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helices that associate upon recognition. 
The confi guration of this quaternary struc-
ture induced strain to the associated lipid 
bilayers, initiating the fusogenic process. [ 7 ]  
Several synthetic approaches that mimic 
this structural motif have been devel-
oped using peptides, [ 8 ]  model proteins, 
small molecules, and DNA in an effort to 
achieve effi cient recognition, bilayer dis-
ruption, and content transport in vivo. [ 5 ]  

 In particular, DNA hybridization-
mediated fusion shows promise as a 
reductionist system both for studying 
fusion mechanics and as a bio-sensing 
strategy. [ 9–11 ]  Studies have shown that 
DNA can be anchored to lipid bilayers 
using DNA-lipid conjugates or sterol teth-
ered DNA. [ 9 ]  Uni-lamellar liposomes can 
therefore be prepared with such tethered 
oligonucleotides. When two liposomes 
prepared with different but complemen-
tary oligonucleotides were combined, lipid 
mixing assays revealed bilayer fusion. A 
critical requirement in these assays was 

that membrane anchors on complementary DNA strands were 
necessarily on opposite ends of the DNA (i.e. 5′ and 3′ ends). [ 11 ]  
In this confi guration, DNA hybridization mimicked the confi g-
uration of the four helix bundle in SNARE receptors, brought 
the two bilayers into close proximity, strained the bilayer struc-
ture, and consequently induced effi cient lipid mixing and con-
tent transport. In the alternative situation where the tethers 
were on the same end of the DNA, the liposomes were observed 
to aggregate but no lipid mixing or content transport occurred, 
presumably due to a lack of bilayer-bilayer proximity and strain. 

 Studying receptor-mediated fusion in dispersed liposomes is 
convenient for proof-of-concept studies but has limited capacity 
for advancing related technologies. Alternatively, receptor-medi-
ated fusion with  planar  interfaces, and in particular supported 
lipid bilayers, has been used for quantitative high throughput 
studies that elucidate cellular mechanisms related to drug dis-
covery, medical diagnostics, and biosensor development. [ 12 ]  
Supported lipid bilayers can be fabricated as spatially addressed 
microarrays capable of high throughput screening and have 
demonstrated value as a tool for studying a range of biochem-
ical processes. [ 13 ]  Despite their success as model systems, sup-
ported lipid bilayers possess complicating factors such as inter-
fering effects associated with the underlying solid substrate and 
the necessity of complex and expensive analytical instrumen-
tation. Thus, substrates that address some of these drawbacks 
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  1.     Introduction 

 Understanding how to control bilayer fusion is fundamentally 
and technologically important for designing synthetic gene 
transfer agents, [ 1 ]  drug delivery strategies, [ 2 ]  studying biological 
systems, [ 3 ]  and developing diagnostic assays. [ 4 ]  In particular, 
in vivo biomimetic strategies for studying receptor-mediated 
fusion have played a major role in the advancement of this 
fi eld. [ 5 ]  Since Rothman and coworkers fi rst demonstrated that 
SNARE proteins were the minimum machinery required for 
inducing membrane fusion, [ 6 ]  they have been widely accepted 
as the most effi cient fusogenic receptors. Their biological origin 
and prevalence in cellular membranes have inspired explora-
tion of the mechanisms that allow SNARE proteins to work 
with such high effi cacy. [ 7 ]  A common motif has been found 
among SNARE receptors that involve a bundle of four alpha-
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have signifi cant value toward a better understanding of lipo-
some fusion from a fundamental and technological perspective. 
Here, we used an alternate system for monitoring liposome 
fusion with planar interfaces that employed a soft hydrophobic 
interface (i.e. liquid crystals) for depositing lipid monolayers 
with surface anchored receptors (i.e. DNA). We anticipated that 
the hydrophobic nature of the LC substrate would minimally 
interfere with surface anchored components while also serving 
as a transduction element requiring only a simple optical set up 
for dynamic monitoring of fusogenic activity. 

