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FIGURES 7 A, 7B, 7C, 7D, 7E, 7F, 7G, 7H, 71, 7J, 7K, 7L, 7M, 7N, 70, 7P, 7Q, 
and 7R 
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Figures 12A, 12B, 12C, 12D, 12E, 12F, 120, 12H, 121 
12J, 12K, 12L, 12M, 12N, and 120 
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FIGURES 13A, 13B, 13C, and 13D 
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FIGURES 22A, 22B, 22C, 22D, 22E, and 22F 



U.S. Patent Apr. 4, 2023 Sheet 23 of 26 US 11,617,969 B2 

i . . . . . . . . . . 

itttir:❖:-= 
.. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , ..... 

:.:.:.:• ... 



U.S. Patent Apr. 4, 2023 Sheet 24 of 26 US 11,617,969 B2 



\Vell 1 \Vell2 • 
25A 5CB + E7 (7 ;3) + gUl.".St dn:iplets 

FIGURES 25A, 25B, 25C, 25D, 25E and 25F 

e • 
00 . 
~ 
~ 
~ 
~ = ~ 

t 
:-: 
~ ... 
N 
0 
N 
~ 

rJJ 
=('D 
('D ..... 
N 
Ul 
0 .... 
N 
O'I 

d 
r.,;_ 

"'""' 
"'""' O'I 
"'""' -....l 
\0 
0--, 
\0 

~ 
N 



U.S. Patent Apr. 4, 2023 Sheet 26 of 26 

Optical Response [a.u.] 
0 0 0 0 
r---.. \Cl tn ~ 

US 11,617,969 B2 

r--"! 

"'C 
i::l 
C 
() 
V 

{/). 
;...._; 

(l) 
~ ~ .... "° ...... 
N ~ 
"Cl 
i:::: 
(<;I 

,...., 
I.O 
N ,.....~ 

"° N 

::tl 
"° C'l 

d 
"° N 
µ.;· 
"° N 

~ 
·s.0 
N 

0~ 

"° N 

u 
"° N 

co 
I.O 
N 

-<~ 
I.O 
N 
,z, 
11) 
l--; 

?n ..... 
i:.:r.; 



US 11,617,969 B2 
1 

ACTIVATED RELEASE OF TARGET 
MATERIAL TRAPPED IN ANISOTROPIC 

FLUIDS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a U.S. national phase entry of Inter
national Application No. PCT/US2017/037414 filed on Jun. 
14, 2017, which claims the benefit of U.S. provisional 
Application No. 62/349,896 filed on Jun. 14, 2016. Each of 
these applications is incorporated by reference herein in its 
entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with goverrnnent support under 
DMRl 121288 awarded by the National Science Foundation 
and W911NF-15-l-0568 awarded by the ARMY/ARO. The 
goverrnnent has certain rights in the invention. 

FIELD 

This disclosure relates generally to the controlled release 
of compositions sequestered within a fluid. In particular, the 
disclosure is directed to systems and methods for reducing 
and/or overcoming the elastic repulsion forces that prevent 
the release of guest compositions that are trapped within one 
or more anisotropic fluids, thus facilitating the release of 
such compositions from the fluids into the surrounding 
environment. 

BACKGROUND 

Technologies for controlled or on-demand release of one 
or more chemicals or compositions of interest from their 
place of storage have a wide range of potential applications, 
such as facilitating drug delivery, micro-cargo transport, 
development of responsive materials or smart packaging, 
development of antimicrobial surfaces, or use in microflu
idics. Accordingly, various systems and methods have been 
developed for the controlled release of compositions of 
interest [1-18]. 

However, many previously proposed technologies for 
controlled release require performing complex procedures 
and/or using complex instrumentation, such as active deliv
ery devices incorporating micrometer-scale chips, pumps, 
valves, and/or flow charmels [19-24]. Thus, there is a need 
for new controlled release technologies that do not require 
the use of complex instrumentation, such as pumps, or 
complicated synthetic procedures. 

2 
than any forces present tending to favor the release of the 
guest compositions from the LC bulk to the surrounding 
environment. 

BRIEF SUMMARY 

We have developed systems and methods for manipulat
ing and/or overcoming the elastic repulsion forces that 
normally prevent immiscible guest compositions seques-

10 tered within an anisotropic fluid from being released into the 
surrounding environment. Here, we demonstrate that when 
the elastic repulsion forces are manipulated such that they 
are no longer sufficient to prevent release, and/or counter 
forces greater than the elastic repulsion forces are introduced 

15 that favor release of the guest compositions, the guest 
compositions are released from the anisotropic fluid. 
Because manipulating the elastic repulsion forces as needed 
and/or inducing the appropriate counter forces can be spa
tially and/or temporally controlled, the disclosed systems 

20 and methods can be used for on-demand or controlled 
release of immiscible guest materials that are sequestered 
within an anisotropic fluid. 

Manipulation of elastic repulsion forces can occur by 
changing the molecular orientation or composition of the 

25 anisotropic fluid or by changing the surrounding environ
ment (e.g., by changing the temperature). Exemplary coun
ter forces that may be used to overcome the elastic repulsion 
forces preventing release include, e.g., elastic forces gener
ated with an internal interface, interfacial tension force, 

30 buoyant forces, magnetic forces, osmotic forces, hydrody
namic forces, Marangoni stresses, interfacial shear stresses, 
optical forces, electrical forces and electrostatic attractions 
induced by the presence of charged substances (molecules, 
droplets or solid particles) within or in contact with the guest 

35 compositions and/or the surrounding environment. 
Accordingly, in a first aspect, the disclosure encompasses 

a system for the controlled release of a guest composition 
sequestered within a host composition. First, the system 
includes a guest composition sequestered within a host 

40 composition made up of an anisotropic fluid. The guest 
composition is immiscible ( or not soluble, if a solid or gas) 
in the host composition, thus forming an interface with the 
host composition upon which elastic repulsion forces act to 
prevent the release of the guest composition from the host 

45 composition. The interface can be deformable or rigid. 
Second, the system includes a device or composition for 
changing the elastic repulsion forces and/or introducing one 
or more counter forces such that the elastic repulsion forces 
are no longer sufficient to prevent the release of the guest 

50 composition from the host composition. 
In some embodiments, the host composition is capable of 

undergoing an optically detectable change when the elastic 
repulsion forces are changed and/or one or more counter 
forces are introduced. 

In some embodiments, the device or composition for 
changing the elastic repulsion forces and/or introducing one 
or more counter forces is a device capable of changing the 
temperature of at least part of the system. In some embodi
ments, the change of temperature leads to the propagation of 

Anisotropic fluids, such as liquid crystals (LCs ), can trap 55 

and levitate immiscible guest compositions, such as drug
containing water droplets and solid microparticles, within 
their bulk. In the absence of external forces, the guest 
compositions ( e.g., drug-containing water droplets) can 
remain sequestered within the LC bulk for extended periods 60 an isotropic-nematic interface across the host composition. 
of time, without any loss of the guest composition to the 
surrounding environment (e.g., an adjacent solution or solid 
substrate in contact with the LC bulk). The guest composi
tions remain sequestered within the LC bulk, because of 
elastic forces (i.e., elastic repulsion) between the guest 
composition droplets and each LC interface. Under normal 
storage conditions, these elastic repulsion forces are greater 

In some such embodiments, the device is a heating device, 
a cooling device, or a light source. In some such embodi
ments, the heating device or light source is positioned to 
differentially heat one portion of the host composition 

65 relative to another portion of the host composition, or the 
cooling device is positioned to differentially cool one por
tion of the host composition relative to another portion of the 
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host compos1t10n. Exemplary light sources that could be 
used include, without limitation, an ultraviolet light source. 
In some embodiments where the device is a light source, the 
system may also include a light-absorbent dye. In some 
embodiments, the heating is achieved by the passage of 
electrical current through a resistor (Ohmic heating), in other 
embodiments, dissipative processes associated with the 
application of (AC or DC) electrical or magnetic fields can 
lead to heating, or hydrodynamic viscous dissipation can 
lead to heating. The scope of the disclosure is not limited by 10 

the means of achieving differential heating. 

4 
charged, and a separate compos1t10n that includes sub
stances or molecules having a charge opposite the charge of 
the guest composition or charged substances or molecules in 
contact with or within the guest composition is positioned to 
be delivered to the environment outside of and adjacent to 
the host composition. 

In some embodiments, the one or more charged sub-
stances or molecules include one or more amphiphiles one 
or more charged polymers, or a combination thereof. In 
some such embodiments, the one or more amphiphiles may 
include a negatively charged surfactant, a positively charged 
surfactant, or both. 

In some embodiments, the device or composition for 
changing the elastic repulsion forces and/or introducing one 

In some embodiments, the host composition includes a 
nematic-isotropic (N-I) phase transition. In some such 
embodiments, the N-I phase transition interface is propa
gated within the host composition. 

In some embodiments, the device or composition for 
changing the elastic repulsion forces is a device capable of 
elevating the temperature of the system which lead to the 
decrease of the elastic repulsion forces to allow the release 

15 or more counter forces is a composition that includes one or 
more ionic and/or non-ionic amphiphiles or one or more 
charged and/or non-charged polymers. In some embodi
ments, the composition containing one or more amphiphiles 

of the guest compositions from the host composition. In such 20 

embodiments, it is not necessary to have a gradient in 
heating. Either uniform or non-uniform heating can work. In 
some such embodiments, the device is a heating device or a 
light source. In some such embodiments, the heating device 
or light source is positioned to heat the host composition. 25 

Exemplary light sources that could be used include, without 
limitation, an ultraviolet light source. In some embodiments 
where the device is a light source, the system may also 
include a light-absorbent dye or other light-sensitive com
pound, such as a compound that changes conformation upon 30 

exposure to light. Non-limiting examples include azoben
zene, a spiropyran, or cinnamic acid. 

In some embodiments, the device or composition for 
introducing one or more counter forces is a guest composi
tion having a different density than the host composition. In 35 

some such embodiments, the guest composition may have a 
lower density than the host composition. 

In some embodiments, the device or composition for 
changing the elastic repulsion forces and/or introducing one 
or more counter forces is a device capable of inducing a 40 

shear stress at the interface of host composition. 
In some embodiments, the device or composition for 

changing the elastic repulsion forces and/or introducing one 
or more counter forces is a magnetic or electric field source. 
In some such embodiments, the system includes one or more 45 

assistive particles capable of phasing parallel (or perpen
dicular) to a magnetic or electric field. 

In some embodiments, the device or composition for 
changing the elastic repulsion forces and/or introducing one 
or more counter forces is a composition that includes one or 50 

more charged substances or molecules. In some embodi
ments, the composition containing one or more charged 
substances or molecules is positioned to be delivered to the 
environment outside of and adjacent to the host composi
tion. In some such embodiments, the environment outside of 55 

and adjacent to the host composition comprises a recipient 
composition adjacent to and in contact with the host com
position that is immiscible with the host composition, and 
the elastic repulsion forces in the host composition prevent 
the release of the guest composition into the recipient 60 

composition. 
In some embodiments, the guest composition is charged, 

or the composition that includes one or more charged 
substances or molecules is in contact with or within the guest 
composition. In some such embodiments, the guest compo- 65 

sition or charged substances or molecules in contact with or 
within the guest composition are negatively or positively 

or one or more polymers is positioned to be delivered to the 
environment outside of and adjacent to the host composi
tion. In some such embodiments, the environment outside of 
and adjacent to the host composition comprises a recipient 
composition adjacent to and in contact with the host com
position that is immiscible with the host composition, and 
the elastic repulsion forces in the host composition prevent 
the release of the guest composition into the recipient 
composition prior to the addition of the amphiphile or 
polymer. The addition of the amphiphile or polymer leads to 
hydrodynamic force, electrostatic force, osmotic force, or a 
combination thereof that overcome the elastic repulsion 
forces, leading to the release of the guest composition. 

In some embodiments, the composition for changing the 
elastic repulsion forces and/or introducing one or more 
counter forces such that the elastic repulsion forces are no 
longer sufficient to prevent the release of the guest compo
sition from the host composition further comprises one or 
more solutes that are miscible in the host composition. In 
some such embodiments, the one or more solutes are iso
tropic solutes. Non-limiting examples include alcohols, 
ketones, aldehydes, fatty acids, aromatics, cyclic alkanes, or 
branched alkanes. 

In some embodiments, the one or more solutes that are 
miscible in the host composition include a light-sensitive 
compound capable changing its conformation upon expo
sure to light. Non-limiting examples include azobenzene, 
spiropyran, and cinnamic acid. 

In some embodiments, the composition for changing the 
elastic repulsion forces and/or introducing one or more 
counter forces is a composition that is capable of changing 
the pH of the environment adjacent to the host composition. 

In some embodiments, the anisotropic fluid is a liquid 
crystal. In some such embodiments, the liquid crystal is in 
two different phases. In some embodiments, the liquid 
crystal is a nematic liquid crystal. In some embodiments, the 
liquid crystal is a chiral nematic ( cholesteric) liquid crystal. 
In some embodiments, the liquid crystal is a thermotropic or 
lyotropic liquid crystal. In some embodiments, at least part 
of the liquid crystal is in the nematic (N) phase, and at least 
part of the liquid crystal is in the isotropic (I) phase. 

In some embodiments, the composition for changing the 
elastic repulsion forces and/or introducing one or more 
counter forces such that the elastic repulsion forces are no 
longer sufficient to prevent the release of the guest compo
sition from the host composition comprises one or more 
motile bacteria. 

In some embodiments, the host composition does not 
comprise a lyotropic liquid crystal. 
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In some embodiments, the system includes two or more 
non-contiguous host compositions. 

In some embodiments, the host composition has two or 
more different guest compositions sequestered within it. 

In some embodiments, the density of the guest composi
tion is different than the density of the host composition. In 
some such embodiments, the density of the guest composi
tion is less than the density of the host composition. 

In some embodiments, the guest composition includes a 
drug, a cleaning composition, an antiseptic agent, a bioac- 10 

tive agent, an aggregate of molecules, a chemoattractant, an 
antibiotic, an antibiofilm agent, a fragrance, a flavor, a 
cosmetic agent, an organism, a nanoparticle or micropar
ticle, a liquid, a gel, a gas, a solid, or a composition capable 
of at least partially destroying, dissolving, or otherwise 15 

rendering an electronic or mechanical device unworkable. 
In a second aspect, the disclosure encompasses a system 

for the controlled release of a guest composition sequestered 
within a host composition, the system that includes (a) a host 
composition made up of an anisotropic fluid; (b) a guest 20 

composition that is immiscible in the host composition that 
is at least partially sequestered within the host composition, 
forming an interface between the guest and host composi
tions upon which elastic repulsion forces act; and ( c) one or 
more force-altering factors that are actively altering the 25 

elastic repulsion forces and/or introducing one or more 
counter forces to facilitate the controlled release of the guest 
composition from the host composition. 

In some embodiments, the host composition undergoes an 
optically detectable change when the elastic repulsion forces 30 

are changed and/or one or more counter forces are intro
duced. 

6 
charged substances or molecules in contact with or within 
the guest composition. In some such embodiments, the 
environment outside of and adjacent to the host composition 
is a recipient composition that is immiscible ( or insoluble) 
with the host composition. 

In some embodiments, the charged substances or mol
ecules present may include one or more amphiphiles. In 
some such embodiments, the one or more amphiphiles may 
include a positively charged surfactant, a negatively charged 
surfactant, or both. 

In some embodiments, the charged substances or mol
ecules present may include one or more charged polymers. 
In some such embodiments, the charged polymers are posi
tioned to be delivered to or within the environment outside 
of and adjacent to the host composition. 

In some embodiments, the one or more force-altering 
factors include one or more pH-changing agents. In some 
such embodiments, the pH-changing agents are positioned 
to be delivered to or within the environment outside of and 
adjacent to the host composition. 

In some embodiments, the one or more force-altering 
factors include a light-sensitive compound that is incorpo
rated into the host composition. The light-sensitive com
pound is capable of changing its conformation upon expo
sure to light. Non-limiting examples include azobenzene, 
spiropyran, and cinnamic acid. 

In some embodiments, the one or more force-altering 
factors include a solute that is miscible in and incorporated 
into the host composition. In some such embodiments, the 
solute is an isotropic solute. Non-limiting examples include 
alcohols, ketones, aldehydes, fatty acids, aromatics, cyclic 
alkanes, and branched alkanes. 

In some embodiments, the host composition is in the form 
of a droplet or a thin film. 

In some embodiments, the anisotropic fluid is a liquid 
crystal. In some such embodiments, the one or more force
altering factors may include the liquid crystal being in two 
different phases. 

In some embodiments, the liquid crystal is a nematic 
40 liquid crystal. In some embodiments, the liquid crystal is a 

chiral nematic (cholesteric) liquid crystal. In some embodi
ments, the liquid crystal is a thermotropic liquid crystal or 
lyotropic liquid crystal. 

