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Reconfigurable Liquids Stabilized by DNA Surfactants
Bingqing Qian, Shaowei Shi,* Haiqiao Wang, and Thomas P. Russell

ABSTRACT:  Polyelectrolyte microcapsules can be produced either
by  the  layer-by-  layer  assembly  technique  or  the  formation  of
polyelectrolyte complexes at the liquid− liquid interface. Here, we
describe the design and construction of DNA microcapsules using
the cooperative assembly of DNA and amine-functionalized
polyhedral oligomeric
silsesquioxane (POSS-NH2) at the oil−water interface.  “Janus-like”
DNA  surfactants  (DNASs)  assemble  in   situ  at   the  interface,
forming  an elastic  film.  By controlling the
jamming and unjamming behavior of DNASs, the interfacial
assemblies can assume three  different physical states: solid-like,
elastomer-like,  and  liquid-like,  similar  to  that  seen  with
thermoplastics upon heating, that change from a glassy to a
rubbery state, and then  to  a  viscous  liquid.  By  the  interfacial
jamming  of  DNASs,  the  liquid  structures  can  be  locked-in  and
reconfigured,  showing  promising  potentials  for  drug  delivery,
biphasic reactors, and programmable liquid constructs.
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■ INTRODUCTION
The   fabrication   of   polyelectrolyte
microcapsules  and  the
encapsulation  of  cargo  in  the  microcapsules
have  attracted  substantial  attention,  due  to
their  promising  applications  in  drug  delivery,
cosmetics, and food science.1−4 Conventionally,
these microcapsules are prepared by inducing
complexation of
two  oppositely  charged  polyelectrolytes,  for
example by  layer-  by-layer (LbL) assembly, to
form multilayers with unique stimuli-responsive
properties.5−7  However,  the  typical LbL
assembly methods involve sequential
deposition of polyelec-
trolyte  layers  onto  a  sacrificial  template
followed  by  the  removal  of  the  template,  a
multistep and time-consuming process. As an
alternative to LbL, microdroplets can be used
as  “soft”  templates  to  form  polyelectrolyte
microcapsules using a
microfluidic process, based on the formation of
polyelectrolyte  complexes  (PECs)  at  the
oil−water  interface  of  a  droplet.8,9

Nanoparticle−polyelectrolyte  and
protein−polyelectrolyte  composite
microcapsules  can  be  prepared  in  a  similar
manner.10−12 Lee  and  co-workers  reported  a
more  complex  strategy  for  microcapsule
fabrication, where the PECs  are  formed at the
inner oil−water interface of water-in-oil-in-
water
(W/O/W)   double   emulsions   followed   by   a

spontaneous
emulsion  hatching.13,14 However,  in  that  case,
one of the polyelectrolytes must be specifically
synthesized or modified to ensure solubility in
the oil phase, which complicates the preparation
process and restricts wide application. Most
efforts have focused on the generation of the
microcapsules, while less  attention  has  been
paid to the  assembly kinetics and  aggregation
of   the   polyelectrolytes   at   the   interface,
which
play important roles in dictating the mechanical
properties of the entire system.15−19



Here, a simple strategy for the fabrication of
polyelectrolyte  microcapsules   is   described
by  the  cooperative  assembly of
polyelectrolytes  and  oligomeric/polymeric
surfactants  at  the  liquid−liquid  interface.  In
this system, polyelectrolytes  are  dissolved in
one liquid. By dissolving oligomeric/polymeric
surfactants  with  complementary
functionalization in  the  second liquid,  “Janus-
like”  polyelectrolyte surfactants  (PESs)
form in situ at the interface, having
hydrophilic polyelectrolyte chains anchored by
hydrophobic  oligomer/polymer tails.  We  note
that  the  PESs  described  here  are  different
from  the  well-  studied
polyelectrolyte−surfactant complexes that are
formed
in solution or in the solid state.20−22 A key
distinction is the
generation of a supramolecular PES with an
interfacial binding energy that is sufficiently
strong to stabilize nonequilibrium
liquid  shapes,  and  to  build  the  relationship
between the assembly of PESs at the interface
and macroscopic mechanical  properties  of
assemblies.