 Liquid crystals (LCs) have become a valuable tool for moni-
toring interfacial phenomena at both solid and aqueous inter-
faces. [ 14 ]  Examples include self-assembly processes, [ 15–17 ]  the 
dynamic behavior of hydrophobic polyanions, [ 18,19 ]  protein 
binding [ 20,21 ]  and surfactant phase behavior. [ 22 ]  Studies have 
revealed that certain surfactants (e.g. those with long hydro-
carbon tails) partitioned to the hydrophobic aqueous/LC 
interface, at suffi cient surface densities, orient calamitic LC 
molecules with their long axes perpendicular to the surface 
(homeotropic orientation). [ 15,17 ]  Importantly, only surfactants 
with hydrocarbon chains longer than a certain threshold length 
were observed to induce homeotropic orientation. [ 17 ]  Among 
this class of surfactants were saturated phospholipids, which 
were deposited at the aqueous/LC interface via spontaneous 
liposome fusion. [ 23 ]  This spontaneous fusion was shown to be 
independent of lipid phase, and lipid/surfactant mixtures were 
employed to control the relative density of lipids within a mon-
olayer at the aqueous/LC interface. Thus, spontaneous fusion 
of liposomes with LC interfaces has been well characterized 
and is readily monitored using the optical effects associated 
with LC re-orientation. 

 More recent studies have achieved specifi c control over 
interfacial LC orientational transitions by exploiting confor-
mational changes in adsorbed biomolecules, [ 18,19 ]  localizing 
polar molecules via coordination interactions, [ 24 ]  or mediating 
surfactant deposition with biomolecules. [ 20 ]  In one example 
in particular, liposome fusion was controlled at protein deco-
rated interfaces. [ 20 ]  Liposomes were prepared with biotinylated 
phospholipids and introduced to a streptavidin laden LC inter-
face. Streptavidin inhibited spontaneous fusion of undeco-
rated liposomes with the interface while also acting as a probe 
to detect biotin in dispersed liposomes. When biotin bound 
to streptavidin at the interface, liposome fusion was initiated, 
and a transition to homeotropic orientation was observed. This 
example provided a proof-of-concept for using specifi c binding 
events to deposit lipids at an aqueous/LC interface. A more 
universal (and potentially multiplexed) approach requires the 
incorporation of membrane-anchored receptors that are com-
patible with a generalizable interfacial environment for inhib-
iting spontaneous liposome fusion. 

 The aim of our current study was to design a system for 
using biomolecular interactions to induce liposome fusion. 
We utilized PEG-lipid laden aqueous LC interfaces, which are 
inherently resistant to non-specifi c adsorption. We hypoth-
esized that these interfaces would inhibit spontaneous lipo-
some fusion and provide suffi cient resistance to non-specifi c 
protein adsorption to enable the detection of specifi c protein 
binding events. Oligonucleotides were anchored to bilayers 
within liposomes and at the aqueous/LC interface and served 

as receptors for mediating liposome fusion. Using this experi-
mental system our aims were to (i) observe and characterize 
DNA hybridization-mediated liposome fusion via a LC reori-
entation, (ii) explore the liposome properties that dictate the 
kinetics associated with these fusion events, and (iii) demon-
strate the applicability of this approach in a detection scheme 
utilizing aptamers.  

  2.     Results and Discussion 

  2.1.     Creating a Steric Barrier to Liposome Fusion 

 While past studies have characterized the phase behavior of 
polyethylene glycol (PEG) - lipids at aqueous/LC interfaces, [ 22 ]  
the extent to which these interfaces inhibit non-specifi c adsorp-
tion had not previously been determined. Thus, our fi rst step 
involved characterizing DSPE-PEG and 3′chol-DNA (see Exper-
imental Section below for details) laden aqueous/LC inter-
faces. When micelles comprised of DSPE-PEG and 3′chol-DNA 
were introduced to the aqueous phase in contact with the LC, 
we observed no change in the LC orientation from the native 
planar orientation observed at undecorated aqueous/LC inter-
phases. This was true for PEG molecular weights ranging from 
1–5 kDa (Figure S1). Thus, under the assumption that the 
micelles fused with the bare LC interface, one would conclude 
that the presence of a DSPE-PEG/3′chol-DNA monolayer was 
insuffi cient to cause a re-orientation of the LC phase. Another 
less likely hypothesis, however, was that the micelles did not 
fuse with the LC interface. As described below, the response 
of the interface to subsequent changes was used to test these 
hypotheses. 