In some embodiments, the force-altering factors may 
include one or more of (i) a temperature differential from 
one portion of the host composition to another portion of the 35 

host composition; (ii) the host composition comprising two 
different phases delineated by a phase boundary; (iii) the 
guest composition having a different density than the host 
composition; (iv) the host composition being at an elevated 
temperature; (v) a shear stress at the interface of host 
composition; the shear stress could be caused by an imposed 
fluid flow, but the scope of the invention is not limited by the 
number of ways in which the shear stress can be imposed as 
many ways are known to those skilled in the art; (vi) one or 
more assistive particles capable of phasing parallel or per
pendicular to a magnetic or electric field; (vii) one or more 
charged substances or molecules; (viii) one or more amphi
philes; (ix) one or more polymers; (x) one or more pH
changing agents; (xi) a light-absorbent dye or other light
sensitive compound; (xii) a solute that is miscible in and 
incorporated into the host composition; or (xiii) one or more 
motile bacteria. 

In some embodiments, at least part of the liquid crystal is 
45 in the N phase, while at least part of the liquid crystal may 

be in the I phase. 
In some embodiments, the host composition does not 

include a lyotropic liquid crystal. 
In some embodiments, the system includes two or more 

50 non-contiguous host compositions. 

In some embodiments, the force-altering factors present 
include the temperature differential or elevated temperature 
noted above, where either the host composition includes two 55 

different phases, or the guest composition has a different 
density than the host composition. 

In some embodiments, the guest compositions have a 
lower density than the host composition. 

In some embodiments, the force-altering factors present 60 

include one or more charged substances or molecules. In 
some such embodiments, the one or more charged sub
stances or molecules are in contact with or within the guest 
composition. In some such embodiments, the system further 
includes one or more charged substances or molecules in the 65 

environment outside of and adjacent to the host composition 
that have an opposite charge to the charge of the one or more 

In some embodiments, the host composition has two or 
more different guest compositions at least partially seques
tered within it. 

In some embodiments, the guest composition may include 
a drug, a cleaning composition, an antiseptic agent, a bio
active agent, an aggregate of molecules, a fragrance, an 
organism, or a composition capable of at least partially 
destroying, dissolving, or otherwise rendering an electronic 
or mechanical device unworkable. 

In a third aspect, the disclosure encompasses a method for 
controlled release of a guest composition of interest seques
tered within a host composition made up of an anisotropic 
fluid. The guest composition is immiscible or insoluble in 
the host composition, thus forming an interface with the host 
composition upon which elastic repulsion forces act to 
prevent the release of the guest composition from the host 
composition. The method includes the step of changing the 
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elastic repulsion forces and/or introducing one or more 
counter forces such that the elastic repulsion forces are no 
longer sufficient to prevent the release of the guest compo
sition from the host composition. As a result of performing 
the method, at least a portion of the guest composition is 
released from the host composition into the surrounding 
environment. 

In some embodiments, the host composition undergoes an 
optically detectable change as the elastic repulsion forces are 
changed or the one or more counter forces are introduced. In 10 

some such embodiments, the optically detectable change 
occurs contemporaneously with the release of the guest 
composition. 

8 
guest composition or charged substances or molecules in 
contact with or within the guest composition to the envi
ronment outside of and adjacent to the host composition. 

In some embodiments, the charged substances or mol
ecules used may include one or more amphiphiles, one or 
more charged polymers, or one or more pH-changing agents. 
In some such embodiments, the one or more amphiphiles 
may include a negatively charged surfactant, a positively 
charged surfactant, or both. 

In some embodiments, one or more solutes miscible in the 
host composition are added to the host composition or to the 
environment outside of and adjacent to the host composi
tion. In some such embodiments, the solutes are isotropic. 
Non-limiting examples include alcohols, aldehydes, 

15 ketones, fatty acids, aromatics, cyclic alkanes, or branched 
alkanes. 

In some embodiments, the step of changing the elastic 
repulsion forces and/or introducing one or more counter 
forces includes changing the temperature of at least part of 
the host composition. In some such embodiments, changing 
the temperature of at least part of the host composition 
includes establishing a temperature differential from one 
portion of the host composition to another portion of the host 20 

composition. In some embodiments, a phase transition inter
face is propagated within the anisotropic fluid. In some 
embodiments, an elevated temperature is established for the 
host composition. 

In some embodiments, the temperature is changed using 25 

a heating device, a cooling device, or a light source. Exem
plary light sources that could be used include an ultraviolet 
light source. In some embodiments, wherein the temperature 
is changed using a light source, and the host composition, 
the guest composition, or both include a light-absorbent dye. 30 

In some embodiments, the step of changing the elastic 
repulsion forces includes elevating the temperature of the 
host composition. In some embodiments, the temperature is 
changed using a heating device or a light source. Exemplary 
light sources that could be used include an ultraviolet light 35 

source. In some embodiments, wherein the temperature is 
changed using a light source, and the host composition, the 
guest composition, or both include a light-absorbent dye. 

In some embodiments, the step of changing the elastic 
repulsion forces and/or introducing one or more counter 40 

forces includes introduction of shear flow in the environ
ment outside of or adjacent to the host composition. 

In some embodiments, the step of changing the elastic 
repulsion forces includes applying a magnetic or electric 
field to the host composition. In some such embodiments, 45 

the host composition includes one or more assistive particles 
capable of phasing parallel or perpendicular to a magnetic or 
electric field. 

In some embodiments, the step of changing the elastic 
repulsion forces and/or introducing one or more counter 
forces includes contacting one or more motile bacteria with 
the host composition, the guest composition, or the envi
ronment outside of or adjacent to the host composition. 

In some embodiments, the host composition further 
includes a light-sensitive compound that is capable of 
changing conformation when exposed to light. In some such 
embodiments, the method includes the step of exposing the 
host composition to light, whereby the conformation of the 
light-sensitive compound is changed. Non-limiting 
examples of light-sensitive compounds that could be used 
include azobenzene, a spiropyran, or cinnamic acid. In some 
embodiments, the change in conformation is reversible. In 
other embodiments, the change in conformation is irrevers-
ible. 

In some embodiments, the step of changing the elastic 
repulsion forces and/or introducing one or more counter 
includes changing the pH of the host composition or sur
rounding environment. 

In some embodiments, the anisotropic fluid is a liquid 
crystal. In some such embodiments, the liquid crystal is in 
two different phases. In some embodiments, the liquid 
crystal used is a nematic liquid crystal. In some such 
embodiments, at least part of the nematic liquid crystal is in 
the N phase, and at least part of the nematic liquid crystal is 
in the I phase. In some such embodiments, the N-I phase 
transition is propagated within the host composition. In 
some embodiments, the nematic liquid crystal is s chiral 
nematic ( cholesteric) liquid crystal. 

In some embodiments, the host composition is not made 
up of a lyotropic liquid crystal. 

In some embodiments, the step of changing the elastic 
repulsion forces and/or introducing one or more counter 
forces includes changing the charge of the guest composi
tion, and/or adding one or more charged substances or 
molecules to the guest composition, to the host composition, 

In some embodiments, the method is applied to two or 
50 more non-contiguous host compositions having guest com

positions sequestered within them. 

or to the environment outside of and adjacent to the host 
composition. In some such embodiments, the environment 55 

outside of and adjacent to the host composition is a recipient 
composition adjacent to and in contact with the host com
position that is immiscible or insoluble with the host com
position. 

In some embodiments, the method is applied to a host 
composition having two or more different guest composi
tions sequestered within it. 

In some embodiments, the density of the guest composi
tion is different than the density of the host composition. In 
some such embodiments, the density of the guest composi
tion is less than the density of the host composition. 

In some embodiments, the guest composition includes a 
60 drug, a cleaning composition, an antiseptic agent, a bioac

tive agent, an aggregate of molecules, a fragrance, an 
organism, or a composition capable of at least partially 
destroying, dissolving, or otherwise rendering an electronic 
or mechanical device unworkable. 

In some embodiments, the guest composition is nega
tively or positively charged, or one or more negatively 
charged substances or molecules or one or more positively 
charged substances or molecules are in contact with or 
within the guest composition, and the step of changing the 
elastic repulsion forces and/or introducing one or more 65 

counter forces includes adding one or more substances or 
molecules having a charge opposite to the charge of the 

Other objects, features and advantages of the present 
invention will become apparent after review of the specifi
cation, claims and drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lA, 18, lC, lD, lE, IF, lG, lH, 11, and 1J show 
repeated ejection of pulses of dispersed guest droplets from 
a nematic LC triggered by the N-I phase transitions. FIG. lA 5 

shows the molecular structure of the representative liquid 
crystal, 5CB (left), along with micrograph of aqueous guest 
droplet in 5CB (right) with a reconstructed director profile 
(middle). Each droplet is of a homeotropic surface anchoring 
due to the doped surfactant, sodium dodecyl sulfate (SDS), 10 

and thus is accompanied with a point defect. FIG. 1B is a 
schematic diagram of the exemplary system for the con
trolled release activated by the N-I phase transitions. FIGS. 
lC-lF are sequential photographs of the system in the initial 
N phase (lC) and after N-to-I lD), I-to-N (lE), and 10 15 

(I-to-N) (lF) phase transitions; the heating TH and cooling 
Tc temperatures were 50° C. and 25° C., respectively. The 
concentrations of aqueous droplets (Caq) dispersed in 5CB 
and SDS (Csns) doped in the droplets are 20 v % and 9 mM, 
respectively. FIGS. lC and lD also include an inset with 20 

micrographs of the miniwell showing the optical responses 
accompanied with the release of the microdroplets. FIGS. 

10 
SB show A (SA) and the corresponding absorbance spectra 
(SB) with respect to the number of phase transitions upon 
TH=50° C. and Tc=35° C.; caq=l0 V % (Csns=9 mM). The 
absorbance measurements show that microdroplets contain
ing tracer were ejected during the upward motion (heating) 
but not downward motion ( cooling) of the N-I interface. 

FIGS. 6A, 6B, 6C, 6D, 6E, 6F, 6G, and 6H show the 
transport of the guest droplets in a size-dependent manner by 
elastic repulsion forces associated with a moving N-I inter
face. FIGS. 6A-6H are sequential micrographs (6A-6D) and 
corresponding illustrations ( 6E-6H) of the transport of small 
microdroplets ( dotted circles; R <R *) but not large droplets 
(solid circles; R>R *) by a moving N-I interface (yellow 
arrows) upon heating; Caq=0.5 v %, Csns=9 mM, and 
vNI=l0 µmis. 

FIGS. 7A, 7B, 7C, 7D, 7E, 7F, 7G, 7H, 71, 7J, 7K, 7L, 
7M, 7N, 70, 7P, 7Q, and 7R show behaviors of clusters of 
microdroplets during passage of the N-I interface and evi
dence that droplets with R>R * are not transported by the N-I 
interface. FIGS. 7A-7H are sequential micrographs showing 
behaviors of clusters of microdroplets during passage of a 
N-I interface during either a N-to-I (heating, 7A-7D) or 
I-to-N (cooling, 7E-7H) phase transition. vNI=l0 µmis for 
heating, 35 µmis for cooling, and R *-10 µm for both cases. 

lG and lH show the absorbance A of the water bath 
measured at a wavelength corresponding to peak tracer 
absorbance O'-Red=5l0 nm), as a function of time before 
phase transitions at temperature T=25° C. (lG) and after a 
N-to-I phase transition (after heating to T=50° C., lH). 
FIGS. lI and 1J show A with respect to the number of phase 
transitions (ll) and Caq after 20 phase transitions (lJ). 
Absorbance spectra of FIGS. lG and lI are shown in FIGS. 
2Aand 2B. 

25 Red and blue arrows indicate the direction of motion of the 
N-I interface. Solid and dotted circles indicate droplets with 
R>R* (=10 µm) and R<R*, respectively. White arrows 
indicate the droplets that coalesced while being transported 
by the moving N-I interface. Note that droplets with R<R* 

FIGS. 2A and 2B show the absorbance spectra for FIGS. 
lG and 11, respectively. FIG. 2A shows absorbance spectra 
of the water bath at T=25° C. (without phase transitions) 0, 
24, 48, 72, and 96 hours after the mini-well was submerged 
into the bath. FIG. 2B shows absorbance spectra of the water 
bath with respect to the number of phase transitions with 

30 are left behind the N-I interface in 7C because they are shed 
from clusters, as illustrated in 7I-7L. FIGS. 7I-7L are 
illustrations of a droplet cluster being transported by a 
moving N-I interface. FIG. 71 shows that single droplets or 
droplet clusters with R <R * are transported by a moving N-I 

T H=50° C. and T c=25° C.; the release of microdroplets were 
activated upon both heating and cooling. 

35 interface. FIG. 7J shows that as the moving interface collects 
more droplets, the clusters of droplets formed at the interface 
increase in size. FIG. 7K shows that when the effective 
radius of droplet cluster exceeds R *, the interface no longer 

FIGS. 3A, 3B, 3C, 3D, 3E, 3F and 3G illustrate the 40 

thermally-triggered release of microdroplets with resistive 
heating (Joule heating). FIGS. 3A-G are sequential photo
graphs for the release of tracer (Caq =20 v %, Csns=9 mM) 
triggered by N-I phase transitions using Joule heater; 30 V 
for heating (TH=60° C.) and 0 V for cooling (to room 45 

temperature). Heating of the sample from below was 
achieved by passage of current through an indium thin oxide 
electrode coated on glass. The motion of the N-I interface 
was upward-directed for both heating and cooling. 

FIGS. 4A, 4B and 4C show the dependence of the 50 

propagation direction of the N-I interface on the heating TH 
and cooling temperatures Tc. FIG. 4A shows propagation of 
the N-I interface from the LC-glass interface (bottom) to the 
LC-water interface (top) upon heating from T=25° C. to 
TH=50° C. (N-to-I phase transition). Upon heating, the 55 

interface moves upward regardless of TH and microdroplets 
were ejected (FIGS. lD and lH). FIG. 4B shows upward 
propagation of the N-I interface upon cooling from 50° C. to 
Tc=25° C. (I-to-N phase transition) and release of micro
droplets (FIGS. 1E and 11). FIG. 4C shows downward 60 

propagation of the N-I interface upon cooling from 50° C. to 

transports the cluster. FIG. 7L shows that as some of droplets 
from the cluster are left behind the N-I interface, the cluster 
becomes smaller than R * and thus is transport again by the 
interface. FIG. 7M-7R show the evidence that droplets with 
R>R * are not transported by the N-I interface moving at 
high speed (vNI=l00 µmis) during N-to-I (7M-7O) and 
I-to-N phase transitions (7P-7R). The left and right columns, 
respectively, show optical micrographs before and after 
passage of the N-I interface, and the middle column shows 
micrographs during passage of the N-I interface. The posi
tions of microdroplets before and after the passage of the N-I 
interface are unchanged, revealing that R>R * for the rapidly 
moving interface. 

FIGS. SA, SB, SC, SD, SE, SF, SG, SH, SI and SJ are 
sequential micrographs (top view, SA-SE) and correspond
ing illustrations (side view, SF-SJ) of microdroplets trans
ported by a moving N-I interface upon heating (T H=50° C.) 
in a micro-well. The focal plane was near the LC-water 
interface (red boxes in SF and SH). FIGS. SA and SF show 
the microdroplets that were dispersed initially in the LC 
bulk. FIGS. SB and SG show that when the bottom of the 
micro-well was heated to TH=50° C. (>TNI), the N-to-I 
phase transition first occurs at the LC-glass interfaces ( de
noted by * in SB) and the N-I interface propagates upward 
toward the LC-water interface. FIGS. SC and SH show that 

T c=35° C. and the absence of release of tracers. A and 
absorbance spectra of FIG. 4C are shown in FIGS. SA and 
SB. Red and blue arrows indicate the propagation direction 
of the interface. 

FIGS. SA and SB show the deactivation of the release of 
microdroplets upon cooling with T c=35° C. FIGS. SA and 

droplets that were out of focus (red dotted circles in SA) 
65 moved into focus revealing that the moving interface trans

ported the droplets toward the LC-water interface. FIGS. SD 
and SI show that as the N-I interface reaches the LC-water 
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interface, the droplets disappeared, consistent with the 
fusion of droplets with the overlying aqueous phase. FIGS. 
SE and SJ show that after the release, the reduced number of 
droplets remains. FIGS. SK, SL, SM and SN are micrographs 
showing the decrease in the population of microdroplets in 5 

a LC at T=25° C. (SK) before phase transitions and after 2 
(SL), 4 (SM), and 6 phase transitions (SN). P and A indicate 
the orientations of the polarizer and analyzer, respectively. 

sizes, at 0 (12K), 7 (12L), 10 (12M), 12 (12N), and 15 
minutes (120) after the baths were heated to T H=59° C. 
(TNI); PE7>Paq (FB>0) and caq 20 V % (Csns=9 mM). The 
mini-well containing the microdroplets having the larger 
size (left bath) exhibited a higher release due to the facile 
formation of droplet clusters with the radius above which 
Fr>0, consistent with the theoretical model in FIG. llG. 

