
Escape from LCs. Next, we investigated why microdroplet es-
cape was accompanied in some cases by a planar to homeo-
tropic LC reorientation. Because the microdroplets contain ani-
onic surfactant, we hypothesized that microdroplet escape led
to the formation of PDDA-SDS complexes at the LC interface.
We tested this proposal by immersing 20 pm-thick LC films
(without microdroplets) in aqueous solutions of either 60 mM
PDDA or 1 uM SDS, or mixtures of 60 mM PDDA and 1 uM
SDS. These experiments revealed that LC films immersed in
only 60 mM PDDA or 1 pM SDS exhibited planar LC align-
ment (See Section S7). In contrast, the LC films immersed in
aqueous mixtures comprising 60 mM PDDA and 1 uM SDS
exhibited homeotropic alignment (See Section S7). These re-
sults led us to conclude that the formation of interfacial PDDA-
SDS complexes does likely underlie the observation of transient
homeotropic orientation of the LC reported above during mi-
crodroplet release (Figure 3). The conclusion is also consistent
with prior observations that the concentration of SDS required
to trigger a radial configuration of a LC droplet can be lowered
substantially by the presence of a cationic polyelectrolyte.*’
Building from our conclusion that the homeotropic state of
the LC is due to formation of interfacial complexes of PDDA-
SDS, we interpret the transient nature of the homeotropic LC
orientation during escape of microdroplets (Figure 3) to indicate
that the LC interface is reporting on the dynamic properties of

PDDA-SDS complexes (i.e., their rate of formation and disas-
sembly at the interface). Specifically, we propose that upon es-
cape of a microdroplet, a portion of the LC interface is exposed
locally to the concentration of SDS in the released microdroplet
(5§ mM SDS), which leads to PDDA-SDS complex formation at
the LC interface and promotes homeotropic LC alignment (Fig-
ure 3b,c). Subsequently, as the complex formed at the interface
equilibrates with the overlying aqueous PDDA bulk solution
(which will contain less than 0.06 uM SDS, i.e., concentration
of SDS if all surfactant in the microdroplets is uniformly dis-
solved in the aqueous phase; see Section S8), the interfacial
complex of SDS dissociates and the LC resumes the initial pla-
nar LC alignment (Figure 3c). This interpretation is supported
by additional observations of LC films (without microdroplets)
immersed in mixtures of 60 mM PDDA and 5 mM SDS (upper
bound on transient concentration of SDS at the interface, a dis-
cussed above), which exhibit homeotropic alignment, and mix-
tures of 60 mM PDDA and 0.06 uM SDS (upper bound on the
equilibrated concentration of SDS at the interface), which ex-
hibit planar alignment (see Section S9).

We interpret the observations in Figure 3 to indicate that the
concentration of PDDA in the aqueous bulk controls (i) the
amount of SDS that transiently accumulates on the LC interface
as PDDA-SDS complexes (as reported by the extent of homeo-
tropic anchoring of LC at the interface), (ii) the lifetimes of the
PDDA-SDS complexes formed at the interfaces (duration of
time over which the homeotropic LC orientation is observed),
and (iii) the final coverage of SDS on the interface (after equi-
libration). Specifically, this interpretation is supported by our
observations that the transient homeotropic state of the LC film
(containing microdroplets) immersed in 2.4 M PDDA is much
greater in extent (covers a greater fraction of the surface area of
the LC film) yet shorter lived than LC films immersed in 60
mM PDDA (Figure 3b and 3c). We propose that the transient
increase in SDS concentration at the LC interface with 2.4 M
PDDA is driven by the increase in PDDA adsorbed amount.
Additionally, our observation that the lifetimes of the PDDA-
SDS complexes decrease with increasing PDDA concentration
is consistent with the dynamics of competitive binding of SDS
with PDDA at the LC interface and PDDA in the aqueous
bulk.%? In particular, higher concentrations of PDDA in the
aqueous bulk will promote rapid dissociation of SDS from in-
terfacial complexes, and ultimately lead to a low equilibrium
coverage of SDS at the LC interface. Finally, our conclusion
that the concentration of PDDA in the aqueous bulk controls the
amount of SDS that assembles at equilibrium at the PDDA-
decorated LC interface is supported by additional experiments.
For example, we immersed 20 pm-thick LC films (no micro-
droplets) in aqueous mixtures comprising 2.4 M PDDA and 1
uM SDS and found that they exhibited planar alignment. In con-
trast, mixtures of 60 mM PDDA and 1 uM SDS triggered ho-
meotropic LC alignment, consistent with a higher concentration
of SDS on the interface (see Section S9).