 In particular, the ability of DPPC (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine) liposomes to fuse with the aqueous/
LC interface was found to be sensitive to the presence (or 
absence) of a steric barrier (i.e. PEG). When DPPC liposomes 
were added to the aqueous phase in contact with an LC inter-
face, a transition to homeotropic orientation occurred due to 
spontaneous fusion and deposition of lipids at the interface 
(Figure S2). The driving force for this spontaneous fusion was 
the relative instability of these aggregate structures. DPPC, like 
most other saturated phospholipids, has a packing factor close 
to unity. [ 25 ]  These packing factors favor a planar lamellar con-
fi guration but form spherical bilayer aggregates in bulk solu-
tion to minimize the energy costs associated with open ends 
in planar lamellae. [ 25 ]  When a hydrophobic interface was acces-
sible, the lipids partitioned to the interface and assembled into 
a favorable planar monolayer confi guration without ends that 
were exposed to an aqueous environment. 

 However, in the presence of an interfacial steric barrier, the 
proximity of the liposomes to the hydrophobic interface may 
be insuffi cient to induce spontaneous disruption of the bilayer 
structure. In fact, this was exactly what we observed, as illus-
trated in  Figure    1  , where planar LC orientation was maintained 
for at least 1 h after adding DPPC liposomes to the aqueous 
phase in contact with a DSPE-PEG/3′chol-DNA laden inter-
face. The same behavior was observed when 3′chol-DNA was 
not included in the micelles used to pre-load the interface, 
indicating that DSPE-PEG alone was suffi cient to inhibit 
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spontaneous liposome fusion. Importantly, this result verifi ed 
that the DSPE-PEG micelles did in fact spontaneously fuse with 
the LC interface since their presence dramatically modifi ed 
the interfacial fusion behavior of the DPPC liposomes. Thus, 
we successfully created an interfacial environment capable of 
inhibiting spontaneous liposome fusion.   

  2.2.     Overcoming the Steric Barrier with DNA 
Hybridization 

 Next, we sought to utilize receptor binding 
(i.e. DNA hybridization) to overcome the 
steric barrier associated with liposome fusion 
to the PEG-laden LC interface. Receptor-
mediated fusion involves two key steps: (1) 
recognition and (2) destabilization of the 
bilayer structure. [ 5 ]  We hypothesized that 
if 5′chol-DNA (see Experimental Section 
below for details) was anchored to liposomes 
and introduced to a LC interface laden with 
complementary 3′chol-DNA, then recog-
nition (or docking) would occur between 
the liposomes and the interface. To further 
increase the likelihood of destabilization, 
we used a design where the complementary 
DNA strands had tethers that partitioned 
to the same interface after hybridization 
( Figure    2  A,B) and induced strain in the lipo-
some bilayer structure. Using this approach, 
we successfully demonstrated receptor-
mediated fusion between liposomes and the 
aqueous/LC interface. Specifi cally, a transi-
tion to homeotropic anchoring was observed 
(Figure  2 D, and  Figure    3  A–C) upon addition 
of DPPC/5′chol-DNA liposomes to a DSPE-
PEG1k/3′chol-DNA laden aqueous/LC inter-
face. To verify that the lipid mixing was in 
fact receptor-mediated, we performed control 
experiments where the DNA was omitted 
from either the liposome or the planar inter-
face. In both cases we found that no lipid 
mixing was observed (i.e. the LC orientation 

remained planar) (Figure  2 D, and Figure  3 D–I). While pre-
vious studies have revealed that DNA hybridization alone can 
induce LC orientational transitions, [ 19,26,27 ]  the initial conditions 
in our system (i.e. surfactant and/or chol-DNA surface den-
sity) were insuffi cient for initiating these transition. Thus, the 
observed transition to homeotropic orientation was likely due 
to DNA hybridization initiating the partitioning of DPPC to the 
interface. 
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 Figure 1.    Inhibiting Spontaneous Liposome Fusion: (A) DSPE-PEG1k/3′chol-DNA micelles are introduced to the aqueous phase in contact with a LC 
interface, and (B) spontaneously fuse, (C) resulting in planar/tilted LC anchoring. (D) When DPPC liposomes are subsequently added, no change in 
the LC orientation is observed after (E) 1 m, or even (G) 60 m, indicative of (F) long-term fusion inhibition.