FIGS. 13A, 13B, 13C, and 13D illustrate the release of 
microdroplets triggered by a shear flow in a surrounding T H=50° C., Tc=25° C., caq =2.5 V %, Csns=9 mM and vNI=8 

µmis. 10 environment. FIGS. 13A-13D are time sequential photo
graphs of the release of microdroplets (C aq =20 v %, Csns=9 
mM) at 0 (13A), 10 (13B), 20 (13C), and 30 minutes (13D) 
after a shear flow was generated in surrounding aqueous 

FIGS. 9A, 9B, 9C and 9D show the net force F(z) (9A and 
9C) acting on a microdroplet (R=l.5 µm) in 5CB and 
calculated dependence of R* (9B and 9D) on vNI upon 
N-to-I (9A and 9B) and I-to-N phase transitions (9C and 
9D). Insets in FIGS. 9A and 9C show illustrations of the 15 

forces at z;;,;R (in N for 9A and in I for 9C), -R<z<R (at N-I 
interface), and zs-R (in I for 9A and in N for 9C). Red and 
blue arrows indicate the forces that favor and inhibit the 
ejection of microdroplets, respectively. Red point in FIG. 9B 
indicates R* at vNI=l0 µmis, which coincides with experi
mental values. 

phases by stirring magnetic bar. 
FIGS. 14A, 14B, 14C, 14D, 14E, 14F, 14G, and 14H 

demonstrate the isothermal release of microdroplets from a 
LC by a solute triggered N-to-I phase transition. FIGS. 
14A-14D are sequential photographs of a solute-triggered 
N-to-I phase transitions of 5CB at T=25° C. (TNiscB=35° C.) 

20 at 0 (14A), 1 (14B), 2 (14C), and 3 hours (14D) after 
propanol was added to the water bath. As the propanol 
diffused into the 5CB, a N-to-I transition occurred first at the 
LC-water interface and propagated into the LC bulk. FIGS. 
14E-14H show an illustration (14E) and sequential photo-

FIGS. l0A, 10B, l0C, l0D, l0E, lOF, and lOG show the 
role of buoyant forces in the release of microdroplets. FIG. 
1 0A is an illustration of the inverted mini-well for the release 
of microdroplets (Caq=l0 v %, Csns=9 mM) from an 
isotropic phase of 5CB. FIGS. 10B-lOG are sequential 
photographs of the mini-wells filled with 5CB containing the 
guest droplets with PscB<Paq (10B-lOD) and PscB=Paq 
(lOE-l0G) at 0 (10B, lOE), 1 (l0C, lOF), and 24 hours 
(lOD, l0G) after the baths were heated to T=45° C. (>TNI). 

FIGS. llA, 11B, llC, llD, llE, llF and llG show the 
continuous release of microdroplets from a nematic LC E7 
in response to an elevated temperature that is below T NP 

FIGS. llA-llD are sequential photographs for the continu
ous release ofmicrodroplets at 0 (llA), 15 (11B), 60 (llC), 
and 120 minutes (llD) after the bath was heated to TH=59° 
C. (<TNI); caq=30v %, Csns=2 mM, and PE7>Paq· FIG. llE 
is time-dependent A at representative temperatures T=40° 
C., 50° C., and 59° C. FIG. llF is an illustration of forces 
acting on an aqueous droplet in E7. FIG. llG show total 
forces Fr acting on the droplet as a function of R at h=0 at 
the representative temperatures. Positive force implies that 
the droplets can penetrate the LC-water interface, thereby 
being released into the water bath. 

FIGS. 12A, 12B, 12C, 12D, 12E, 12D, 12E, 12F, 12G, 
12H, 121, 121, 12K, 12L, 12M, 12N, and 120 shows the 
influence of the size and clustering of microdroplets on 
continuous release from LC triggered by an elevated tem
perature. FIGS. 12A-12F show sequential micrographs of 
microdroplets with R=9.5 µm (12A-12C) or 27 µm (12D-
12F) in E7 at 25° C. (12A, 12D), 50° C. (12B, 12E), and 59° 
C. (12C, 12F); pE7>Paq and Caq=l V % (Csns=2 mM). The 
droplet was elastically trapped in the nematic LC bulk at 25° 
C. As the temperature increased to 50° C. (R>34 µm for 
release), the droplets moved upwards and into focus but 
were not dispensed into the overlying water; the focal plane 
was near overlying water-LC interface. At 59° C. (R>23 µm 
for release), we observed the larger droplet (R=27 µm) to 
escape into the aqueous phase while the smaller droplet 
(R=9.5 µm) remained elastically trapped in the nematic bulk. 
This observation is in good agreement with our theoretical 
prediction (FIG. llG). FIGS. 12G-12I show sequential 
micrographs of the clustering of microdroplets dispersed in 
a LC at 0 (12G), 30 (12H), and 180 minutes (121); caq =2 v 
% (Csns=9 mM). FIGS. 121-120 show the illustration (12J) 
and sequential micrographs (12K-12O) from mini-wells 
filled with E7 containing microdroplets having different 

25 graphs (14F-14H) of the system at 0 (14F), 5 (14G), and 30 
minutes (14H) after the wells were submerged into the baths. 
Although F B (p Lc<P aq) promotes the release of tracers, no 
release was observed in the left bath due to a strong elastic 
sequestration. In the right bath, however, the red tracers were 

30 continuously released as the elastic barrier is removed by the 
solute-induced N-to-I phase transition. CPropanoz=l6 v % 
and caq=l0 v % (Csns=9 mM) 

FIGS. 15A, 15B, 15C, 15D, 15E and 15F illustrate the 
isothermal release of negatively charged microdroplets 

35 (Csns=9 mM) from a nematic LC by the addition of posi
tively charged surfactant (DTAB) into the baths. FIG. 15A 
shows the illustration of forces acting on the aqueous 
microdroplet. FIGS. 15B-lSD are time sequential photo
graphs of the continuous ejection of microdroplets (Caq =20 

40 v %) from a mini-well filled with a nematic LC at 0 (15B), 
0.5 (15C), and 10 hours (15D) in the water baths with 
CDTAB=2 (left bath), 5 (middle bath), and 10 mM (right 
bath). FIG. 15E shows A for tracer released from mini-wells 
in the baths with water, SDS-water, and DTAB-water. FIG. 

45 15F shows zeta potential 1; at LC-aqueous interfaces without 
amphiphiles (white bar) and with SDS (grey bar) or DTAB 
(green bars). 

FIGS. 16A, 16B, 16C, 16D, 16E, 16F, 16G, 16H, 161, 161, 
and 16K shows the isothermal release of negatively charged 

50 microdroplets (Caq =5 v %, Csns=9 mM) from a nematic LC 
by the addition of positively charged surfactant (DTAB) into 
the baths in different geometries. FIGS. 16A-16H are 
sequential micrographs (top view, 16A-16D) and corre
sponding illustrations (side view, 16E-16H) for the isother-

55 ma! release from a micro-well before (16A, 16E) and after 
the addition of DTAB at 0 (16B, 16F), 30 (16C, 16G), and 
60 minutes (16D, 16H). The release is accompanied by an 
optical response of the LC from a bright to a dark appear
ance. FIGS. 16I-16K show the isothermal release from a LC 

60 emulsion before (161) and after the addition of DTAB at 50 
(16J) and 80 seconds (16K). Insets in 161 and 16J are optical 
micrographs (crossed polarizers) of the LC droplet showing 
the optical response. 

FIGS. 17A, 17B, 17C, 17D and 17E illustrate the role of 
65 the electrostatic interaction in the release of microdroplets 

from a nematic LCs. FIGS. 17A-17D are time sequential 
photographs for the ejection of microdroplets (Caq =20 v % 
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and Csns=9 mM) triggered by the N-I phase transitions in 
the baths with SDS-water (Csns=2 mM, left bath), pure 
water (middle bath), and DTAB-water (CnrAB=2 mM, right 
bath) before phase transitions (17 A) and after 2 (17B), 6 
(17C), and 10 phase transitions (17D); T H=50° C. and 5 

T c=25° C. FIG. 17E show corresponding A as a function of 
the number of phase transitions. 

FIGS. 18A, 18B, 18C, 18D, 18E, 18F and 18G demon
strate the selective release triggered by a combination of 
chemical- and thermal stimuli. FIGS. 18A-18C are the 10 

schematic diagram (18A) and photographs (18B and 18C) 
for the release of green tracer (Caq =20 v %, CnrAB=9 mM) 
from Well 1 accompanies addition of SDS and triggering of 
phase transitions (1st to 4th phase transition). FIGS. 18B and 
18C are the photographs after 2 and 4 phase transitions, 15 

respectively. FIGS. 18D-18F are the schematic diagram 
(18D) and photographs (18E and 18F) for the release ofred 
tracer (Caq =20 v %, Csns=9 mM) from Well 2 accompanies 
addition of DTAB and triggering of phase transitions ( 5th to 
8th phase transition). FIGS. 18E and 18F are the photographs 20 

after 6 and 8 phase transitions. FIG. 18G show correspond
ing A as a function of the number of phase transitions. 

FIGS. 19A, 19B, 19C, 19D, and 19E demonstrate the 
release of microdroplets from a nematic LC by an addition 
of charged polymers. FIG. 19A is an illustration of the 25 

system for the polymer-triggered release. FIG. 19B is a 
molecular structure of exemplary polymer, Polydiallyldim
ethylammonium chloride (PDADMAC). FIGS. 19C and 
19D are sequential photographs of the release of microdrop
lets from a mini-well at 0 (19C) and 4 hours (19DC) after the 30 

addition of PDADMAC into the bath; Caq=30 v % (Csns=2 
mM). FIG. 19E shows the corresponding time-dependent A 
with respect to CPolymer· 

14 
contacting with pure water (22A) and Triton-water solution 
(Crriton =10 mM, 22B). When a LC is in contact with pure 
water, no material flow was observed while a strong con-
vection flow was induced in the LC contacting with the 
triton-water solution. FIGS. 22C-22F are time sequential 
photographs of the convection flow-triggered release of 
microdroplets (Caq =20 v %, Csns=9 mM) at 1 (22C), 5 
(22D), 30 (22E), and 150 minutes (22F) after the mini-wells 
were submerged in the water baths with Crriton =5 (left bath), 
10 (middle bath), and 100 mM (right bath). 

FIGS. 23A, 23B, 23C, and 23D illustrate the release of 
microdroplets triggered by a physiological temperature. 
FIGS. 23A-23D are schematic illustration (23A) and 
sequential photographs (23B-23D) for release of microdrop
lets (Caq=l0 v %, Csns=2 mM) from cholesteric LC trig
gered by the touch of a finger causing a N-to-I phase 
transition. 

FIGS. 24A, 24B, 24C, 24D, 24E, 24F, 24G and 24H 
illustrate the triggered release of water-soluble solid 
microparticles from LC. FIGS. 24A-24F are polarizing
(24A, 24D) and fluorescence-micrographs (24B, 24E), and 
schematic illustrations (24C, 24F) of cross-section of a LC 
film (40 µm in thickness) at 25° C. in the initial N phase 
(24A-24C) and after 6 phase transitions (24D-24F); TH=50° 
C. and Tc=25° C. The LC film (5CB) containing solid 
microparticles of FITC-dextran (1-2 v %). FIG. 24G is a 
fluorescence micrograph of the overlying water phase before 
phase transitions. No fluorescent signal is detected implying 
that the microparticles were trapped in a LC layer. FIG. 24H 
is the same after 6 phase transitions. After phase transitions, 
the overlying aqueous phase showed a strong fluorescent 
signal, implying the ejection of microparticles. Inset graph 
shows a fluorescent intensity IF as a function of the number 
of phase transitions. 

FIGS. 25A, 25B, 25C, 25D, 25E and 25F illustrate the 
selective release triggered by N-I phase transitions with LCs 
having different clearing temperature TNI. FIG. 25A is a 
schematic diagram for the selective release. Well 1 (in the 
left bath) and Well 2 (in the right bath) were filled with 5CB 
(TN/=35° C.) and the mixture of 5CB+E7 (7:3, TN/=42.5° 
C.) containing aqueous droplets (Caq =20 v %, Csns=9 mM), 
respectively; PLc<Paq· FIGS. 25B-25F are the sequential 
photographs for the selective release of microdroplets with 
Well 1 and Well 2. FIG. 25B shows that at 25° C., there is 
no release of microdroplets from both Well 1 and Well 2. 
FIGS. 25C and 25D show the release ofmicrodroplets from 
the Well I after the baths were heated from 25° C. to T H=40° 
C. (25C) and were subsequently cooled fTc=25° C. (25D). 
The release was not activated from Well 2 because TH (=40° 

FIGS. 2OA, 2OB, 2OC, 2OD, ZOE, 2OF, 2OG, 2OH, and 201 
demonstrate the triggering of release of microdroplets based 35 

on interfacial charge interactions of biological molecules. 
Aqueous microdroplets dispersed in the LC contained 
DTAB (CnrAB=2 mM) and the charge of the interface 
between the LC and the bulk aqueous phase was manipu
lated by addition of lipopolysaccharides (LPS), from 40 

Escherichia coli, to the bulk aqueous phase: FIG. 2OA is a 
measured Zeta potential v at LC-aqueous interface without 
(white bar) and with LPS (green bars) or DTAB (grey bar). 
FIGS. 2OB-201 are sequential micrographs of the ejection of 
microdroplets containing anti-bacterial agent (DTAB) from 45 

LC as a function of CLPs at 0 (2OB), 1 (2OC), 2 (2OD), 4 
mg/ml (ZOE) and before (2OF) and after the addition of LPS 
into the bulk aqueous phase at 0 (2OG), 15 (2OH), 30 minutes 
(201); Caq =10 v %. P and A indicate orientations of the 
polarizer and analyzer, respectively. 50 C.)<TN/ (=35° C.). FIGS. 25E and 25F show the release of 

microdroplets from both Well 1 and Well 2 after the baths 
were heated from 25° C. to T H=45° C. (25E) and were 
subsequently cooled to Tc=25° C. (25F); TH(=45° C.)>TN/ 

FIGS. 21A, 21B, and 21C show the role of electrostatic 
interfacial interactions on the release of microdroplets from 
LC. FIG. 21A are illustration of inverted mini-wells in baths 
of water (pH 7, left bath) and alkaline water (pH 13, right 
bath) atT=45° C. (>TNI); Caq =l0v % (Csns=9 mM) in 5CB. 55 

FIGS. 21B and 21C are sequential micrographs of the 
mini-wells at 0 (21B) and 60 minutes (21C) after a N-to-I 
phase transition. Since PLc<Paq (F B<0), tracers were con
tinuously released from an isotropic phase of 5CB (F E=0) in 
the pure water (left bath). In the alkaline water (right bath), 60 

however, the release was suppressed because of the intro
duction of repulsive charge interactions between the LC 
interface in alkaline water (negatively charged) and SDS
containing aqueous droplets (negatively charged). 

FIGS. 22A, 22B, 22C, 22D, 22E, and 22F illustrate the 65 

release of microdroplets triggered by Marangoni convection 
flow in a LC. FIGS. 22A and 22B are micrographs of 5CB 

(=35° C.)>TN/(=42.5° C.). 
FIGS. 26A, 26B, 26C, 26D, 26E, 26F, 26G, 26H, 261, 261, 

and 26K illustrate the release of microdroplets triggered by 
motion of motile bacteria. FIGS. 26A-26D are illustration 
(26A) and sequential photographs (26B-26D) for release of 
microdroplets containing anti-bacterial agent (DTAB) and 
red tracer, as triggered interfacial shear forces of motile 
bacteria (107 

- 108 cells/ml); 0 (26B), 6 (26C), and 600 
seconds (26D). FIGS. 26E-261 are sequential micrographs 
for no microdroplets were ejected from the LC in the 
absence of bacteria (26E-26G) or in the presence of weakly 
motile bacteria (26H-261); 0 (26E, 26H), 15 (26F, 261), and 
30 minutes (26G, 261). FIG. 26K show changes in optical 
responses at a LC interface with (blue line) and without 
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bacteria (red). Insets are optical micrographs (crossed polar
izers) at the LC interfaces with (blue dotted box in 26D) and 
without bacteria (red dotted box in 26G). 