As a proof-of-concept,  we use a fascinating
anionic polyelectrolyte, double stranded DNA,
and  an  oil-soluble  amine-functionalized
polyhedral  oligomeric  silsesquioxane  (POSS-
NH2,   Supporting   Information   (SI)   Figure
S1),  to
generate DNA surfactants (DNASs) at the
oil−water interface.
DNA,  while  being  the  universal  carrier  of
hereditary information, also affords a versatile
building block for guiding



the  bottom-up  fabrication  of  nanostructures
and  hybrid  assemblies.23−26 Due  to  the
negatively  charged  phosphate  groups,  DNA
presents  a  highly  hydrophilic  surface  and  is
soluble  in  water  and  buffered  aqueous
solutions.  POSS-NH2,  behaves as a surfactant,
and can spontaneously assemble at the
oil−water  interface,  changing  the  charge  at
the oil−water
interface from negative (inherent to the
oil−water interface) to
positive.27,28 By the electrostatic interactions
between DNA
and POSS-NH2, DNASs form at the interface,
allowing for the stabilization of microdroplets,
producing  an  interfacial  film  with  dynamic
mechanical  properties  (Figure  1a).  By  tuning
the

Figure 1. (a) The schematics of DNASs formation and
assembly  at  the  oil−water  interface;  (b)  three
physical states of interfacial assemblies constructed
by DNASs.

concentration of DNA or POSS-NH2, and the
ionic strength or  pH of  the aqueous solution,
the interfacial assemblies assume one of three
physical  states:  solid-like,  elastomer-like,  and
liquid-like,  similar  to  that  seen  with
thermoplastics upon heating, that change from
a glassy to a rubbery and then a viscous liquid.
(Figure 1b). The kinetic trajectory between the
jammed and unjammed states of the interfacial
assemblies can

be  directed  in  space  and  time  by  the
reorganization  of  the  DNASs.  Using  the
emulsification  or  microfluidic  technique,  DNA
microcapsules can be produced in a one-step
process, with the ability to encapsulate a wide
range  of  water-soluble  materials, including
biologically active materials, such as bovine
serum albumin (BSA).  By precisely controlling
the  dynamic  mechanical  properties  of  the
assemblies, liquids can be reconfigured using a
molding  process,  which  are  responsive  to
stimuli in their surrounding environment.29,30

■ RESULTS AND DISCUSSION
The  interfacial  kinetics  of  DNAS  formation,
assembly,  and  jamming  at  the  oil−water
interface  was  investigated  by  pendant  drop
tensiometry. As shown in Figure 2a, the pristine
DNA ([DNA] = 0.1 mg/mL) is  not interfacially
active,  due  to  its  negative  charge,  with  an
interfacial tension of ∼35 mN/m, essentially the
same  as  that  of  the  pure  water−toluene
system.  With   POSS-NH2  [POSS-NH2  =  0.1
mg/mL]  dissolved in
toluene  against  a  pure  water  phase,  the
interfacial tension gradually decreases from 35
to 23 mN/m in 1200 s, showing
that  POSS-NH2 behaves  as  a  surfactant  and
assembles at the oil−water interface (SI Figure
S1).  With  0.1  mg/mL DNA dissolved in  water
and 0.1 mg/mL POSS-NH2 dissolved in toluene,
a further reduction in interfacial tension (γ)
from ∼35 to ∼15 mN/m is observed in 1200 s,
indicating the formation
of  DNASs  at  the  interface.  Interestingly,  by
reducing  the
droplet  volume,  an  unusual  phenomenon  is
observed  where  the  droplet  first  elongates,
with  the  formation  of  a  neck  between  the
droplet  and needle.  Capillary  force decreases
the  diameter  of  the  neck  and  gravitational
force  pulls  the  droplet  down, stretching the
region of the neck, forming a thin tubular
structure  which  behaves  like  an  elastomer
(Figure 2c and SI Video S1). By increasing the
POSS-NH2 concentration to  0.5