Figure 4a-c summarizes our overall conclusions regarding
the mechanisms by which the formation of the PDDA-SDS
complex at the LC interface regulate the release of micro-
droplets. Upon immersing LC films (containing SDS-stabilized
microdroplets) into aqueous solutions of PDDA, PDDA adsorbs
onto the LC interface. The initial adsorption of the PDDA does
not change the orientation of the LC, but it does change the sur-
face charge density, which leads to an attractive Fgpr (Figure



4a). If the Fepo is sufficiently large to overcome Fg, micro-
droplets escape from the LC, as shown by the predictions in
Figure 4d (blue line) based on Eq. 1 and 2. This state of the LC
interface, which immediately follows the addition of PDDA,
leads to the initial release of microdroplets that we observed in
experiments at all PDDA concentrations (Cpppa > 0.6 mM).

Accompanying this initial release of microdroplets is the re-
lease of SDS (5 mM), which then complexes with the PDDA
adsorbed at the LC interface to form PDDA-SDS complexes
(Figure 4b). The formation of PDDA-SDS complexes is re-
ported by the LC as a planar to homeotropic reorientation of the
LC (Figure 3b,c and Figure 4b). Independent measurements of
zeta potentials of LC droplets dispersed in aqueous mixtures of
PDDA and SDS revealed a decrease in zeta potential with in-
creasing concentration of SDS such that at 5 mM SDS, the LC
interface exhibits a net negative charge® ({ =-43 £ 4 mV, see
Section S10). These results support our conclusion that PDDA-
SDS complexes formed at the LC interface. The complexes
trigger the reorientation of the LC, and also lower the excess
positive charge density at the LC interface. The associated de-
crease in Fgpr and thus F will lower (or in some cases arrest)
the droplet release rate (Figure 4b,d). Subsequently, the rate of
release of microdroplets is determined by the rate of dissocia-
tion of the SDS from the PDDA-SDS complexes at the LC in-
terface, as the rate of dissociation of the SDS regulates the mag-
nitude of the excess positive charge density at the interface. As
discussed above, the rate of dissociation of SDS is dependent
on the bulk concentration of PDDA, thus providing a mecha-
nism that regulates the rate of release of the aqueous micro-
droplets.
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Figure 4: Schematic illustrations showing the interfacial pro-
cesses that accompany PDDA-induced release of aqueous mi-
crodroplets stabilized by SDS. (a) PDDA adsorbs at the LC inter-
face to generate an attractive electrical double layer interaction with
the SDS-stabilized aqueous microdroplet. (b) The SDS from the re-
leased microdroplets form interfacial complexes with the adsorbed
PDDA, which lowers the interfacial charge density and lowers the
subsequent microdroplet release rate. (c) The SDS in the PDDA-
SDS complexes at the LC interface dissociates, thereby partially

restoring LC interfacial charge density, and enabling continued re-
lease of microdroplets. (d) Predictions of net forces calculated from
Eq. 1 and 2 for the physical situations described in (a-c).

The above-proposed mechanism of release of the micro-
droplets can be viewed as a type of self-regulated process, as
microdroplet release occurs when attractive electrical double
layer interactions between the microdroplets and LC interface
are sufficiently large, a condition set by the amount of SDS ac-
cumulated on the LC interface in complexes with PDDA. What
is not established by the experiments and discussion above,
however, is the role of the orientational transition of the LC in
the mechanism of microdroplet release. Although a change in
orientation of the LC (due to formation of PDDA-SDS com-
plexes) will change the elastic barrier that must be overcome for
microdroplet release, our previous experiments do not establish
whether or not this reorientation is necessary to release all mi-
crodroplets from the LC film. Below we address this question
in the context of experiments performed using PSS and DTAB.