DETAILED DESCRIPTION 

I. In General 

Before the present materials and methods are described, it 

16 
methods, the elastic repulsion forces are manipulated such 
that they are no longer sufficient to prevent release, and/or 
counter forces greater than the elastic repulsion forces are 
introduced that favor release of the guest materials. As a 
result of these triggering actions, the guest materials are 
released from the anisotropic fluid host composition into the 
surrounding environment. 

is understood that this disclosure is not limited to the 10 

Because manipulating the elastic repulsion forces as 
needed and/or inducing the appropriate counter forces can 
be spatially and/or temporally controlled, the disclosed 
systems and methods can be used for on-demand or con-particular methodology, protocols, materials, and reagents 

described, as these may vary. It is also to be understood that 
the terminology used herein is for the purpose of describing 
particular embodiments only, and is not intended to limit the 
scope of the present disclosure. 

As used herein and in the appended claims, the singular 
forms "a", "an", and "the" include the plural forms unless 
the context clearly dictates otherwise. As well, the terms "a" 
( or "an"), "one or more" and "at least one" can be used 
interchangeably, and the terms "comprising," "including," 
and "having" can be used interchangeably. 

Unless defined otherwise, all technical and scientific 
terms used herein have the same meanings as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the present invention, exemplary 
methods and materials are now described. 

All publications and patents specifically mentioned herein 
are incorporated by reference for all purposes including 
describing and disclosing the chemicals, instrunients, statis
tical analysis and methodologies which are reported in the 
publications which might be used in connection with the 
disclosed systems and methods. All references cited in this 
specification are to be taken as indicative of the level of skill 
in the art. 

As used herein, "liquid crystal" means an organic com
position in an intermediate or mesomorphic state between 
solid and liquid. Suitable liquid crystals for use in the 
disclosed systems and methods include, but are not limited 
to, thermotropic, polymeric, lyotropic, chromonic, active, 
smectic, nematic, twist-bend nematic, ferroelectric, blue 
phase, and cholesteric liquid crystals. 

As used herein, "lyotropic liquid crystal" are liquid crys
tals having a long-ranged orientational order that is induced 
by the addition of a solvent. Typically, lyotropic liquid 
crystals are made up of amphiphiles, such as fatty acid salts, 
phospholipids or other lipid-based substances. 

As used herein, "anisotropic fluid" means a fluid having 
one or more properties that are directionally dependent, i.e., 
dependent on the angle from which the property is observed. 
Although the classic example of an anisotropic fluid is a 
liquid crystal, anisotropic fluids are not limited to liquid 
crystals. 

II. The Disclosed Systems and Methods 

Immiscible or insoluble guest compositions sequestered 
within an anisotropic fluid host composition can be held 
within the host composition for long periods of time, without 
being released into the surrounding environment. Such 
sequestration is maintained by elastic repulsion forces acting 
at the interface of the host and guest compositions. 

We disclose herein systems and methods for manipulating 
and/or overcoming the elastic repulsion forces that normally 
prevent release of sequestered guest compositions to the 
surrounding environment. In the disclosed systems and 

trolled release of any immiscible or insoluble guest compo
sition that is sequestered within an anisotropic fluid host 
composition. Such systems and methods have numerous 

15 potential applications, including, without limitation, con
trolled delivery of pharmaceuticals and other bioactive com
positions, cleaning compositions, antiseptic compositions, 
fragrances, dyes, compositions containing one or more 
organisms, or corrosive compositions designed to dissolve, 

20 erode or damage materials on contact. 
A. Host Compositions 
The host composition is primarily made up of one or more 

anisotropic fluids, although it may also contain other sub
stances. However, the composition as a whole must act as an 

25 anisotropic fluid, in that it must exhibit differences, when 
measured along different axes, in one or more physical or 
mechanical properties ( e.g., absorbance, refractive index, 
conductivity, shear strength, viscosity, etc.). Although liquid 
crystals are perhaps the most widely-recognized class of 

30 anisotropic fluids, anisotropic fluids that can be used are not 
limited to liquid crystals. 

In addition to non-liquid crystal anisotropic fluids, various 
liquid crystals may be employed in the host compositions, 
including, without limitation, lyotropic and thermotropic 

35 liquid crystals. Polymeric liquid crystals are also suitable for 
use as host compositions. Numerous phases ofliquid crystal 
suitable for use in the host compositions include, but are not 
limited to, nematic, twist-bend nematic, ferroelectric, smec
tic ( e.g., smectic A, smectic C, and smectic C*), blue phases, 

40 and cholesteric phases. Specific examples of suitable liquid 
crystals include, but are not limited to, 4-cyano-4'-pentyl
biphenyl (5CB), 7CB, and SCB, E7 and TL205. A large 
listing of suitable liquid crystals is presented in "Handbook 
of Liquid Crystal Research" by Peter J. Collings and Jay S. 

45 Patel, Oxford University Press, 1997, ISBN 0-19-508442-X, 
which is incorporated by reference herein. 

In certain embodiments, the host composition may 
include two or more different anisotropic fluids, and/or two 
or more different phases of a given fluid. In a non-limiting 

50 example, the host composition may include both the nematic 
phase and the isotropic phase of a fluid. These two phases 
(and a phase boundary at the interface between the phases) 
may be established when part of the fluid is at a temperature 
that is above (or below) the nematic-isotropic phase transi-

55 tion temperature, while another part of the fluid is at a 
temperature that is below ( or above) the phase transition 
temperature. 

In certain embodiments, the systems and methods may 
include two or more separate host compositions. They may 

60 each have the same make-up, or they may be made up of 
completely different anisotropic fluids, allowing the selec
tive delivery of guest compositions from one or more of the 
host compositions using triggering event that are specific to 
the host compositions sequestering the guest composition of 

65 interest. 
In certain embodiments, the host composition includes 

one or more solutes that are soluble in or miscible in the 
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anisotropic fluid or fluids contained within the host compo
sition. These soluble solutes may themselves be isotropic or 
anisotropic in nature. In such embodiments, the presence of 
a miscible solute can change the elastic repulsion forces, and 
thus can be used to facilitate the controlled release of the 
guest compositions sequestered within the host composition. 
Solutes that could be used for this purpose include, without 
limitation, one or more isotropic solutes, such as alcohols, 
fatty acids, ketones, ethers, aldehydes, ketones, aromatics, 
cyclic alkanes, or branched alkanes. As a non-limiting 
example, Example 4 illustrates that as a propanol solvent is 
diffused into a host composition (5CB), an N-to-I phase 
transition is induced to reduce the repulsive elastic force, 
thus facilitating the release of the guest composition. 

In some embodiments, one or more of the soluble solutes 
included in the host composition may have two or more 
isomeric forms that have different effects on the ordering 
and/or or elastic repulsion forces contained within the host 
composition. Thus, the conversion from one isomeric form 
to the other, which may be reversible or irreversible, can be 
used to facilitate controlled release of the guest composition 
from the host composition. 

In some such embodiments, the soluble solute may be a 
light-sensitive compound that reversibly or irreversibly 
isomerizes upon exposure to light. Non-limiting examples 
include (a) azobenzene, which reversibly isomerizes from 
the lower energy trans form to the higher energy cis form 
upon exposure to ultraviolet light; (b) spiropyrans, which 
reversibly isomerize upon exposure to ultraviolet light to the 
open-ringed merocyanine form; and (c) cinnamic acid, 
which irreversibly isomerizes form the trans form to the cis 
form upon exposure to light. 

Other chemistries for aligning anisotropic fluids such as 
those that make up the host compositions are known in the 
art, and can be used to change elastic repulsion forces and/or 
anisotropic fluid ordering within the host composition in 
way that would facilitate controlled release of the guest 
composition. Such chemistries can be readily combined to 
create a "sentient" host composition capable of responding 
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more triggers that (a) manipulate the elastic repulsion forces 
preventing release of the guest composition such that they 
are no longer sufficient to prevent release of the guest 
composition, or (b) introduce counter forces sufficient to 
overcome the elastic repulsion forces preventing release of 
the guest composition, or (c) some combination of the two. 

A variety of triggers can be used to accomplish this, each 
of which can be tuned to precisely deliver a specific amount 
of guest composition to the surrounding environment at a 

10 specific time. Furthermore, the different triggers can be 
combined with the use of different host compositions and 
guest compositions, as described above, to create systems to 
selectively or differentially release different compositions, 
different quantities of the compositions, at different release 

15 rates, at different places, and/or at different times. Possible 
triggers for controlled release include both physical stimuli 
and chemical stimuli. 

1. Physical Stimuli 
Physical stimuli can trigger release in a number of dif-

20 ferent ways. For example, N-I phase transition induced by 
changing the temperature of at least part of the host com
position cause the propagation of N-I interface which can 
transport the guest composition across the host composition 
to the recipient composition adjacent to and in contact with 

25 the host composition. In addition, elevating the temperature 
of the host composition lower the strength of the elastic 
repulsion forces sequestering the guest composition within 
the host composition and thus would facilitate release of the 
guest composition. Mechanical shear at LC interfaces can 

30 also lower the elastic barriers or provide counter forces to 
the guest composition to override the elastic repulsions and 
thus trigger the ejection of guest compositions from the host 
composition to the recipient composition. The mechanical 
stresses can be generated in a variety of ways, including 

35 shear flow in the recipient composition, motion of motile 
bacteria, the motion of an eye lid, contact with a human 
finger, and shear forces imparted by the feet of insects. In the 
non-limiting examples below, we illustrate this in more 
detail. 

to environmental stimuli in a way that can be used to 40 

temporally and/or spatially control the release of the seques
tered guest composition. 

In Example 1, we demonstrate how changing the tem-
perature of a nematic liquid crystal host composition past the 
phase transition temperature where the phase of the liquid 
crystal changes from the nematic phase to the isotropic 
phase ( or vice versa) can promote one or more moving phase 

The specific geometry of the host composition is not 
limited, and may include, without limitation, droplets, thin 
films, or larger bulk shapes. 

B. Guest Compositions 
The guest compositions used must be immiscible or 

insoluble in the host compositions in which they are seques
tered, but are otherwise not limited. Guest compositions may 

45 boundaries that can physically sweep one or more seques
tered guest composition into the surrounding environment, 
thus overcoming the elastic repulsion forces preventing 
release. The extent of the thermal gradient established can be 

be solids, liquids, or gases, and may contain a single 50 

substance or a mixture of many substances. Furthermore, 
there may be multiple guest compositions (having the same 
or different makeup) within a single host composition, or 
spread among multiple host compositions, as noted above. 

Exemplary guest compositions may include, without limi- 55 

tation, solids, gases, aqueous or other dyes, substances of 
synthetic or biological origin, pharmaceuticals and other 
bioactive substances, cleaning compositions, antiseptic sub
stances, antimicrobial agents, local anesthetics, agents that 
facilitate wound healing, fragrances, compositions contain- 60 

ing one or more organisms ( e.g., lipopolysaccharide (LPS)
containing organisms), or corrosive compositions designed 
to dissolve, erode or damage materials on contact. 

C. Exemplary Release Triggers 
In the disclosed systems and methods, controlled or 65 

on-demand release of the guest compositions sequestered 
within the host compositions is accomplished using one or 

manipulated to control the movement of the phase boundary, 
and thus to control the rate of release. 

In Example 2, we demonstrate that elevating temperature 
of a nematic liquid crystal host composition can be used to 
trigger release, even in the absence of moving phase bound
aries and phase transitions. Specifically, the guest composi
tion used in Example 2 had a lower density than the 
surrounding nematic liquid crystal host composition, and as 
a result, a buoyant force was established that acted to 
counter the elastic repulsion forces that initially prevented 
release of the guest composition. As the nematic liquid 
crystal was heated, the elastic repulsion forces were reduced, 
until the buoyant force was sufficient to overcome the elastic 
repulsion forces, thus triggering release of the guest com
position. Again, the densities and temperature gradients that 
are established can be manipulated to control the rate of 
release. 

The temperature of the host composition may be changed 
in variety of ways that would be readily apparent to one 
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skilled in the art. Conventional heating and cooling devices, 
including without limitation, heaters of various types using 
electrical resistance and cooling devices incorporating vari
ous refrigerants, may be used. 

Other methods known in the art may also be used to 
change the temperature of part or all of the host composition. 
In certain embodiments, the compositions may be exposed 
to ultraviolet light. Various other optical methods, such as 
incorporating light-absorbing dyes into the compositions 
and exposing the compositions to light, could be used. When 10 

exposed to light, the light-absorbing dyes undergo reversible 
photoisomerization which lead to a phase transition. When 
the newly-formed isomer reverts back to its original form, 
heat is released. 

20 
release of the guest composition. Addition of oppositely 
charged surfactants into the guest composition and the 
surrounding environment activates the release of the guest 
composition from the host composition, while the addition 
of same charged surfactants deactivates the release. 

In Example 6, we used charged polymers and biological 
molecules to induce an electrostatic force sufficient to coun
ter the elastic repulsion forces that initially prevented release 
of the guest composition. 

In Example 7, we demonstrate that changing the pH of the 
surrounding environment can effectively be used change the 
balance of electrostatic forces, thus triggering release. 

In Example 8, we demonstrate that the hydrodynamic 
forces arising from the amphiphile induced convection flow 

In Example 3, we demonstrate that shear flow introduced 
in a surrounding environment can trigger the release of guest 
compositions from a host composition in the absence of 
temperature changes. 

15 can be used to trigger release, even in the absence of moving 
macroscopic phase boundaries, phase transitions, elevation 
of temperature. We found that strong convective flows in the 
host composition can be induced when the host composition 
is in contact with the recipient environment containing Mechanical stimuli triggers are not limited to changing 

the temperature of the compositions used and introducing 
shear stresses at the interface of host compositions. As an 
alternative example, a magnetic ( or electric) field may be 
applied to the host composition. In such an embodiment, the 
host and/or guest compositions may incorporate one or more 
diamagnetic (or dielectric) assistive particles capable para!- 25 

lei or perpendicular to the magnetic ( or electric) field. As the 
assistive particles move in response to the applied magnetic 

20 amphiphiles. The induced flow can provide hydrodynamic 
forces sufficient for the guest composition to overcome the 
elastic repulsion forces and thus activate the release. 

3. Presence of Motile Bacteria 

( or electric) field, they provide a counter force capable of 
overcoming the elastic repulsion forces preventing the 
release of the guest composition. The strength and direction 30 

of the magnetic (or electric) field and the nature and con
centration of the assistive particles present can be manipu
lated to control the rate of release. 

The design of materials that release antimicrobial agents 
represents an important challenge for health applications, 
food safety, etc. A common approach is to use a material the 
releases the agent. However, in existing materials designs, 
the agent is constantly leached, independent of whether or 
not bacteria are present. In Example 10 below, we demon-
strate a material that only releases microcargo in the pres
ence of motile (living) bacterial cells. This preserves the 
active agent for use only when bacteria are present. It 
minimizes unwanted release of agents, potentially causing 
toxicity to other cells types. The LC can also optically report 2. Chemical Stimuli 

Chemical stimuli can also trigger release in a number of 
different ways. For example, the addition of an isotropic 
solute (propanol) into the host composition can induce a 
N-to-I phase transition of host composition, thus facilitating 
the release of guest composition by eliminating the elastic 
repulsion forces. In addition, if the guest composition is 
coated with positively or negatively charged substances, the 
introduction of substances of opposite charge into the sur
rounding environment can induce an electrostatic attraction 
sufficient to overcome the elastic repulsion forces preventing 
the release of the guest composition. Charged substances 
that could be used to trigger release include, without limi
tation, a variety of charged amphiphiles/surfactants and/or 
polymers known in the art. Changing the pH of the sur
rounding environment also changes the charge distribution 

35 the arrival and killing of the bacteria. 
As with other triggers, other advantages of the system are 

that it does not require complex fabrication processes typical 
of microelectromechanical systems. The approach can be 
applied to diverse geometries (e.g., wells, films, and emul-

40 sion droplets) and sized (micrometer to millimeter). 
D. Combined Triggers 
Each of the disclosed triggers or specific examples of each 

can be combined into a single system or method. For 
example, two or more different stimuli can be used in the 

45 same system, or two or more different chemical stimuli ( e.g., 
specific surfactants, charged polymers, etc.) may be used 
with the same or different guest and/or host compositions. 

E. Optical Response Generated Simultaneously with 
Release Trigger 

There are very few materials known in the art that are 
capable of providing both optical sensing and controlled 
release of a sequestered guest composition. In the disclosed 
compositions and methods, the trigger that facilitates the 
controlled or on-demand release of the guest compositions 

in a way that can trigger release. We also found that the 50 

introduction of amphiphiles ( e.g., surfactants) into the 
recipient environment can cause convective flows in the host 
composition that can provide the strong hydrodynamic force 
for the guest composition to overcome the elastic repulsion 
force. In the non-limiting examples below, we illustrate this 55 sequestered within the host composition may also generate 

an optical response within the host composition. Non
limiting examples of this phenomenon can be seen in FIGS. 
lC-to-lD, 16A-to-16B, 16I-to-16J, 20F-to 20G, and 26K, 
and are described in more detail in Example 1, Example 5, 

in more detail. 
In Example 4, we demonstrate that the addition of an 

isotropic solute (propanol) into the host composition can 
facilitate guest composition release, by inducing an N-to-I 
phase transition. 