Figure 2. (a) Dynamic interfacial tension of the oil−water interface at different concentrations of POSS-NH2,
[DNA] = 0.1 mg/mL; (b) dynamic interfacial tension of the oil−water interface at different concentrations of
DNA, [POSS-NH2] = 1.0 mg/mL; (c) left: snapshots of droplet’s morphology upon compression with different
DNA or POSS-NH2 concentrations; middle: schematic representations of the influence of DNA or
POSS-NH2 concentration on the mechanical properties of the interfacial assemblies; right: AFM images of 2D
films self-assembled by DNAS with different DNA or POSS-NH2 concentrations (assembly time: 1200 s).



Figure 3. (a) Snapshots of droplet’s morphology upon a repeated compression-relaxation experiment; (b) time
evolution of interfacial tension and surface area in the  first two compression-relaxation processes;  (c) the
unjamming-to-jamming  transition  of  DNASs  at  the  interface  with  a  small  disturbance after the first
compression-relaxation process, [DNA] = 0.1 mg/mL, [POSS-NH2] = 1.0 mg/mL; d) time evolution of
interfacial
tension of the oil−water interface with different MgCl2 concentrations, [DNA] = 0.8 mg/mL, [POSS-NH2] = 0 mg/
mL; e) time evolution of  interfacial tension of the oil−water interface with different MgCl2 concentrations,
[DNA] = 0.8 mg/mL, [POSS-NH2] = 1.0 mg/mL; (f) snapshots of droplet’s morphology upon compression at
different MgCl2 concentrations, with DNAS assembled at the interface, [DNA] = 0.8 mg/mL,
[POSS-NH2] = 1.0 mg/mL.

mg/mL,  the  interfacial  tension  drops  rapidly,
reaching an equilibrium value of ∼7.2 mN/m in
350 s. When compressing  the   droplet,   the
elongation  behavior  is  reduced  with  the
formation  of  wrinkles  on  the  droplet  surface,
indicating  the  jamming  of  DNASs  at  the
interface, causing a reduction in the mobility of
the DNASs at the interface that now exhibits
solid- like characteristics (SI  Video S2).  When
the concentration  of  POSS-NH2 is increased to
1.0 mg/mL, the equilibrium interfacial tension
does not decrease in proportion but wrinkles
develop  immediately,  upon  very  small
compression,  showing  further  enhanced
mechanical strength of the assemblies (Figure
2c  and  SI  Video  S3).   In  view  of  this,  we
assume  that, with the increasing concentration
of POSS-NH2 (the  smallest cube-type molecular
silica) in the oil phase, the number of POSS-NH2

anchored to each DNA chain increases, making

the  interfacial  assemblies  become more  solid-
like. POSS-NH2 acts as an interfacial “anchor” of
the DNA network.  At low POSS-NH2

concentration, DNA chains at the interface are
not   anchored  strongly,   and   respond  to  an
external field,



such as compression and stretching,  making
the network to be  adaptive. At higher POSS-
NH2 concentration, interfacial DNA network is
anchored to the interface at multiple points,
firmly  fixing  the  DNA  to  the  interface,
prohibiting  a  response  by  modifying  the
assembly.  This  is  further  supported  by
increasing the pH of aqueous solution of DNA,
where,  with  less protonated POSS-NH2 at the
interface, the responsiveness  of  DNA
assemblies  can  be  significantly  enhanced,
leading  to  the  formation  of  the  elastic
assemblies (SI Figure S2 and SI Video S6).