 Figure 2.    DNA hybridization mediated fusion: (A,B) schematic representation of DNA 
hybridization mediated fusion where DPPC/5′chol-DNA liposomes are added above a DSPE-
PEG1k/3′chol-DNA laden LC interface (A). DNA hybridization deposits DPPC at the interface 
(B) to induce homeotropic LC orientation. (C) DNA sequences used. (D) The fractional increase 
in homeotropic area (Δ f H  ) observed when adding liposomes ([DPPC] ≈ 4.1 mM; [5′chol-DNA] 
≈ 1.6 μM; D pore = 50 nm) 2 min after the initial introduction of the aqueous phase. The black 
curve indicates that both 5′chol-DNA and 3′chol-DNA were present in their appropriate loca-
tion while the red curve is the response when 3′chol-DNA was absent and the blue curve is 
the response when 5′chol-DNA was absent. Error bars represent the standard error associated 
with the experimental data.



FU
LL P

A
P
ER

3209

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

   Consistent with the proposed mechanism, when we varied 
the molecular weight (MW) of the PEG group tethered to DSPE-
PEG at the interface, we observed a transition to homeotropic 
anchoring only when the PEG MW was ≤2 kDa (Figure S1). 
Importantly, for each PEG MW tested, no liposome fusion was 
observed in the absence of 5′chol-DNA. These results suggested 
that when PEG groups were too large, the steric barrier was 
too great, consequently hindering either DNA hybridization 
or bilayer rupture. Also, when we varied the liposome size by 
extruding them through membranes with various pore sizes we 
observed no signifi cant change in the fusion kinetics with lipo-
some diameter (Figure S3). This suggested that given the fast 
kinetics observed, an increase in the liposome mobility (smaller 
liposomes) or available lipids per liposome (larger liposomes) 
had an insignifi cant effect on the rate of lipid mixing. 

 To better understand the effects of DNA coverage on receptor-
mediated fusion kinetics we systematically varied the 5′chol-
DNA content of the liposomes (see  Figure    4  ). Previous studies 
have shown that an increased coverage of DNA on unilamellar 
liposomes increased the kinetics of fusion between dispersed 
liposomes possessing complementary oligonucleotides. [ 10 ]  How-
ever, these studies addressed only a relatively narrow regime of 
DNA coverage and did not address the potential inhibition of 
fusion that could occur due to electrostatic repulsion between 
liposomes at high DNA coverage. As shown in Figure  4 , we 
found that the rate of fusion was non-monotonic with respect to 
the DPPC:5′chol-DNA ratio. In the regime of high DNA content 
we observed no indication of fusion (i.e. change in LC tilt angle) 
on the time scales of the experiment, indicating complete inhibi-
tion of fusion. In this case, the electrostatic repulsion may have 
been so great that the probability of a hybridization event was 
insuffi cient to induce liposome fusion. At low 5′chol-DNA cov-
erage we also saw a slower rate of lipid mixing, but the fusion 

was not completely inhibited (Figure  4 A). Here, we speculated 
that hybridization was still able to proceed but, because of the 
low surface density of DNA, the probability of DNA hybridiza-
tion events was signifi cantly decreased. These experiments pro-
vided insight into how electrostatics and DNA density were dic-
tating the fusion dynamics in our system and provided us with 
an optimal range to use for maximizing fusion kinetics.   