In Example 5, we demonstrate that the electrostatic attrac
tion force between the guest composition and the surround
ing environment with oppositely charged surfactants can be 
used to trigger release, even in the absence of moving phase 
boundaries, phase transitions, or elevation of temperature. 
The electrostatic attraction force was established that acted 
to counter the elastic repulsion forces that initially prevented 

60 Example 6 and Example 10. 
F. Applications for the Disclosed Systems and Methods 
The disclosed methods and systems are advantageously 

simple, in that they do not require any complex devices or 
procedures. Instead, the disclosed methods depend on the 

65 manipulation of elastic repulsion forces and/or inducing the 
appropriate counter forces to overcome the elastic repulsion 
forces using simple triggers, such as the use of charged 
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additives or temperature changes that can be induced in 
numerous simple ways known in the art. The guest compo
sitions of interest may be safely preserved within the aniso
tropic fluid host composition without release, until release is 
desired. The timing and amount of release can be readily 
controlled by adjusting simple trigger cues ( e.g., the number 
of heating and cooling for phase transitions, the rate of 
temperature change, target temperature, or concentration of 
charged additives). Furthermore, the disclosed methods and 
systems can be readily scaled up or down. 

Accordingly, the disclosed systems and methods would 
have a variety of applications, including, without limitation, 
in the fields of drug delivery, responsive materials develop
ment, packaging, antimicrobial surface development, micro
cargo transportation, microfluidics, and optofluidics. 

In non-limiting examples, the disclosed systems and 
methods may be used to release antimicrobials or local 
anesthetics on-demand, may be incorporated into bandages 
that release wound healing or other agents on-demand, or 
may be used to release biotoxic agents, such as LPS
containing organisms. The disclosed systems and methods 
may be used to release fragrances, perfumes or deodorants 
as needed. The disclosed systems and methods may be used 

22 
sentative example of an anisotropic fluid, are composed of 
molecules exhibiting the preferred orientation, the so-called 
director n [25] When the droplets of immiscible ( or 
insoluble) guest material are introduced in the nematic host, 
n around the droplets is determined by the balance of the 
elastic cost KR of the bulk deformations and the surface 
anchoring energy WR2

, where K is the Frank elastic con
stant, W is the anchoring coefficient, and R is the radius of 
the guest materials [26-28]. For typical thermotropic LCs, 

10 K-10- 12 [29] and W-10-6 J/m2 [28], thus K/W-1 µm and 
the associated elastic energy is -2400kB T (See Example 11 ), 
where kB is the Boltzmann constant and Tis the temperature. 
When WR2 >KR (i.e., R>K/W), the droplets distort sur
rounding n, thereby generating not only the topological 

15 defects but also the repulsive forces (so-called elastic repul
sion force FE) against nematic interfaces [30-32]. In the 
absence of external forces, therefore, the guest materials of 
R>K/W can be sequestered within the bulk LC, thus pre
venting their release to contacting, immiscible surrounding 

20 environment (gases, liquids or solids), FIGS. lA and 1B. 
Contrarily, the guest materials in isotropic fluids (e.g., water 
emulsions in oil) will be discharged into the surrounding 
environment because of no repulsive forces between the 
guest materials and the interfaces of isotropic fluid. 

In these examples, we demonstrate that the elastic repul-
sion that normally prevents release of guest materials from 
the LC host can be leveraged to design LC-based systems 
that trigger the release of dispersed materials in response to 
a range of simple cues, such as (i) thermally- or optically-

to release cleaning fluids as needed, or to release on-demand 
one or more substances capable of dissolving electric cir- 25 

cuits or otherwise destroying or rendering unusable an 
electric or mechanical device. For example, if a military or 
proprietary drone incorporating the disclosed system were to 
crash or become disabled, the disclosed system could be 
used to release a substance that could destroy the drone 
before it was found by other parties. Other applications 
would be readily apparent to the skilled artisan reviewing 
this disclosure. 

30 induced phase transitions between nematic (N) and isotropic 
(I) phases; (ii) physical or chemical stimuli that influence the 
elasticity of the LCs; (iii) addition of ionic or non-ionic 
amphiphiles, charged polymers, or pH changes that lead to 
changes in electrostatic attraction, convection flow resulting The following examples are offered for illustrative pur

poses only, and are not intended to limit the scope of the 
disclosed systems and methods in any way. Indeed, various 
modifications in addition to those shown and described 
herein will become apparent to those skilled in the art from 
the foregoing description and the following examples and 
fall within the scope of the appended claims. 

III. Examples 

Introduction to the Examples 

35 in hydrodynamic force, or both; and (iv) the addition of a 
solute to the LC host. Furthermore, we derived a model to 
elucidate the underlying physical mechanisms of transport 
and release that agrees well with the results of the disclosed 
experiments. In comparison to other strategies for controlled 

40 release, the merits of these LC-based systems and methods 
include superior simplicity, in that they require no complex 
instrumentations ( e.g. micro-pump or valves) or chemical 
modifications, diverse geometries ( e.g., wells, films, and 
emulsion droplets) and sizes (micrometer to millimeter), and 

45 the adaptability of the LC-based systems, in that they can be 
applied to a wide range of materials in any phase states. 
These attributes are important in potential applications in a 
variety of fields, including drug delivery, micro-cargo trans
portation, and micro- and opto-fluidics. 

Over the past few decades, considerable endeavor has 
been devoted to developing systems for controlled release of 
single or multiple chemical substances on demand. Such 
systems have a number of promising potential applications, 
such as for controlled and/or on-demand drug delivery. 50 

Accordingly, a number and variety of controlled release 
systems have been proposed. Many of these use polymers 
having particular physical or chemical characteristics such 

Example 1: Controlled Release Activated by 
Nematic-Isotropic Phase Transitions, which May 
Also be Accompanied by an Optical Response 

as biodegradability [1-5], or responsiveness to magnetic 
field [6, 7], electric field [8], light [9, 10], pH [11, 12] or 55 

temperature [13]. As the stable and various types of emul
sions became available (e.g., lipid-, surfactant-, and biopo
lymer-based), they have been also widely utilized to con
tains and deliver the target materials [14-18]. In addition, 
recent advances in the field of microfabrication have created 60 

a new class of controlled-release systems. Their small size 
potential for integration with micro-electronics ( e.g., 
micrometer-scale chips, pumps, valves and flow channels) 
could make controlled-release microchips [19-24]. 

In this example, we demonstrate a first trigger that can be 
used to activate the release of guest droplets from nematic 
LCs: the propagation of N-I interface during the N-I phase 
transitions under the temperature gradient across the LC 
layer. In addition, we demonstrate that an optical response 
may be induced by the release trigger within the LC. 

When a LC interface is heated ( or cooled) above ( or 
below) the N-I phase transition temperature (TNI), a phase 
transition occurs first at the heated ( or cooled) surface and 
subsequently the resulting N-I interface propagates to the 

In these examples, we disclose novel and simple systems 
for the controlled release of desired materials on the basis of 
anisotropic fluids. Nematic liquid crystals (LCs), a repre-

65 other side of the LC. Due to repulsive forces between the 
guest materials and the N-I interface, such as elastic repul
sion [30-32] and forces arising from the change of elastic 
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[33] and interfacial energies [34-39], the propagating N-I 
interface is expected to transport the guest droplets dispersed 

24 
A second pulse of tracer was released when the system 

was cooled back to T c=25° C. to reform the birefringent N 
phase (FIG. lE). We subsequently repeated cycles of heating 
and cooling and observed that, along with each optical 

in LCs. We sought to utilize this transporting ability to 
release the droplets into immiscible aqueous phases or solid 
substrates contacting the LC. 5 response, a well-defined pulse of red tracer was ejected into 

the overlying aqueous phase (FIG. 11). After 20 cycles, the 
amount of tracer dispensed into the aqueous environment 
was linearly proportional to the concentration of aqueous 

In order to experimentally verify this idea, a demonstra
tion system having a simple geometry was prepared, as 
depicted in FIG. 1B. We dispersed aqueous microdroplets 
(0.5sRs3 µm) containing a water-soluble red dye (tracer) 
and the surfactant sodium dodecyl sulfate (SDS) in nematic 10 

4'-pentyl-4-biphenylcarbonitrile (5CB), and then filled a 
mini-well (3.5 mm in depth) with the dispersion (FIG. 18). 
Subsequently, the mini-well was submerged into a water 
bath (see Example 11 for sample preparation). 

droplets Caq initially in the LC (FIGS. lF and lJ) and 
corresponds to around 40% of aqueous droplets initially 
dispersed in 5CB. Thermal release was also conveniently 
initiated by Ohmic heating of a thin electrically resistive film 
supporting the LC (FIG. 3). 

We determined subsequently that the pulsatile release of 

The SDS adsorbed at the aqueous-LC interface of the 
droplets and aligned n perpendicular to the droplet interface 

15 the microdroplets and red tracer accompanied the upward 
motion of the N-I interface toward the overlying aqueous 
environment (FIG. 4). Upon heating from T=25° C. to 
TH>TN/cB (N-to-I phase transition), the N-I interface (a so-calledhomeotropic alignment) [40].Accordingly, each 

aqueous microdroplet was surrounded by a region of 
strained LC that included a point topological defect, so- 20 

called a hyperbolic hedgehog [26, 30, 41], FIG. lA. The LC 
adopted a parallel orientation at the interface to an overlying 
aqueous phase, leading to a bright optical appearance of the 
system (see inset in FIG. lC). Consistent with the effects of 
elastic repulsion of the guest microdroplets away from the 25 

macroscopic LC to the bulk aqueous phase, at T=25° C. 
(before phase transitions) the aqueous environment contact
ing the LC remained free of red tracer even for four days 
(FIGS. lC and lG). The sequestration of microdroplets in a 
nematic LC was observed to occur independent of the 30 

relative density of the microdroplets (Paq) and LC (pLc) 
because FE is much larger than buoyant forces (F B) at room 
temperature; for R=3 µm and 5CB, F ifF B>S000 (See 
Example 11 ). 

We found that heating of 5CB to T Ji>35° C. from below 35 

(via contact with a warm body) led to an optically observ
able N-to-I phase transition (insets in FIGS. lC and lD) and 
also triggered release of red tracer into the overlying aque
ous environment (FIG. lD). 

The optically observable phase transition is an example of 40 

another aspect of the disclosed compositions and methods. 
Specifically, the release trigger can be "sensed" by the LC 
host composition in an optically observable manner. Thus, 
an optical signal may be used to signal the contemporaneous 
release of the sequestered guest composition from the LC 45 

host composition. 

moved upward (toward LC-aqueous interface, FIG. 4A) 
regardless of TH and microdroplets were ejected (FIGS. lD 
and lH). Upon cooling from T=50° C. to Tc=25° C. (I-to-N 
phase transition), it also showed the upward-directed motion 
of the interface (FIG. 4B) and ejection of microdroplets 
(FIGS. 1E and 11). Upon cooling from T=50° C. to Tc=34° 
C. (I-to-N phase transition), however, it showed the down
ward-directed motion of the N-I interface (FIG. 4C) and the 
absence of release of tracers (FIG. 5). The critical depen
dence of the release on the propagation direction of N-I 
interface supports the idea that the droplets are transported 
by the N-I interface. 

To provide insights into the role of the motion of N-I 
interface in the transport of microdroplets, the droplets were 
observed microscopically during the passage of N-I inter
faces. In this experiment, we deliberately used droplets with 
a wide range of radii (0.5sRs30 µm). Microscopic obser
vations revealed that elastic interactions between the aque-
ous microdroplets and the moving N-I interface pushed the 
microdroplets ahead of the interface in a manner that was 
dependent on the size of the microdroplets. 

For example, upon heating (N-to-I phase transition), a N-I 
interface (vNI) moving at 10 µmis pushedmicrodroplets with 
R<l0 µm ahead of the N-I interface into the aqueous 
environment whereas larger microdroplets (R>l0 m) were 
left behind the moving N-I interface (FIGS. 6A-6H and 
7A-7D). 

Upon cooling (I-to-N phase transition), similar behavior 
was observed. However, the microdroplets with R<l0 µm 
could be transported even at the faster motion of N-I 
interface, vNI=35 µmis (FIGS. 7E-7H). Upon both heating 

FIGS. lC-lF shows the photographs of mini-wells in 
"SIDE VIEW" as a function of phase transitions. Insets in 
FIGS. lC and lD are micrographs (TOP VIEW) of the 
mini-wells between crossed polarizer. 50 and cooling, the fraction of microdroplets released into the 

environment from the LC was controlled by v NI, as the 
velocity set the radius of the largest microdroplets ( or 
clusters) to be pushed ahead of the N-I interface (R *) by 

Since nematic liquid crystal has a birefringence (i.e., 
retardance is not 0), it shows a bright texture between 
crossed-polarizer (Inset in FIG. lC). After nematic-to-iso
tropic phase transition, however, the bright texture becomes 
dark (Inset in FIG. lD) because isotropic phase does not 55 

have a birefringence (i.e., retardance is 0). 

elastic forces; R * decreased with increase in v NP Under the 
sufficiently high velocity ( v NI= 100 µmis), the interface could 
not transport any droplets upon both heating and cooling 
(FIGS. 7M-7R). 

Beside R* dependence on vNI, we make two key obser
vations regarding the observations above. First, we observed 

This data demonstrates that, in response to N-I phase 
transitions, our system can exhibit not only the release of 
microdroplets from liquid crystals, but also optical 
responses that are contemporaneous with the release. 60 single droplets or droplet clusters with R <R * to be trans

ported initially by the N-I interface (denoted by dotted 
circles in FIGS. 7C, 7D, 7G, and 7H). As the moving 
interface formed bigger clusters with R>R * by collecting 

The release occurred independent of the relative magni
tudes of Paq and PLo including for conditions under which 
the microdroplets sediment downward and away from the 
interface to the overlying aqueous environment (Paq>pLc). 
Surprisingly, however, the release was transient, coinciding 65 

with the period of time during which the phase transition 
took place (FIG. lH). 

additional droplets, however, we observed some droplets 
from the cluster to be left behind the interface as illustrated 
in FIGS. 7I-7L. West et al. [34, 39] observed similar 
behaviors with solid particles and attributed it to an increase 
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in effective radius of the particles due to aggregation. 
Importantly, this observation provides insight into why only 

26 
-continued 

(2) 

a fraction of the microdroplets was released at each phase 
transition (FIG. 11). Second, we observed droplets to occa
sionally coalesce, especially upon heating ( denoted by white 5 

arrows in FIGS. 7C and 7D). Consequently, large droplets 
formed through this mechanism, and these large droplets 
were observed to remain behind the moving N-I interface. 
This latter observation provides insight into why the amount 
of tracer released after 20 cycles corresponded to approxi- 10 

mately 40% of tracer loaded initially into the 5CB (FIG. 11). 
Overall these results indicate that the fraction of guest 
droplets released can be manipulated by tuning the cluster
ing size and coalescence of droplets. 
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Additionally, in order to microscopically verify the 
release process of droplets into a overlying aqueous phase, 
we explored the transport of microdroplets ahead of moving 
N-I interface dispersed in a thin LC layer submerged in a 
water bath. 

FIGS. SA-SE and SF-SJ show, respectively, the sequential 
micrographs (top view) and corresponding illustrations (side 
view) of microdroplets transported by a moving N-I inter
face toward LC-water interface upon heating in a micro
well. Before phase transitions (FIGS. SA and SF), the 
droplets were trapped in the bulk LC without release. When 
the glass substrate was heated to TH=50° C., the N-to-I phase 
transition (denoted by * in FIG. SB) first occurred at the 
LC-glass interfaces, and the N-I interface started to propa
gate toward the LC-water interface with vNI=S µmis (FIGS. 
SB and SG). As the interface propagated upward, the drop
lets that were previously out of focus (red dotted circles in 
FIG. SA) moved into focus, implying that the droplets were 
delivered near the LC-water interface (FIGS. SC and SH). 
As the interface reached the LC-water interface, the droplets 
disappeared as they were released into the overlying aque
ous phase (FIGS. SD and SI). In this condition (vNI=S µmis), 
we observed that the interface transported the droplets or 
(clusters) with R<12 µm. After the phase transition, we 
observed some droplets remained in a LC (FIGS. SE and SJ). 
However, their population could be reduced by repeating the 
phase transitions (FIGS. SK-SN), consistent with the pulsa
tile release of microdroplets (FIG. 11). 

To provide insight into the above observations, we evalu
ated the net force F(z) acting on a quasi-static microdroplet 
as a function of the vertical position of the center of the 
microdroplet (z) relative to a N-I interface (z=0), FIG. 
9A(l). F(z) includes contributions from the repulsive elastic 
interaction of the microdroplet with the LC interface (FE 
[30-32]), buoyant forces (F B), and forces arising from inter
facial and elastic energies that change when the microdrop
let penetrates the N-I interface (FIT [34-39] and FE* [34, 39, 
42, 43], respectively). 