Fixing the POSS-NH2 concentration at 1.0
mg/mL while the  DNA concentration is
increased from 0.1 to 1.0 mg/mL, yields  a
completely  different  assembly  behavior.  As
shown  in  Figure 2b, the dynamic and
equilibrium interfacial tensions are almost the
same in all cases, indicating the influence of
the DNASs on the interfacial energy is similar.
However, when compressing the droplet, the
solid-like characteristics of the assemblies are
gradually  weaker.  By  increasing  the  DNA
concentration to  0.8  mg/mL, wrinkles appear
after a certain degree of compression



(SI Video S4). With a higher DNA concentration
of  1.0  mg/  mL,  an  elongation  of  the  droplet
occurs first and wrinkles can only be observed
at large compressions (Figure 2c and  SI Video
S5). This can be explained by the electrostatic
repulsion between  the  DNA  chains.  As  the
concentration  of DNA
increases, more DNA chains will segregate to
the oil−water
interface.    However,    the    increased
electrostatic  repulsion
between DNA limits the contact between each
DNA  chain  and  POSS-NH2,  leading  to  a  “bird
nest”-type  of  assembly  at  the  interface.
Although  the  interface  is  fully  occupied  by
DNASs, the effective contact area of each DNA
chain with the  interface  decreases (SI  Figure
S4). Low effective contact area translates into a
low degree of cross-linking in the DNA network
at  the  interface,  making  the  interfacial
assemblies  more  elastic.  In  support  of  this
argument,  2D  films  were  prepared  by
transferring  assemblies  prepared  on  planar
liquid  interface  at  a  fixed  POSS-NH2

concentration of 1.0  mg/mL  and characterized
by atomic force microscope (AFM), as is shown
in Figure 2c and SI Figure S5. By increasing the
DNA concentration from 0.1 to 1.0 mg/mL, the
root-mean-square (RMS) surface roughness of
the hydrophilic surface with DNA  increases
markedly from 3.25 to 18.5 nm, confirming the
formation of “bird-nest”-type of assembly.

The  reorganization  of  the  DNASs  was
investigated  by  repeated  compression-
relaxation  experiments  where  the
concentrations  of  DNA  and  POSS-NH2 were
fixed to 0.1  and 1.0 mg/mL. As shown in Figure
3a, after the droplet is suspended for 1200 s
and  reaches  an  equilibrium  state,  the
assemblies are compressed to solidify the
interface by jamming  the  DNASs  assembly.
When wrinkling is observed, the compression is
stopped.  After  30  s,  the  wrinkles  gradually
disappear, indicating a relaxation of DNASs at
the interface. With further compression, DNASs
jam again and new wrinkles  develop
immediately. However, the wrinkles again relax
after a longer time of 1.5 min. The assembly is
compressed again and the wrinkles do not fully
relaxe, instead, a deformation of the droplet is
observed. From the time evolution of interfacial
tension and surface area of the first two
compression-relaxation  processes,  the
reduction  in  the  surface  area  leads  to  a
decrease  in  the  interfacial  tension,  indicating
the areal density of the DNASs increases by a
reorganization  of  the  DNASs  at  the  interface
(Figure  3b).  At  sufficiently  high  DNASs
coverages,  the  relaxed  droplet  can  easily
wrinkle  with  a  small disturbance,  such  as  a
slight vibration (Figure 3c). Also, by increasing
the  DNA concentration to 0.8 mg/mL, the
compression-relaxation  results  show  a  more
rapid, and more times of relaxation (SI Figure
S6), which is consistent with our argument that

the  effective  contact  area  of  each  DNA chain
with  the  interface  plays  an  important  role  in
dictating the relaxation behavior of DNASs and
the  mechanical  properties  of  the  resultant
assemblies.

Ionic  strength  can  dramatically  affect  the
electrostatic forces  in  solution.  In  particular,
nonspecifically  bound  divalent  ions,  for
example,  Mg2+,  can  significantly  mediate
attractive  inter-  DNA  forces,  attenuating  the
electrostatic  repulsive  force  between  DNA
chains.31,32 By adding different concentrations of
MgCl2 into DNA aqueous solution against pure
toluene, the  interfacial  tension  is  found  to
decrease  gradually  with  the  increasing  salt
concentration,  indicating  that  the  DNA
becomes  interfacially  active  by  the  screen  of
negative  charges  (Figure  3d).  However,  the
binding energy is still not sufficient to withstand
the compressive force when the interfacial area
decreases and the interfacial assemblies show a
liquid-like