PSS-Triggered Escape of DTAB-Stabilized Microdroplets
from LCs. We explored PSS-triggered release of DTAB-
stabilized aqueous microdroplets from nematic 5SCB phases be-
cause PSS-DTAB complexes have been reported to form inter-
facial complexes with structures and dynamics that are strik-
ingly different from PDDA-SDS complexes.?* % 6 Whereas
PDDA-SDS complexes form largely as a consequence of
charge interactions (release of counter ions), % the association
of PSS and DTAB has been proposed to involve hydrophobic
interactions.’- %

We verified that PSS adsorbs to aqueous-nematic 5CB
interfaces by measuring zeta potentials of LC droplets dispersed
in aqueous PSS (Cpss). In particular, we found that the zeta po-
tentials became increasingly negative with increasing PSS con-
centration, and saturated at { = -52 £ 2 mV for Cpss> 3.8 mM
PSS (see Section S11). Next, we experimentally determined
whether PSS triggered the escape of DTAB-stabilized micro-
droplets from LC films and/or changed the LC orientation. We
immersed 125 pm-thick LC films containing aqueous micro-
droplets (stabilized by 10 mM DTAB; total of 3 pg micro-
droplets per square millimeter of the LC film) into aqueous so-
lutions containing Cpss = 1.4 M. When immersed into the aque-
ous solution of PSS, after 1 hour, we determined that 96 + 3
v/v% of the microdroplets escaped from the LC and that after 4
hours all of the microdroplets had escaped the LC (Figure 5a).
Significantly, however, and in contrast to PDDA-SDS, during
the release of the microdroplets, we observed the LCs to retain
a planar alignment throughout the release process (Figure 5a).

The key conclusion that emerges from these experiments is
that the reorientation of the LC by transient polyelectrolyte-sur-
factant complexes is not necessary to trigger microdroplet re-
lease. Additionally, however, it leads to the proposal that com-
plexes formed by PDDA-SDS and PSS-DTAB (additional evi-
dence for the formation of PSS-DTAB complexes at the LC in-
terface is presented below) may exert distinct influences on LC
orientations. Below we explore this observation further in the
context of understanding what properties of interfacial poly-
electrolyte-surfactant complexes are reported by LC orienta-
tional transitions.



Influence of Interfacial Polyelectrolyte-Surfactant Com-
plexes on LC Orientations. First, we explored how LCs re-
spond to PSS-DTAB complexes at equilibrium. We immersed
20 um-thick LC films (without microdroplets) in aqueous mix-
tures comprising different stoichiometric ratios of PSS and
DTAB (Figure 5b-¢). We found that LCs exhibited homeo-
tropic alignment when contacted with mixtures of DTAB and
PSS at stoichiometric ratios (of DTAB:PSS) greater than 1:1
(Figure 5d,e). This contrasts with the LC response to PDDA-
SDS complexes, which induce homeotropic alignment of ne-
matic 5CB at stoichiometric ratios (of SDS:PDDA) above
1:10,000 (see Section S9). The 10,000-fold difference in surfac-
tant: polyelectrolyte stoichiometric ratio leading to homeotropic
alignment suggests SDS binds to PDDA more strongly than
DTAB to PSS. This conclusion is supported by prior studies that
have reported higher binding affinities of SDS for PDDA® ¢
than DTAB for PSS using electrophoretic mobility measure-
ments® and isothermal titration calorimetry.”” We interpret
these results to suggests that the absence of a LC orientational
transition during microdroplet escape triggered by PSS (Figure
Sa) arises, at least in part, due to low interfacial DTAB concen-
trations (due to weak binding of DTAB to PSS on the LC inter-
face).

Figure 5: (a) Sequential optical micrographs (crossed polarizers)
of'a 125 pm-thick LC film containing aqueous microdroplets stabi-
lized by 10 mM DTAB. The LC film was immersed (at t = 0 min)
into an aqueous solution containing Cpss = 1.4 M. (b-f) Sequential
optical micrographs (crossed polars) of 20 pm-thick LC films (no
microdroplets) immersed in mixtures of 3.8 mM PSS and either (b)
1 mM, (c) 2.5 mM, (d) 5 mM, or (¢) 10 mM DTAB. Scale bars are
100 um.

Second, we explored the dynamics of formation of PSS and
DTAB complexes at the LC interface. We found that LC films
immersed into PSS and DTAB solutions (3.8 mM PSS and 5-
10 mM DTAB) exhibited orientations that evolved over a dura-
tion of mins to hours, finally ending in a homeotropic orienta-