Therefore, net force FH(z) upon heating can be expressed 
as: 

at z2:R (in the N phase, FIG. 9A(l)) 

H { 2 3 ( R4 R
4 

)} { 4 3 } FN(Z) = A nK- - --- - -nR g(p0 -PLc) , 
4 z4 (L-z)4 FE 3 q Fs 

(1) 

at -R < z < R (at the N-I interface, FIG. 9A(2)) 

H {4 3 } Fi (z) = - -
3

nR g(paq - PLc) , 
Fs 

(3) 

15 
where A, a, and~ are numerical factors (A=0 for R<K/W or 
zs-R [31, 32], a=0 for R>K/W and ~=0 for R<K/W), Lis 
the thickness of the nematic layer, g is the gravitational 
acceleration, and aNI is the interfacial tension of the N-I 
interface. FIG. 9A shows FH(z) for a static droplet with 

20 R=l.5 µmin 5CB (see Example 11 for parameters used in 
the calculation). When a droplet (R>K/W, homeotropic 
anchoring) is in the N phase ( z2:R ), the net force F NH ( z) 
arises from F Band FE with A 2.04 [31, 32], FIG. 9A(l). As 
the N-I interface approaches the microdroplet positioned at 

25 z2:R (i.e., in the nematic phase, FIG. 9A(l)), F NH(z) 
increases with decrease in z and becomes positive (upward
directed) at z<z* due to repulsive elastic repulsion from the 
approaching N-I interface (first term of FE in Eq. (1)); 
FNH(z*)=0 and z*=17.0 µm for a droplet with R 1.5 µmin 

30 5CB. This model predicts that a stationary N-I interface will 
elastically levitate a microdroplet at a height defined by 
F(z)=0 at z=z* above the N-I interface. FNH(z) shows a 
maximum at z=R (red curve in FIG. 9A). 

If the N-I interface contacts the microdroplet (-R<z<R, 
35 FIG. 9A(2)), two additional forces are generated from the 

interfacial tensions (Fd[34, 38] and elastic strain (F E*)[34, 
43]. These forces drive the droplets into the I phase (FIG. 
9A(2)). See Example 11 for additional detail. Additionally, 
FE needs to be modified because the part of the droplet that 

40 protrudes into the I phase no longer strains the LC. R in Eq. 
(1) is the radius of the part of droplet in the N phase and we 
used (R+z)/2 as the radius for simplicity. One also needs to 
take into account the decrease in the topological strength m 
of the droplet [26] from 1 to 8/Jt where 8 (0s8sit) is half of 

45 the central angle of the part of droplet in a N phase, FIG. 
9C(2). Since the elastic interaction is proportional to m2 [25, 
26], therefore, a numerical factor A at -R<z<R can be 
described as A=2.04·m=(2.04/it) cos- 1(-z/R). Consequently, 
both interfacial (FIT) and additional elastic forces (FE*) 

50 cause F(z) to change sign, resulting in a net downward
directed force and expulsion of the microdroplet into the I 
phase (blue curve in FIG. 9A). 

In the I phase (zs-R, FIG. 9A(3)), the net force FIH (z) is 
comprised only of F B; A=0 and thus F E=0. Therefore, the 

55 microdroplet in 5CB (PscB<Paq) sink while the droplets in 
E7 (p E7>p aq) rise. 

Upon heating, elastic repulsion from the N-I interface 
promotes release of the microdroplets (first terms of FE in 
Eq. (1)). Therefore, the moving N-I interface can only 

60 transport droplets with R>K/W in a nematic phase (F E;,0). 
The interface passes through the droplets with R<K/W due 
to FE=0. 

In our experiments, however, the N-I interface is moving, 
and thus a microdroplet pushed by elastic forces ahead of the 

65 moving N-I interface will also experience a downward
directed Stokes drag force, F s=-61tlJLcV aqR where lJLc is 
the dynamic viscosity of the LC [44]. If Fs exceeds the 
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maximum value of F(z) (FIG. 9A), the microdroplet will 
break through the moving N-I interface. When (z-R)/R<<l, 
FE is independent of R, whereas the drag force scales 
linearly with R. Accordingly, for each value of vNI, our 
model defines a critical microdroplet radius R * above which 
microdroplets are not transported by a moving N-I interface 
(FIG. 9B). 

Our model predicts R*=l0.2 µm for vNI=l0 µmis (FIG. 
9B), in good agreement with our experiments (FIGS. 6 and 
7; 10±1 µm). Our model also predicts that a microdroplet 
with R=l.5 µm pushed by a N-I interface with vNI=l0 µmis 
will be able to reach within 60 nm of the interface of an 
overlying aqueous phase. At this separation, attractive inter
facial forces such as van der Waals and electrical double 
layer forces (see below) mediate fusion of the microdroplets 
with the overlying aqueous phase (FIG. 8). 

A modified version of the above-described model also 
explains the ejection of microdroplets by an upward-dire':ted 
motion of the I-N interface during cooling. Upon coolmg, 
net force Fc(z) acting on a quasi-static droplet can be written 
as: 
at z2:R (in the I phase, FIG. 9C(l)) 

F1 c(z)~-{ %nR3 g(paq-pLc)} FB' (4) 

at -RszsR (at the N-I interface, FIG. 9C(2)) 

(5) 

and at zs-R (in the N phase, FIG. 9C(3)) 

28 
microdroplets can be manipulated by the buoyant force due 
to the absence of elastic barrier. FIGS. lOA-G shows the 
release of microdroplets from an isotropic phase of 5CB 
depending the relative density of microdroplets and LC. 
Inverted mini-wells were filled with 5CB containing micro
droplets (Caq=l0 v %) with PscB<Paq (FIGS.10B-lOD) and 
PscB=Paq (FIGS. lOE-lOG) and then submerged into water 
baths. When the baths was heated to T=45° C. (>TNI) 
resulting in a N-to-I phase transition, the microdroplets with 

10 
Paq>PscB were continuously released due to the negafr':'e 
buoyant force and the absence of elastic repulsion force m 
an isotropic phase of 5CB. However, no measurable release 
of the microdroplets with PscB=Paq were observed because 
F(z)=0. In the system, the motion of N-I interface did not 

15 
drive the release of microdroplets because the interface 
propagated toward the closed end (LC-glass interface) dur
ing a phase transition. 

In sum, this example demonstrates that induced phase 
transitions between nematic and isotropic phases can facili-

20 tate the controlled release of an immiscible or insoluble 
guest material that is sequestered within the nematic phase. 
As illustrated in the next four examples, there are other 
strategies that can be used to facilitate the controlled release 
of an immiscible or insoluble guest material that is seques-

25 tered within an nematic phase, each strategy based on the 
principle that release can occur if the forces favoring release 
are great enough to overcome the elastic repulsion forc_es 
from nematic interfaces that sequester the guest matenal 

30 
within the nematic host. 

Example 2: Controlled Release Activated by 
Elevated Temperature in a Nematic Phase 

In this example, we demonstrate a second trigger for 
35 

release of an immiscible or insoluble guest material from an 
anisotropic phase: the elevation of temperature of nematic 
host without a phase transition. 

LCs can be selected such that their elastic properties can 
be tuned continuously by using light [ 45, 46], temperature 

40 
[46-48] and chemical additives [40, 49], all of which can 

(
6
l lead to optical responses and, as we show here, can release 

dispersed microphases with dynamics that contrast to those 
observed in the presence of a N-I phase transition (FIG. lH). 

where A (2.04/Jt) cos-1(z/R) in Eq. (5) and A 2.04 in Eq. (6) 
for R>K/W but A=0 for R<K/W. In the I phase (z2:R, FIG. 
9C(l)), aqueous droplets in 5CB sink due to PscB<Paq (i.e., 
F 1 c (z) 0). In contrast to heating, the two additional forces 
Fir and FE* at -R<z<R are upward-directed upon cooling, 
FIG. 9C(2); F Ir>0 and F E*>0. As a result, F N/(z) becomes 
positive and exhibits a maximum at -R<z<R, FIG. 9C. 
Importantly, upon cooling F Ir>0 and F E*>0, regardless of R. 
This indicates that the cooling N-I interface can transport the 
droplets with both R>K/W and R<K/W (FIG. 9D), wher~as 
the interface upon heating cannot transport the droplets with 
R<K/W (i.e., R*(vNI)=0 for R<K/W, FIG. 9B). 
At zs-R (in a N phase, FIG. 9C(3)), the droplets with 
R>K/W are sequestered in a nematic bulk while the droplets 
with R<K/W sediment away from the N-I interface. 

In FIG. 1, vNI upon both cooling and heating was 37±3 
µmis, at which our model predicts the dispensing of droplets 
with K/W (-1 m)sRs3 µm upon heating and 0.6 µmsRs6 
µm upon cooling. This prediction is consistent with ?ur 
observation that the amount of tracer released upon coolmg 
was greater than upon heating (FIG. 11). 

The balance of force acting on a microdroplet in a LC (Eq. 
3) indicate that after a N-to-I phase transition, the release of 

For example, the elevation of T leads to the decrease in K 
45 

that is linearly correlated with the elastic repulsion force, Eq. 
1. Therefore, above a certain T, the buoyant forces can 
overcome the elastic repulsion forces, thereby releasing the 
guest droplets from nematic LCs. 

To illustrate this point, we used a nematic LC called E7; 
50 

pE7>paq and TNIE7=60° C. At 25° C., aqueous_microdroplets 
(0.5sRs4 µm) were elastically sequestered m E7 because 
FEIFB=ll94 (See Example 11). As sho"'.n in FIGS. llA
llD, thermal tuning of the elastic properties ( at T <T NI) led 
to continuous release of aqueous microdroplets sequestered 

55 
in the LC into the overlying aqueous phase. In contrast, 
when exposed to the same thermal stimulus, 5CB provided 
pulsatile release of microdroplets (FIGS. lH and 11). 

The amount of release was quantitatively analyzed by 
measuring A as a function of time and T ( <T NI). As shown 

60 
in FIG. llE, A increases with time and T while there was no 
noticeable release at T s40° C. In this system, the total force 
Fr is comprised of F B and FE and can be expressed by 

(7) 
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To verify this concept, mini-wells filled with 5CB con
taining aqueous droplets (Caq =20 v %, Csns=9 mM) were 
immersed into an aqueous bath. Subsequently, we generated 
a shear flow in the bath by stirring magnetic bar (700-800 

5 rpm) and observed ejections of microdroplets from the 
mini-well. where A=2.04 and his the distance between the droplets and 

the LC-water interface (FIG. llF). In the system, the 
upward-directed forces are F B>0 (p E 7 >p aq) and the elastic 
repulsion from the LC-glass interface (second term in FE). 
FIG. llG represents pr as a function of R at different 10 

temperatures at h=0 (See Example 11 for used parameters). 
Experiment and modeling reveal that release from E7 
occurred when IF El decreased below IF Bl (FIG. llF), which 
in turn depended on R, h and T. With E7 at T=59° C., we 
calculated this constraint to be satisfied for R>22 µm (FIG. 15 

llG). Consistent with this prediction, we observed indi
vidual LC droplets with R<l0 µm to not be released (FIGS. 
12A-12C). Large droplets with R>22 µm, or clusters of LC 
droplets formed through LC-mediated elastic interactions 
[30-32, 41, 50] with an effective radius R>22 µm, were 20 

released (FIGS. 12D-12F). Since 0.5sRs4 µm for the aque
ous droplets dispersed in E7, for the ejection of microdrop
lets, it is required to form droplet clusters that are driven by 
elastic interactions between droplets (FIGS. 12G-12I) and 
creaming of droplets in our system. When the radius of 25 

droplet cluster is bigger than the critical radius above which 
Fr>0, some of droplets from the cluster penetrate the LC
water interface and be released into the overlying water. 
Because the elastic barrier is enhanced as T is lowered, the 
droplets are required to make bigger clusters (FIG. llG). At 30 

lower T, therefore, the release would be more suppressed. 
This predicted behavior is clearly observed in our experi
ment (FIG. llE). 

The dependence of release on the radius of droplet ( or 
cluster) predicted by our theoretical model (FIG. llG) was 35 

also verified in the following experiment. The mini-wells 
were filled with E7 containing different size ranges of 
microdroplets (Rs8 µm for Well-I and Rs4 µm for Well-2) 
and subsequently submerged into a water bath (FIG. 121). At 
TH=59° C.(<TNI), we observed a continuous release of 40 

microdroplets from both wells as the positive buoyant force 
(PE7>paq) overrides the elastic barriers (FIGS. 121-120). As 
shown in FIG. 120, the mini-well containing the bigger 
droplets (left bath) exhibited more release due to the facile 
formation of droplet clusters with R>R * above which a net 45 

force becomes positive, consistent with the theoretical 
model in FIG. llG. 

In sum, this example demonstrates that controlled 
changes in the elastic repulsion forces at an anisotropic 
phase interface can be used in combination with other extant 50 

forces acting at the interface (in this case, buoyant forces) to 
facilitate controlled release of an immiscible or insoluble 
guest material that is sequestered within an anisotropic 
phase. 

In the absence of shear flow, no ejection of microdroplet 
was observed (FIG. lG). When the shear flow was intro
duced in surrounding environments, however, microdroplets 
were continuously released from a nematic LC as evidenced 
by the increases in red color density in the bath (FIGS. 
13A-13D). 

Example 4: Controlled Release Activated by the 
Addition of Isotropic Solute 

In this example, we demonstrate a fourth trigger for 
release of an immiscible or insoluble guest material from an 
anisotropic phase: the addition of the isotropic solute into 
the surrounding aqueous phase. 

It has been demonstrated that the absorption of isotropic 
solute into a nematic LC can lower the N-I phase transition 
temperature [51]. For example, 5CB filled in a mini-well 
submerged in a water bath exhibits a nematic phase at 25° 
C. (FIG. 14A); TNiscB=35° C. When the propanol (isotropic 
solute) was introduced into the bath (CPropanoz=l6 v %), 
however, we observed the N-to-I transition occurred first at 
the LC-water interface and propagated into the LC bulk as 
the solute diffused into 5CB. As shown in FIGS. 14B-14D, 
transparent regions (isotropic phase of 5CB) expand with 
time. We utilized the solute induced N-to-I phase transition 
to remove the elastic barriers and thus trigger the release of 
microdroplets from a LC. 

For the experiments, the inverted mini-wells were filled 
with 5CB containing aqueous droplets (Caq=l0v %, Csns=9 
mM) and then submerged into a water bath and a propanol
water bath (CPropanoz=l6 v %), FIG. 14E. In the water bath, 
even though PscB<Paq' the aqueous droplets were seques
tered within a nematic phase of 5CB due to a strong 
repulsive elastic force. In the propanol-water bath, however, 
the ink droplets were continuously released as the solute
induced N-to-I phase transition of 5CB removed the elastic 
barriers (FIGS. 14F-14H). 

Example 5: Controlled Release Activated by the 
Addition of Charged Amphiphiles, which may also 

be Accompanied by an Optical Response 

In this example, we demonstrate a fifth trigger for release 
of an immiscible or insoluble guest material from an aniso
tropic phase: the addition of the charged amphiphiles into 
the surrounding aqueous phase. 

The aqueous droplets dispersed in LCs contain amphi
philes (SDS) to prevent phase separation between the drop-

Example 3: Controlled Release Activated by a 
Shear Stress at LC Interfaces 

In this example, we demonstrate a third trigger for release 
of an immiscible or insoluble guest material from an aniso
tropic phase: shear stresses at LC interfaces. 

55 lets and LC, and to induce a homeotropic anchoring at the 
LC-aqueous interface, FIG. lA. Since SDS is negatively 
charged, the addition of positively charged amphiphiles to 
the overlying aqueous phase would induce electrostatic 
attraction between the aqueous phase and the guest droplets 

In addition to thermal triggers, we hypothesized that 
isothermal triggers ( e.g., mechanical shear at LC interfaces) 
can lower the elastic barrier sequestering guest droplets or 
provide counterforces to microdroplets that are capable of 
overcoming elastic repulsions and thus trigger the release of 
microdroplets from a LC to surrounding environment. 

60 (FIG. 15A). If the introduced attraction can overcome the 
elastic repulsion, the droplets will be released into the bath. 

In order to verify this concept, the mini-wells were filled 
with 5CB containing SDS (negatively charged) doped aque
ous droplets (Caq=20 v % and Csns=9 mM), and then 

65 submerged in water baths. We previously verified that at 
room temperature, microdroplets containing anionic amphi
phile (SDS) were elastically trapped within a nematic LC 
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under an aqueous phase (FIG. lG). Addition of a cationic 
amphiphile (DTAB) to bulk aqueous environment, however, 
triggered the continuous ejection of red tracers into the 
overlying aqueous phase (FIGS. 15B-lSD). 