behavior  (SI  Video  S7).  With  POSS-NH2

dissolved in toluene, DNASs form in situ and
assemble  at  the  interface,  and  the  binding
energy  of  the  DNASs  is  enhanced.  By
increasing the salt concentration to 10 and 20
mM,  pendant  droplets  show  enhanced
elongation  behavior  initially,  and  the
interfacial  tension  decreases  more  rapidly
(Figure 3e). When compress- ing, the solid-like
nature of the interfacial assemblies becomes
evident (Figure 3f and SI Video S8). POSS-NH2

acts as an interfacial anchor for the DNA by
the formation of the  ion  pairs along the DNA
chain. With increasing salt concentration, the
decrease in the number of negative charges
on the  DNA  decreases the number of active
sites for interaction with POSS-  NH2.  This
enhances the ability for the DNAS assemblies
to reorganize at the interface in response to
an applied external  field, and, consequently,
gravitational force can easily cause the
droplet to elongate.

Based on the above, we find that, by varying
the interactions between DNA and POSS-NH2

at  the  interface,  three  physical  states of
interfacial assemblies can be achieved.
Without POSS- NH2 dissolved in the oil phase,
although the interfacial activity of DNA can be
enhanced by increasing the ionic strength  of
aqueous  solution,  the  interfacial  binding
energy is low, resulting in assemblies that are
liquid-like  and  do   not  jam.   By dissolving
POSS-NH2 in the oil phase, DNASs form in situ
at the interface, resulting in the formation of a
DNA network in an elastomer-like unjammed
state, that can be stretched by gravity without
breaking.  By  interfacial  compression,  the
unjammed assembly of DNASs can be driven
into a  solid-  like  jammed state,  that  can be
relaxed by a reorganization of the DNASs.

Having achieved this level of control, large-
area  DNA  films  were  prepared  at  the
oil−water interface with DNASs.33 As shown in
Figure 4a, at low concentrations of DNA (0.8
mg/  mL)  and  POSS-NH2 (1.0  mg/mL),  a
wrinkled film can be observed at the interface
when removing the (top) oil phase.
The  mechanical  strength  of  the  film can be
significantly  enhanced  by  increasing  the
number  of  interfacial  anchors, that  is,
increasing  the  concentration  of  POSS-NH2 to
10 mg/mL. Using tweezers, the interfacial film
can easily be brawn-up from  the interface in
its  entirety  and  stretched  like  an  elastomer
without damage (Figure 4b and  SI Video S9).
When  the  film is  stretched  under  crossed
polarized  light,  a  birefringence  is  evident,
which disappears after removing the tension,
indicating  DNA  chains  are  partly  orientated
under tension  (SI Figure S8).34

Before fabricating DNA microcapsules using
a glass capillary microfluidic device, the effect
of  DNASs  on Plateau−Rayleigh  (PR)
instabilities  of  water  jets  was  investigated
using  the  tensiometer  in  a  flush  mode,  by
forcing 0.8 mg/mL  DNA aqueous solution into

toluene  containing  1.0  mg/mL  POSS-  NH2

through a narrow capillary. As shown in Figure
4c−e and
SI Video S10, in comparison to the breakup 
behavior seen with
a pure water jetted into pure toluene, uniform
droplets (absent  any  satellite  droplets)  are
formed, yielding stable DNA microcapsules at
the bottom of the cell (Figure 4d and SI Figure
S9).  During  the  generation  of  the
microcapsules,  tiny  tubular  structures
connecting  the  droplets  form,  reflecting  the
elasticity  of  the  assemblies  at  the  interface,
that  rupture  during  stretching,  leading to  the
formation of the  microcapsules  (Figure   4d,e).
Clearly,  the  rapid  assembly,  formation  and
reorganization   of   the   DNASs   at   the
oil−water  interface
underpin this behavior, as discussed above.