tion (Figure 5d,e). This result suggests that the dynamics of for-
mation of PSS-DTAB complexes are slow, a conclusion that is
supported by dilational rheology of PSS-DTAB co-adsorption
at air-water interfaces.®> 72 Qur conclusion that LCs can re-
port on the dynamics of formation of polyelectrolyte- surfactant
complexes at interfaces is reinforced by our observations that,
in contrast to PSS-DTAB, PDDA-SDS can trigger LCs to as-
sume a homeotropic orientation on time-scales of seconds to
minutes (e.g., with 3 mM PDDA and SDS). Prior measurements
based on ellipsometry and dynamic surface tensiometry reached
similar conclusions regarding the dynamics of formation of
PDDA-SDS complexes at air-water interfaces.”’” Additional in-
sights into the distinct dynamics of formation of DTAB:PSS
and SDS:PDDA complexes can be obtained from studies based
on videointerferometry™ 7 and neutron reflectometry, both
which suggest that PSS and DTAB forms viscous multilayers
(microgels)® at interfaces while PDDA and SDS form compact
monolayers.® % Overall, these observations by us and others,
when combined, suggest that a second factor underlying the ab-
sence of homeotropic LC orientations during microdroplet re-
lease using PSS-DTAB is the slow kinetics of formation of the
PSS-DTAB complexes (in contrast, SDS-PDDA complexes
form quickly). That is, the DTAB diffuses into the bulk aque-
ous solution before complexes with PSS can form at the LC in-
terface to change the LC orientation.

Third, we observed patterned orientational domains of LC to
form at specific stoichiometric ratios of DTAB to PSS. In par-
ticular, as shown in Figure 5c), we found that at stoichiometric
ratios (of DTAB:PSS) of 2:3, the LC exhibited tilted optical do-
mains (determined by measurement of the optical retardance us-
ing a compensator; Gaomain = 14 = 6° from the surface normal)
surrounded by continuous LC regions with a planar alignment
(Figure 5c¢). The tilted domains coalesced and grew in size over
time, but were still observed as distinct domains after 48 hrs of
equilibration. Because PSS induces planar alignment and
DTAB induces homeotropic LC alignment (see Section S12),
these observations suggest that mixtures of DTAB and PSS
phase separate into DTAB-rich and DTAB-lean domains at the
LC interface.””’® This observation may be connected to past
studies using ellipsometry that have reported formation of mi-
crometer-scale domains (aggregates) at air-water interfaces at
stoichiometric ratios of DTAB to PSS similar to those used in
our study at LC interfaces.%> 7 At stoichiometric ratios above
1:1 (Figure 5d,e), we observed the LCs to exhibit a discontinu-
ous transition from planar to homeotropic alignment (patterned
homeotropic and planar domains), providing further support for
the proposed formation of micrometer-sized domains rich in
DTAB. This contrasts with the LC response to PDDA-SDS
which, at all stoichiometric ratios of SDS and PDDA investi-
gated in our experiments, involved a transition from planar to a
homeotropic orientation via a continuous change in tilt angle
(see Section S13). Prior studies of PDDA-SDS at air-water in-
terfaces have also reported the absence of domain structures
(uniform, compact monolayers).%> 6

Multifunctional LC-based Triggered Release Systems. The
results above establish an understanding of how the adsorption
of polyelectrolytes at LC interfaces can trigger the release of
surfactant-stabilized aqueous microdroplets within the LC. To
illustrate how this understanding can be exploited to create LC



systems that can be triggered to release their contents using en-
zymes, we designed a charge-invertible cationic cleavable pep-
tide-polymer amphiphile (see Materials and Methods and Sup-
porting Information), hereafter, named CIP(+), that undergoes
charge reversal via thermolysin-induced cleavage of its peptide
functional group to become the anionic peptide-polymer am-
phiphile, CIP(-) (Figure 6a,b; see Supporting Information for
details). We verified the cleavage of CIP(+) in aqueous solution
via transmission electron microscopy (TEM; Figure 6c,f),
which showed the formation of assemblies between CIP(-) and
the cleaved peptide following enzymatic cleavage (Figure 6f).

Figure 6: (a,b) Molecular structures of (a) pre-cleaved CIP(+) and
(b) post-cleaved CIP(-). (c,f) TEM images of aqueous bulk com-
prising (c) CIP(+) and (f) CIP(-)-cleaved peptide coacervate. (d,g)
Schematic illustrations of LC emulsions containing aqueous micro-
droplets stabilized by SDS in contact with aqueous solutions com-
prising (d) CIP(+) and (g) CIP(-). (e,h) Corresponding bright field
micrographs showing (e) release of tracer-doped microdroplets for
LC interfaces contacting aqueous 3 mM CIP(+) and (h) no release
of microdroplets for 3 mM CIP(-)-decorated LC interfaces.