The amount of release was quantitatively described by 5 

measuring A as a function of time (FIG. 15E). In DTAB
water solutions, mini-wells exhibited a dramatic increase in 
A in first 30 minutes, followed by the gradual increment of 
A with time. A increases at higher CDTAB· In contrast, 
addition of anionic amphiphiles (SDS) to the overlying 10 

aqueous phase did not initiate release (FIG. 15E). The rate 
of release of microdroplets correlated closely with the zeta 
potential 1; of the LC-aqueous interface, as controlled by 
addition of SDS or DTAB (FIG. 15F), consistent with 
release controlled by a competition between FE and electri- 15 

cal double layer interactions (F EI) (FIG. 15A). 
In addition to the mini-wells, we demonstrated that the 

surfactant-triggered release can be realized in a range of 
geometries, such as thin LC films and LC emulsion droplets 
(FIG. 16). In a pure water, SDS-doped aqueous droplets 20 

were sequestered in the birefringent LC film ( 40 µm in 
thickness, FIGS. 16A and 16E). The addition of DTAB into 
the bath, however, triggered an optical response of the LC as 
well as the release of the contents of the microdroplets into 
the overlying aqueous phase (FIGS. 16B and 16F). The 25 

population of aqueous droplets gradually decreases with 
time indicating the release of droplets into the overlying 
aqueous phase (FIGS. 16B-16D and 16F-16H). Addition
ally, we also did not observe the release of aqueous droplets 
(negatively charged) from the LC droplet emulsified in a 30 

pure water (FIG. 161), while the addition ofDTAB initiated 
the release of aqueous droplets accompanied by optical 
reports (FIGS. 16I-16K). 

32 
Subsequently, we triggered the release of microdroplets 

by N-I phase transitions with TH=50° C. and Tc=25° C. As 
shown in FIGS. 17B-17E, after the N-I phase transitions, the 
release of negatively charged microdroplets was observed in 
the baths with DTAB- and pure-water but not in the SDS
water bath. In addition, A in the DTAB-water was higher 
than the SDS-water. This behaviour confirm that the elec
trostatic interaction between droplets and overlying aqueous 
phase induced by the addition of charged surfactant plays a 
crucial role in the release of microdroplets from LCs. 

Using the combination of thermal-(N-I phase transition) 
and chemical-stimuli (addition of charged amphiphile), we 
could design the system to selectively release the desired 
material. FIGS. 18A and 18D show schematic diagrams of 
the system to selectively release two different substances. 
Well-I was filled with 5CB containing DTAB (+ charged) 
doped aqueous droplet (green tracer) and Well-2 was filled 
with 5CB containing SDS (- charged) doped aqueous drop
lets (red tracers). Subsequently, the wells were submerged 
into the SDS (- charged) water bath (Csns=2 mM) and 
heated and cooled repeatedly, FIG. 18A. Under these con
ditions, Well-I released green tracer, whereas no detectable 
release was observed in Well-2 (FIGS. 18B, 18C, and 18G 
from 0th to 4th phase transition) indicating the electrostatic 
repulsion in Well-2 suppressed the ejection of microdroplets 
triggered by N-I phase transitions. 

After 4 phase transitions, DTAB was introduced into the 
bath to reverse the surface charge, FIG. 18D. After the 
addition of the DTAB, release of red tracer was observed 
from Well-2 to accompany the phase transitions (FIGS. 18E, 
18F, and 18G from 5th to 8th phase transitions). 

Example 6: Controlled Release Activated by the 
Addition of Charged Polymers or Charged 
Biological Molecules, which May Also be 

Accompanied by an Optical Response 

The optically observable molecular reorientation is an 
example of another aspect of the disclosed compositions and 35 

methods. Specifically, the release trigger can be "sensed" by 
the LC host composition in an optically observable manner. 
Thus, an optical signal may be used to signal the contem
poraneous release of the sequestered guest composition from 
the LC host composition. 

In this example, we demonstrate a sixth trigger for release 
of an immiscible or insoluble guest material from an aniso-

40 tropic phase: the addition of the charged polymers or 
charged biological molecules into the surrounding aqueous 
phase. 

FIGS. 16A and 16B and insets in FIGS. 161 and 16J show 
the micrographs of a LC thin film and LC droplet in an 
aqueous environment bath between crossed polarizers. 

Liquid crystal contacting with aqueous environment 
exhibits a birefringent texture between crossed polarizers 
(FIG. 16A and inset in FIG. 161) because LC molecules are 
aligned parallel to aqueous interfaces (planar anchoring). 
After the addition of surfactants, however, because the 
surfactants absorbed at LC-aqueous interfaces cause a ver
tical alignment of LC molecules at the aqueous interface 
(homeotropic anchoring), one can observe the changes in the 
optical appearance of LC; dark texture for thin LC films 
(FIG. 16B) and Malthese cross for LC droplets (Inset in FIG. 
161). 

This data demonstrates that, in response to the addition of 
surfactants, our system can exhibit not only the release of 
microdroplets from liquid crystals, but also optical 
responses that are contemporaneous with the release. 

For further confirmation on the role of surfactants, we 
compared the amount of release of negatively charged 
microdroplets from LCs in the water baths containing dif
ferently charged surfactants. As shown in FIG. 17A, the 
mini-wells filled with 5CB containing SDS-doped aqueous 
droplets (Csns=9 mM and Caq=20 v %) were submerged 
into three baths with DTAB-water (CnrAB=2 mM, left bath), 
pure water (middle bath), and SDS-water (Csns=2 mM, 
right bath). 

We have demonstrated that the addition of charged amphi
philes introduced interfacial interactions (e.g., electrostatic 

45 interaction) that can override the elastic barriers leading to 
the release of microdroplets from a nematic LC (FIGS. 15 
and 16). Therefore, we hypothesized that the addition of 
charged additives such as polymers and biological mol
ecules would also trigger the release of oppositely charged 

50 microdroplets from a nematic LC (FIG. 19A). 
In order to verify the concept, we used a commercially 

available polymer, poly(diallyldimethylannnonium chlo
ride) (PDADMAC), FIG. 19B. The measured value of Zeta 
potential at the LC-aqueous interface with the polymers was 

55 1;=+50:t5 mV. Therefore, a mini-well was filled with 5CB 
containing negatively charged microdroplets (Csns=2 mM, 
Caq=30 v %). In a pure water, no measurable release of 
microdroplets was observed. After the addition of the poly
mer, however, the microdroplets were continuously released 

60 from a nematic LC even at T=25° C. (FIGS. 19C and 19D). 
The release rate increased with the increase in CPoZymer and 
was saturated from CPolymer-0.5 mM (FIG. 19E). In addi
tion, we found that the absorbance curves are well fitted with 
a square root of time indicate the diffusion associated release 

65 of microdroplets. 
In addition, we also demonstrated the triggered release of 

microdroplets from a LC based on interfacial charge inter-
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no flow was observed, FIG. 22A, whereas a strong convec
tive flow was generated in LC layer contacting with Triton
water solution, FIG. 22B. 

To verify whether the induced flow can trigger the release 
of guest droplets from nematic LCs, the mini-wells filled 
with 5CB containing aqueous droplets (C

0
q =20 v %, Csns=9 

mM) were submerged into the water baths with Crriton =5 
(left bath), 10 (middle bath), and 100 mM (right bath). As 
shown in FIGS. 22C-22F, we could observe the significant 
release of aqueous droplets from a nematic LC. The amount 
of release (=red color density in the bath) gradually 
increases as the time and Crriton increase. The result dem
onstrate that the surfactant induced convective flow in LC 

action of biological molecules, lipopolysaccharides (LPS) 
from Escherichia coli. 1; at the LC-aqueous interface with 
LPS exhibits negative values and could be manipulated by 
CLPs, FIG. 20A. In the absence of LPS, positively charged 
microdroplets (CnrAB=2 mM) were sequestered in a nematic 
LC. However, the addition of LPS triggered not only the 
optical responses from a bright (FIG. 20F) to dark appear
ance (FIG. 20G) but also the ejection of the microdroplets 
continuously from the LC, as evidenced by the change in the 
color of overlying aqueous phases (FIGS. 20B-20E) and 10 

decrease in population of aqueous droplets within the thin 
LC film (40 µmin thickness, FIGS. 20F-20I). The rate of 
release was enhanced with increase in CLPs (FIGS. 20B-
20E), consistent with release controlled by interfacial charge 
interactions (FIG. 20A). 

can provide hydrodynamic forces for microdroplets enough 
15 to override the elastic barriers. 

Example 7: Controlled Release by Changing the 
pH of the Surrounding Environment 

Example 9: Extended Applicability of Controlled 
Release Methods 

In this example, we demonstrate a seventh trigger for 20 

release of an immiscible or insoluble guest material from an 
anisotropic phase: changing the pH of the surrounding 
environment. 

In the previous examples, we demonstrated the disclosed 
controlled release methods using thermotropic nematic LC 
as an exemplary host material. However, various liquid 
crystals may be employed in the host compositions, includ
ing thermotropic, lyotropic, and polymeric LCs. In addition In addition to the release of microdroplets triggered by the 

addition of charged surfactants and polymers, we also dem
onstrated the release system that responded to changes in pH 
of surrounding environment. As shown in FIG. 21A, 
inverted mini-wells filled 5CB containing negatively 
charged microdroplets (C

0
q=l0 v %, C5n 5 =9 mM) were 

placed in a pure water (pH 7, left bath) and an alkaline water 
(pH 13, right bath). Subsequently, the baths were heated to 
45° C. (>TNI) to cause a N-to-I phase transition. Due to the 
negative buoyant force (PscB<p aq) and the absence of elastic 
barrier in an I phase, aqueous droplets were released from an 
isotropic phase of 5CB into a surrounding water (left bath in 
FIGS. 21B and 21C). In an alkaline water, however, the 
release of microdroplets was significantly suppressed due to 
the repulsive interaction between an LC-alkaline water 
interface (negative charge) and SDS doped microdroplet 
(negative charge). 

Example 8: Controlled Release Activated by the 
Convection Flow in the Host Composition 

In this example, we demonstrate an eighth trigger for 
release of an immiscible or insoluble guest material from an 
anisotropic phase: convective flow induced by addition of 
amphiphiles into the surrounding aqueous phase. 

We have found that material flows introduced in LCs can 
provide a hydrodynamic force for guest droplets to over
come the elastic repulsion and thus activate the release. In 
LCs, material flows can be induced by numerous ways such 
as thermal expansion [52, 53], unsteady temperature field 
[54-56], and the difference in interfacial tension (Marangoni 
flow) [57-62]. In addition, we found that strong convective 
flows can be induced in LCs contacting with surfactant
water solutions. 

In order to cause the convective flow in LCs, we intro
duced nonionic surfactant, Triton X-100, into the surround
ing aqueous phase contacting with LCs. Here, we intention
ally used a nonionic surfactant to establish that the activated 
release occurred by the convection flow without the contri
bution of electrostatic interaction resulting from the use of 
charged surfactant. 

FIGS. 22A and 22B show the micrographs of 5CB con
tacting with pure water and Triton X-100 water solution 
(Crriton=l0 mM). When 5CB is in contact with a pure water, 

25 to nematic phase, numerous phases of LC suitable for use in 
the host compositions include twist-bend nematic, ferroelec
tric, smectic, blue phases, and cholesteric phases. The dis
closed systems and methods can be also designed to be 
triggered at desired temperature because the N-I phase 

30 transition temperature of LC can be readily manipulated. 
For example, FIGS. 23A-23D show an example of a 

cholesteric (chiral nematic)[63] LC system that was trig
gered by the touch of a human finger. The N-to-I phase 
transition was designed to be triggered at physiological 

35 temperature, resulting in a change in Bragg-diffracted light 
(as used in electronic paper[64] and LC thermometers[65]) 
and the release of a well-defined dose of chemical micro
cargo. In contrast to other thermally responsive materials 
that release chemical agents continuously in an amount that 

40 is determined by the duration of the thermal trigger or 
exhaustion of the reservoir of agent ( e.g., thermally respon
sive hydrogels [66, 67]), the LC signals optically the release 
of each well-defined aliquot, thus permitting control and 
monitoring of dosing, reducing risks of toxicity, extending 

45 the lifetime of the material to multiple triggering events 
( e.g., for drug delivery, fragrance or cleaning agents from 
material surfaces touched by human hands or warm blooded 
animals). 

In the previous examples, we demonstrated the disclosed 
50 controlled release methods using aqueous droplets as an 

exemplary guest material. However, any guest materials in 
any phase state (liquid, solid, or gas) can be used in the 
disclosed controlled release systems and methods, unless the 
proposed guest material is miscible or soluble in the aniso-

55 tropic phase that is used. 
For example, we successfully utilized the disclosed sys

tems and methods to deliver solid microparticles from a LC 
to a surrounding environment. Furthermore, we were able to 
tune the dosage of microparticles released by varying the 

60 number of phase transitions (FIGS. 24A-24H). 
The disclosed systems and methods are also not limited to 

guest materials that are sequestered within the specific liquid 
crystals used in the previous examples. Instead, a variety of 
anisotropic phases can be used, and controlled release can be 

65 staged in many other nematic LCs, including lyotropic LCs. 
For example, on the basis of the phase transition mecha

nism illustrated in Example 1, we utilized LCs having 
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different T NI to selectively release guest materials from one 
or both of two different anisotropic phases (FIGS. 25A-25F). 
In addition, since NLCs include edible lyotropic species, 
such as lyotropic chromonic liquid crystals [68], the dis
closed systems and methods can be made suitable for drug 5 

delivery applications. 
As the skilled, the disclosed systems and methods are not 

limited to the specific processes used in these examples. As 
a non-limiting example, the triggering heat that can be used 
in the disclosed systems and methods can be produced in a 10 

number of different ways, including, without limitation, 
using a focused laser beam or joule heating. For example, 
FIGS. 3A-G illustrate heat-activated release using an elec
tric (Joule) heater. 

36 
purchased from Electron Microscopy Sciences. The poly
meric aligmnent layer (PI2555) was purchased from HD 
Microsystems. A Sylgard 184 silicone elastomer kit for 
preparing polydimethylsiloxane (PDMS) was purchased 
from Dow Coming. Biopsy punches were obtained from 
Integra Miltex. 

Preparation of LCs Containing Aqueous Microdroplets 
To stabilize dispersions of aqueous microdroplets in the 

LCs, we first added either SDS or DTAB at a specified 
concentration to the aqueous solutions of water-soluble 
dyes. The aqueous solutions of dyes were emulsified into the 
nematic LCs (5CB and E7) by vortexing (for 1 min at 3000 
rpm) and sonication (10 min). Each surfactant was present 
at a concentration below its critical micelle concentration 

15 [69]. 
Example 10: Simultaneous Generation of Optical 
Signals and Release of Microcargo from Liquid 

Crystals Triggered by Motility of Bacteria 

Preparation of LC-Filled Mini-Wells 
Mini-wells were made of PDMS. Elastomer base and 

curing agent from a Sylgard elastomer kit were mixed in the 
ratio of 10:1. The mixture was then cured at 60° C. for 2 

In this Example, we report the unexpected discovery that 
the swimming of motile bacterial near the surface of liquid 
crystal containing elastically sequestered microcargo can 
lead to the ejection of the microcargo from LC. 

Specifically, we demonstrate that motile bacterial (Es
cherichia coli) can transmit mechanical forces to a LC 
interface as evidenced by changes in optical appearance 
(FIG. 26K) and trigger the release of microcargo containing 
anti-bacterial agents (DTAB), FIGS. 26A-26D. In contrast, 
no optical responses and ejections of microcargo were 
observed in the absence of bacteria (FIGS. 26E-26G) or 
presence of weakly motile bacteria (FIGS. 26H-26J). Dif
ference in the optical appearances at LC interfaces with and 
without bacteria is shown in FIG. 26K. 

20 hours. A cured PDMS disk with a diameter of 6 mm was 
obtained using a 6 mm biopsy punch. Subsequently, a 
cylindrical hole with a diameter of 3 mm was punched at the 
center of the 6 mm disk using a second biopsy punch. The 
PDMS was treated with an oxygen plasma for 20 seconds 

25 and bonded to a glass substrate to create a mini-well with a 
depth of 3.5 mm. After fabrication, the mini-wells were 
stored for at least 3 days prior to filling with 18 µL of LCs 
containing guest microdroplets. Subsequently, the mini
wells were submerged into glass vials filled with 2 mL of 

30 aqueous solutions. If used prior to 3 days, the PDMS surface 
was sufficiently hydrophilic that water spread between the 
LC phase and PDMS surface. 