Figure 4. (a,b) Optical images of DNA films prepared
at  the  oil−  water  interface  with  1.0  (left)  or  10
mg/mL (right) POSS-NH2 dissolved in toluene and 0.8
mg/mL DNA dissolved in  water  (assembly time: 10
h); (c) high speed photography of a pure water jet
falling in toluene; (d,e) high speed photography of
an aqueous DNA solution with 0.8 (up) or 1.0 mg/mL
(down) DNA falling in toluene solution containing 1.0
mg/mL POSS-NH2. The initial jet diameter is
0.51 mm, and the flow rate is 2 mL/min.

Monodisperse  water-in-oil  emulsion  drops
were generated using a microfluidic device via
the in situ formation and assembly of DNASs
(Figure  5a).  The  as-prepared  DNA
microcapsules  have  a  diameter  of  ∼220  μm,
with excellent stability and semipermeability,
that can be further used for
encapsulating  a  wide  range  of  functional
components  such  as  proteins,  enzymes,  drug
molecules,  and  inorganic  nano-  particles,  to
name  a  few  (Figure  5b).  Here  we  use
fluorescein  isothiocyanate  bovine  serum
albumin  (FITC-BSA)  as  a  model  cargo for the
encapsulation. Confocal fluorescence
microscopy image shows that BSA is contained
within  the  droplets,  with  some segregated to
the  surface  of  the  droplet  due  to the
electrostatic  interactions  between  negatively
charged BSA  and positively charged POSS-NH2

(Figure 5c).  After drying the microcapsules in

the air, the integrity of the capsule is maintained
without breakup or significant collapse (Figure
5d),  reflecting  the  excellent  mechanical
properties of the micro- capsules. Using a vortex
mixer, water-in-oil or  oil-in-water emulsions are
also easily prepared (SI Figure S10). Finally,



Figure 5. (a) Optical microscope image of the glass
capillary  microfluidic  device  for  the fabrication  of
DNA microcapsules; (b) optical microscope images
of the produced DNA microcapsules,  [DNA] = 0.8
mg/mL,  [POSS-NH2]  =  1.0  mg/mL;  (c)  confocal
fluorescence  microscopy  images  of  DNA
microcapsules with FITC- BSA encapsulated in the
droplets,  [DNA] = 0.8 mg/mL,  [POSS- NH2]  = 1.0
mg/mL, [FITC-BSA] = 0.03 mg/mL; (d) fluorescence
microscope  images  of  dried  DNA  microcapsules
with  FITC-BSA  encapsulated  in  the  droplets;  (e)
dyed  liquid  letters  “DNAS”  molded  by  the
interfacial jamming of DNASs, [DNA] = 2.0 mg/mL,
[POSS- NH2] = 5.0 mg/mL.

using all-liquid molding, we demonstrate that
liquids can be shaped into different structures
and locked-in by the interfacial  jamming  of
DNASs,  and  subsequently  reconfigured  by
environmental stimuli such as pH (Figure 5e,
SI Figure S11, and SI Video S11).

■ CONCLUSIONS
In summary, we have demonstrated the
assembly, formation,
and jamming of the DNASs at  the oil−water
interface. By tuning the interactions between
DNA and POSS-NH2, the mechanical properties
of the interfacial assemblies can be finely
controlled,  showing  three  different  physical
states: liquid-like, elastomer-like and solid-like.
Upon  application  of  external  fields, for
example, compression and stretching, the
DNAS
assemblies can reorganize, relaxing in-plane
stresses, ultimately  controlling the
macroscopic structural organization of the
fluid phases. Using DNAS, DNA microcapsules
can be produced in a one-step process using
either  emulsification  or  microfluidic
techniques,  with  the  ability  to  encapsulate
materials.  With  solid-like  DNAS  interfacial
assemblies,  liquids  can  be  molded,30

providing  a  unique  platform  for  the
construction  of programmable liquid devices
for  applications  in  biphasic  chemical
synthesis,  chemical  separations,  and  all-
liquid electronics.35,36
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