The design features of CIP(+), which comprise two repeat-
ing blocks (A and B), are as follows. The A block features a
linker unit that makes up the backbone of the polyelectrolyte
and is conjugated to an 11-carbon aliphatic chain and a biphenyl
group that promotes adsorption of the polyelectrolyte at the LC
interface. The B block features a linker unit conjugated to a 5-
carbon aliphatic chain and a thermolysin-cleavable cationic pol-
ypeptide functional group that leads to charging of the LC in-

terface. We verified that CIP(+) and CIP(-) spontaneously ad-
sorb at and charged LC interfaces by dispersing LC droplets in
aqueous solutions comprising either CIP(+) or pre-cleaved
CIP(-) and measuring zeta potentials at the LC droplet inter-
faces. Zeta potential measurements revealed that CIP(+)-is
characterized by +46 + 1 mV, whereas CIP(-) adsorbed at LC
interfaces led to a zeta potential of -45 £2 mV. Guided by these
zeta potential measurements, we used Eq. 1 and 2 to predict the
colloidal interactions of SDS-stabilized aqueous microdroplets
within the LC with CIP-decorated LC interfaces. These calcu-
lations revealed that CIP(+) generated a net positive F, while
CIP(-) generated a negative F, leading us to predict that only
CIP(+) would trigger microdroplet escape from the LC (see
Section S14). To test these predictions, LC films containing
elastically-trapped aqueous microdroplets (5 mM SDS and red
tracer) were contacted with bulk aqueous solutions comprising
either CIP(+) (Figure 6d,e) or pre-cleaved CIP(-) (Figure 6g,h).
We observed release of the SDS-stabilized aqueous micro-
droplets when using CIP(+) (Figure 6¢) but not when using
CIP(-) (Figure 6h). This result supports our conclusions that
electrical double layer interactions between adsorbed polyelec-
trolytes and surfactant-stabilized droplets, here controlled by
enzymatic processing of the polyelectrolyte, can be used to trig-
ger the release of surfactant-decorated microdroplets from the
LC.

CONCLUSIONS

A key finding reported in this paper is that adsorption of
polyelectrolytes at aqueous interfaces of LCs can be used to
trigger the release of surfactant-stabilized aqueous micro-
droplets dispersed within the LC. Specifically, we found that
adsorption of PDDA at LC interfaces triggers the escape of
SDS-decorated microdroplets from LCs via an attractive elec-
trical double layer interaction. Additionally, however, we found
that interfacial complexes formed between the polyelectrolytes
and surfactants released from the microdroplets play a central
role in regulating the rate of release of the microdroplets. For
example, we found that PDDA aqueous bulk concentration con-
trols the dynamics of PDDA-SDS assembly and disassembly at
the LC interface, thereby regulating the rate of escape of the
aqueous microdroplets from the LC. While similar micro-
droplet release dynamics were observed when using PSS and
DTAB-stabilized aqueous microdroplets, we observed that in-
terfacial complexes of PSS-DTAB and PDDA-SDS formed
during the release process exerted distinct influences on the ori-
entational ordering of the LC. These observations led us to con-
clude that the orientational behavior of LCs provides the basis
of a novel probe of the dynamic properties of polyelectrolyte-
surfactant complexes at interfaces.

The observations presented in our paper identify a number
of opportunities for further investigation. For example, prior
studies have reported gelation of polyelectrolytes by surfac-
tants,* and the role of gels so-formed on the LC response has
not been explored. We have also not yet explored the effect of
the order of addition of polyelectrolytes and surfactants on the
LC response to polyelectrolyte-surfactant complexation at the
aqueous-LC interface. More broadly, the experimental system
reported in our paper appears well-suited for characterization of
the non-equilibrium interfacial states of surfactants and poly-
electrolytes. Additionally, LC mediated interactions between



microdroplets lead to the chaining of microdroplets within the
LC; how this chaining impacts the release of microdroplets has
not been investigated. Finally, a wide range of polyelectrolytes
are found in biological systems, such as DNA, RNA, and poly-
phosphates, and the results of this study suggest that they could
be used to trigger the release of microdroplets. We envisage
investigations, for example, in which aqueous microdroplets are
loaded with enzymes that, upon release, process the degradation
of the adsorbed polyelectrolytes to regulate further release of
the protein. Overall, the results reported in this paper provide
the basis of general and versatile design rules for the creation of
responsive soft matter.
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