In summary, the response of the LC can report optically 
the presence of bacteria, and also release microcargo ( e.g., 35 

antibacterial agent, antibiofilm agent, chemoattractant, 
nutrient, etc.) to interact with the bacteria. If the microcargo 

Preparation of Samples for the Microscopic Observations 
of Microdroplet Transport 

For microscopic observations in FIGS. 6, 7, 20B-20E, 
22A, 22B, and 26B-26J, the experimental cells were 
assembled from glass plates coated with an aligmnent layer 
(PI2555) or DMOAP which cause planar and homeotropic 
alignment, respectively. PI2555 substrates were rubbed to 

is an antimicrobial agent, once killed, the bacterial cells will 
cease to be motile, and thus release of the antibacterial agent 
will cease. The LC will optically report that the bacteria have 
been killed. 

40 achieve unidirectional aligmnent of n and were assembled in 
an anti-parallel fashion. The gaps between the plates were 
set by using double-sided tape at 100-300 µm. The cavity 
was filled with the LC containing microdroplets (Caq =0.5-3 

Accordingly, anisotropic fluid such as NLCs offer the 
basis of a general and facile method for the release of target 
materials triggered by interactions with motile bacterial 
systems. A key advantage of this system is that it only 45 

releases an active agent in the presence of motile cells. This 
preserves the active agent for use only when bacteria are 
present. It minimizes unwanted release of agents, potentially 
causing toxicity to other cells types. The LC can also 
optically report the arrival and killing of the bacteria. 

v %; Csns=9 mM) and then observed under a microscope. 
Preparation of LC Films 
As described in FIGS. 8, 16A-16D, 20A-20F, and 23, 

TEM grids ( 40 µmin thickness) were placed onto DMOAP
coated glass substrates and filled with LC-containing the 
aqueous microdroplets. Subsequently, the films were sub-

Example 11: Materials and Methods 

50 merged into water baths. The DMOAP-coated glass was 
used to orient the LC perpendicular to the glass substrate and 
prevent penetration of the aqueous phase between the LC 
and glass substrate. 

As applicable and unless otherwise noted, the following 
materials and methods were used in the preceding examples. 55 

Materials 

Preparation of Double Emulsions Shown in FIG. 16I-16K 
A 0.1 µL volume of LC containing aqueous microdroplets 

was placed on a DMOAP-coated glass surface. Subse
quently, the glass plate was submerged into a water bath (2 
mL) to form a LC droplet. To initiate the release of micro
droplets, 0.1 mL of DTAB-water (CnrAB=200 mM) was 

60 introduced into the bath to achieve a final concentration of 
l0mM. 

Nematic liquid crystals, 4'pentyl-cyanobiphenyl (5CB) 
and E7, were purchased from HCCH (Jiangsu Hecheng 
Display Technology Co., LTD). Water-soluble dyes that 
were used as tracers were purchased from MontBlanc. 
Sodium dodecyl sulfate (SDS), dodecyltrimethylammonium 
bromide (DTAB), Triton X-100, dimethyloctadecyl[3-
(trimethoxysilyl)propyl] ammonium chloride (DMOAP), 
lipopolysaccharides (LPS), and FITC-dextran were pur
chased form Sigma-Aldrich. Lysogeny broth was purchased 65 

from Becton, Dickinson and Company. Transmission elec
tron microscopy (TEM) grids ( 40 µm in thickness) were 

Preparation of Mini-Wells Shown in FIG. 18A-18F 
Mini-wells 1 and 2 were filled with 5CB containing either 

DTAB-doped microdroplets (green tracer) and SDS-doped 
microdroplets (red tracer), respectively. The wells were 
submerged into 3.5 mL of aqueous SDS solution (Csns=3 
mM), FIG. 18A. After 4 phase transitions, 200 µL of 
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aqueous DTAB (CnTAB=50 mM) was introduced into the 
bath to reverse the surface charge (FIG. 18D). 

Preparation of Cholesteric LC in FIGS. 23A-23D 

38 

20 weight percentage of chiral dopant (S-811) was dis
solved in 5CB. The N-to-I phase transition temperature of 5 
the LC was measured to be 27° C. 

FE is valid at z;;,;R and has a maximum at z=R; FE Max=(¾) 
itKA2

• At z<R, FE needs to be modified (see below). The 
buoyant force F B acting on a microdroplet in LC is F B=('\/3) 
itR

3
~(PLc-P':~2 At 25° c_., KscB=7.~-10-

12 
N_ [29], 

KE7-14.4·10 N [70], PscB-1.010 g/cm [71], PE7 -l.057 
g/cm3 [72], Paq=l.018 g/cm3 for red dye and Paq=l.012 
g/cm3 for green dye [72]. Therefore, for a droplet (red dye) 
of R =3 µm in 5CB, FE Max=8072F B and for a droplet (green 
dye) of R=4 µmin E7, FE Max=ll94 F B· 

Preparation of Bacterial Dispersions Used in FIG. 26 
Escherichia coli (strain MG 1655) were grown aerobically 

in 1 mL of lysogeny broth (LB) [1 % (w/v) tryptone, 0.5% 
(w/v) yeast extract, and 1 % (w/v) NaCl] at T=37° C. with 

10 
agitation (200 rpm) for 12 hours. To achieve motile bacteria, 
the culture was diluted into 2 mL of fresh LB in a 1: 100 ratio 
and the bacteria were grown again for 2 hrs (T=37° C., 200 
rpm). The density of bacteria in the resulting dispersion was 
107 -108 cells/mL. 

Interfacial tension force FIT 
When a droplet is near an interface dividing two immis

cible fluids (N and I phases in our case), FIT arises to 
minimize the surface tension energy [38]. Typically, droplets 
are stabilized at the interface between two immiscible fluids 

Temperature Control 
Temperature was controlled using a STC200 hot stage and 

controller (Instec Inc.) with 0.1 ° C. accuracy. Both heating 
and cooling were achieved by circulation of cold water. The 
rate of temperature change was typically ±15° C./min. 

Absorbance Measurement 
6 µL of aqueous solution was collected from baths con

tacting the LC after each N-I phase transition (FIGS. lG-lJ, 

15 because interface tensions are similar in magnitude to each 
other. In thermotropic LCs, however, aNI is much smaller 
than the surface tension (aaq-Lc) at aqueous-Nor -I inter
face. In case of 5CB, for example, at T=35° C., aaq-N""7· l0-3 

Jlm2
, aaq-r6·l0-3 Jlm2

, and aNr10-s Jlm2 (aaq-N>aaq-
20 I>>aNI) [71, 73]. As a result, the aqueous droplets at the N-I 

interface are expelled to the I phase [38]. For simplicity, we 
assume that FIT is active only when the droplet contacts the 
N-I interface; FIT=0 at lzl;;,;R. 2, 5, 17E, and 18G) or every 3 minutes (FIGS. llE, 15E and 

19E). Prior to collection of a sample, the baths were gently 
agitated to uniformly mix the tracer released from the LC 25 
through the overlying aqueous solution. We measured the 
absorbance using a NanoDrop 2000 (Thermo Scientific) 
spectrophotometer. 

Elastic Force FE* 
When a microdroplet penetrates the N-I interface 

(-R<z<R), the elastic force acting on the microdroplet is 
modified by FE* [34, 43]. Whereas FE acts to keep droplets 
in the nematic phase, FE* expels the droplets into the 
isotropic phase to minimize the elastic free energy. In the Zeta Potential Measurement 

5CB (0.01 v %;;,;CscB"=0.001 v %) was emulsified in 
aqueous solution (water or aqueous solutions of SDS or 
DTAB) using a homogenizer. Zeta potentials (s) on the 
aqueous side of the LC-aqueous interface were measured 
using a Zetasizer Nano (Malvern Instruments Ltd). 

30 weak anchoring regime (R<K/W), FE* originates from the 
anchoring of the director at the droplet surface and the 
director deformation in the bulk nematic phase, and can be 
written as 

Comparison of the Magnitudes of Elastic and Thermal 
35 

Energies 

{
(WR)2 } (10) 

The elastic interaction energy EE between a droplet (R>K/ 
W, homeotropic surface anchoring) and a nematic interface 
(planar surface anchoring) can be written as [30-32]: 

Fp(R<K/W)={WRfi(z/R))swface+ --fi(z/R) , 
K Bulk 

40 where f1 (z/R) is a dimensionless function of the penetration 
depth of droplet into a N phase [34, 43]. 

(SJ In the strong anchoring regime (R>K/W), FE* is given by 

where A is a numerical factor (A=2.04)[32], R is the radius 
of the guest droplet, z is the distance between the center of 
the droplet and nematic interface, and K is the Frank elastic 
constant of the LC (K=(K1 +K3 )/2 where K1 and K3 are 
elastic constants for splay and bend deformations, respec
tively [25]). As a droplet approaches a nematic interface, EE 
increases and exhibits a maximum at z=R. Because K-10- 12 

N for typical thermotropic LCs [28, 29, 70], the maximum 
elastic interaction energy EE Max for a droplet with R=l µm 
is 9.8·10-18 N. kBT is 4.1-10-21 Nat T=25° C., and thus 
EE Max=2383kB T. 

Comparison of the Magnitudes of Elastic Forces and 
Buoyant Forces 

(11) 

45 where f2 (z/R) is a dimensionless function of the penetration 
depth of the droplet into the N phase [34, 43]. Andrienko et 
al [ 42] found that the force acting on a particle passing 
through a N-I interface is linearly proportional to the pen
etration depth z/R. In our evaluation, therefore, we simpli-

50 fled the dimensionless functions to 

55 

where - and + are for N-to-I and I-to-N phase transitions, 
respectively. 

The elastic repulsive force FE between a droplet (R>K/W, 
homeotropic surface anchoring) and a nematic interface 
(planar surface anchoring) can be written as follows [31, 60 

32]: 

Parameters in the Calculations 
For 5CB, at T=25° C. K5 cB=7.3· l0-12 N [29], PscB=l.010 

g/cm3 [71] and at T 35° C.(=TN/cB) K5 cB=3·10-12 N [29], 
PscB=l.000 g/cm3 [71], W=l0-6 J/m2 [28], and llscB=0.015 
kg/m·s [74]. aNI of 5CB is l.5·10-5 J/m2 [73]. In our 
calculation, however, aNI=l.5·10-6 J/m2 was used because 
the surfactants added to the microdroplets reduce the surface (9) 

65 tension [75-77]. For E7, KE7=10.25 (40° C.), 7 (50° C.), 2 
pN (59° C.) [70], and PE7=1.045 (40° C), 1.037 (50° C.), 
1.028 g/cm3 (59° C.) [72]. a=9.9, ~=0 for R<K/W and a=0, 
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~=4.4 for R>K/W. a and ~ were chosen based on the 
experimental results. L=l mm for FIG. 9 and L=3.5 mm for 
FIG. llG. 

40 
8 J. Ge, E. Neofytou, T. J. Cahill, R. E. Beygui and R. N. 

Zare. "Drug Release from Electric-Field-Responsive 
Nanoparticles" ACS Nano 6, 227-233 (2012). 

9 B. P. Timko, T. Dvir and D. S. Kohane. "Remotely 
Triggerable Drug Delivery Systems" Adv. Mater. 22, 
4925-4943 (2010). 

For red dye droplets (FIG. 9), Paq=l.018 g/cm3 (25° C.) 
and 1.013 g/cm3 (35° C.)35

. For green dye droplets (FIG. 5 

llG), Paq=l.004 g/cm3 (40° C.), 0.996 g/cm3 (50° C.), and 
0.987 g/cm3 (59° C.)35

. 
10 A. Barhoumi, Q. Liu and D. S. Kohane. "Ultraviolet 

Light-Mediated Drug Delivery: Principles, Applications, 
and Challenges" J. Control. Release 219, 31-42 (2015). 

10 11 J. A. Cohen, T. T. Beaudette, J. L. Cohen, K. E. Broaders, 
E. M. Bachelder and J.M. J. Frechet. "Acetal-Modifi Ed 

Conclusion to the Examples 

In conclusion, we demonstrate here that anisotropic fluid 
such as nematic LCs offer the basis of a general and facile 
method for the controlled-release of target materials by 
simply changing temperature, introducing shear stress, add-

15 
ing amphiphiles, and/or adding motile bacteria. The physical 
mechanisms of the heat-triggered controlled release were 
explained by a simple model that agrees well with the 
experiments. We also qualitatively analyzed the mechanisms 
of the controlled release facilitated by the introduction of 20 
amphiphiles causing electrostatic force, hydrodynamic 
force, or both. In all cases, release of guest material seques
tered within an anisotropic phase was accomplished by 
changing the elastic repulsion forces preventing release 
and/or introducing additional forces to the system sufficient 25 

to overcome these elastic repulsion forces. 
The simplicity of the proposed systems and methods (i.e., 

they do not require any complex instrumentation ( e.g., 
microchips or micro-scaled pump) or chemical modifica
tion) suggest that they will find applications not only in drug 30 

delivery but also in a variety of other fields, including 
sensors, micro-cargo transportation, and micro- and opto
fluidics. 

Those skilled in the art will recognize, or be able to 
35 

ascertain using no more than routine experimentation, 
numerous equivalents to the specific materials and methods 
described herein. Such equivalents are considered to be 
within the scope of this disclosure. 
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6. The system of claim 1, wherein the liquid droplets of 
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We claim: 
1. A system for the controlled release of a guest compo

sition sequestered within a host composition, the system 
comprising: 

(a) a host composition comprising an anisotropic fluid, 
wherein the host composition does not comprise a 
lyotropic liquid crystal; 

(b) a guest composition sequestered within the host com
position, wherein the guest composition is in a form of 
a plurality of liquid droplets, the guest composition is 
immiscible or insoluble in the host composition, and 
the guest composition forms an interface with the host 
composition upon which elastic repulsion forces act to 
prevent release of the guest composition from the host 
composition; and 

sition ( c) is positioned adjacent to and in contact with the 
host composition. 

11. The system of claim 1, further comprising ( d) a device 
25 capable of changing the elastic repulsion forces, introducing 

the one or more counter forces, or both, such that the elastic 
repulsion forces do not act to prevent release of the guest 
composition from the host composition. 

12. The system of claim 11, wherein the device (d) is 
30 selected from a device capable of changing a temperature of 

the host composition, a source of an electric field or a 
magnetic field, and a device capable of inducing a shear 
stress at the interface. 

13. The system of claim 12, consisting of the host 
35 composition, the guest composition, the composition ( c ), 

and the device ( d). 
14. The system of claim 13, wherein the liquid droplets of 

the plurality of liquid droplets are aqueous droplets com
prising amphiphiles positioned at the interface, the aniso-

40 tropic fluid is a thermotropic liquid crystal, and the compo
sition ( c) is positioned adjacent to and in contact with the 
host composition. 

15. A method of using the system of claim 1, the method 
comprising changing the elastic repulsion forces, introduc-

45 ing the one or more counter forces, or both, by inducing the 
fluid communication between the composition ( c) and the 
host composition to release the guest composition from the 
host composition. 

16. A system for the controlled release of a guest com-
50 position sequestered within a host composition, the system 

55 

comprising: 
(a) a host composition comprising an anisotropic fluid, 

wherein the host composition does not comprise a 
lyotropic liquid crystal; 

( c) a composition in fluid communication with the host 
composition, the composition ( c) capable of changing 
the elastic repulsion forces, introducing one or more 
counter forces, or both, such that the elastic repulsion 
forces do not act to prevent release of the guest com- 60 

position from the host composition. 

(b) a guest composition sequestered within the host com
position, wherein the guest composition is in a form of 
a plurality of liquid droplets, the guest composition is 
immiscible or insoluble in the host composition, and 
the guest composition forms an interface with the host 
composition upon which elastic repulsion forces act to 
prevent release of the guest composition from the host 
composition; and 2. The system of claim 1, wherein the liquid droplets of 

the plurality of liquid droplets are aqueous droplets. 
3. The system of claim 2, wherein the aqueous droplets 

comprise amphiphiles positioned at the interface. 
4. The system of claim 1, wherein the anisotropic fluid is 

a liquid crystal. 

65 

( c) a device capable of changing the elastic repulsion 
forces, introducing one or more counter forces, or both, 
such that the elastic repulsion forces do not act to 
prevent release of the guest composition from the host 
composition. 
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17. The system of claim 16, wherein the device (c) is 
selected from a device capable of changing a temperature of 
the host composition, a source of an electric field or a 
magnetic field, and a device capable of inducing a shear 
stress at the interface. 

18. The system of claim 17, the system consisting of the 
host composition, the guest composition, and the device ( c ). 

19. The system of claim 18, wherein the liquid droplets of 
the plurality of liquid droplets are aqueous droplets com
prising amphiphiles positioned at the interface and the 10 

anisotropic fluid is a thermotropic liquid crystal. 
20. A method of using the system of claim 16, the method 

comprising changing the elastic repulsion forces, introduc
ing the one or more counter forces, or both, by operating the 
device (c) to release the guest composition from the host 15 

composition. 

* * * * * 
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