  2.3.     Molecular Sensing Using DNA Hybridization-Mediated Fusion 

 Finally, we performed experiments that demonstrated how this 
type of DNA hybridization mediated-fusion could be exploited 
for molecular sensing. In particular we incorporated aptamers 
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 Figure 3.    LC orientational transitions: polarized microscopy images of 
the aqueous/LC interface when either DPPC/5′cholDNA (A–C; D–F) or 
DPPC (G–I) liposomes were added to either a DSPE-PEG1k/3′chol-DNA 
(A–C; G–I) or DSPE-PEG1k (D–F) laden interface. Images were taken at 
0.25 min (A,D,G), 1 min (B,E,H), and 20 min (C,F,I) after the introduction 
of liposomes. (note: [DPPC]≈ 4.1 mM; [5′chol-DNA] ≈ 1.6 μM; D pore  = 
50 nm).

 Figure 4.    5′chol-DNA coverage: (A) The fractional increase in homeo-
tropic coverage observed at varying DPPC:5′chol-DNA ratios. (B) The 
effective rate constant (k H ) which represents the inverse of the time 
required to reach 50% homeotropic coverage (upper limit = 60 m) as 
interpolated from the data. (note: [DPPC] ≈ 4.1 mM; [5′chol-DNA] ≈ 
1.6 μM; D pore  = 400 nm).



FU
LL

 P
A
P
ER

3210

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

into the detection scheme so we could detect the presence of the 
protein thrombin. Aptamers are nucleic acids that are syntheti-
cally evolved using the SELEX (systematic evolution of ligands 
by exponential enrichment) process to bind to a specifi c target 
molecule (e.g. small molecules, antibodies, proteins). [ 28,29 ]  They 
have become attractive as probes for multiplexed based assays 
due to the high sensitivity and specifi city with which they bind 
to their respective target. [ 30 ]  Since aptamers are nucleic acids, 
studies have shown that they possess a degree of bi-functionality, 
since they bind to complementary DNA strands, via hybridiza-
tion, and appropriate molecular targets. Often, aptamers bound 
with a stronger affi nity to their respective ligand than to a com-
plementary DNA sequence. [ 31 ]  We exploited this phenomenon 
to control the DNA hybridization mediated fusion described 
above by the presence of the appropriate ligand. 

 The detection scheme is schematically illustrated in  Figure    5  . 
Liposomes were prepared with 5′chol-DNA and exposed to a 
complementary aptamer sequence that bound to the protein 
thrombin. [ 32 ]  In the absence of thrombin the aptamer was 
hybridized to 5′chol-DNA, and effectively blocked hybridiza-
tion between the liposomes and surface-anchored DNA strands 
(Figure  5 A,B). However, when liposomes were exposed to suf-
fi ciently high concentrations of thrombin (Figure  5 C), the 
aptamer was expected to dissociate from 5′chol-DNA due to 
competitive binding with thrombin, freeing the liposome-
anchored 5′chol-DNA to hybridize with surface anchored 
3′chol-DNA (Figure  5 D) and promoting fusion. Thus we pos-
tulated that the exposure of liposomes prepared with 5′chol-
DNA and aptamer to a DSPE-PEG/3′chol-DNA laden interface 
would fail to induce a transition to homeotropic orientation. 
But such a transition was hypothesized to occur in the presence 
of thrombin.  

  Figure    6   summarizes the results of experiments testing these 
hypotheses as a function of thrombin concen-
tration. Specifi cally, a transition to homeo-
tropic orientation was observed only when 
DPPC/5′chol-DNA/aptamer liposomes were 
added to a DSPE-PEG1k/3′chol-DNA laden 
aqueous/LC interface in the presence of suf-
fi ciently high concentrations of thrombin. 
When the thrombin concentration was less 
than ∼110 nM, no increase in homeotropic 
coverage was observed after ∼60 min, while at 
concentrations in the range 221–831 nM we 
saw a transition to nearly 100% homeotropic 
coverage. Assuming a simple competitive 
binding model with disassociation constants 
of 200 nM and 196 nM for aptamer-thrombin 
and aptamer-DNA binding respectively, [ 32,33 ]  
we calculated that ∼14% of the aptamer was 
bound to thrombin at [thrombin]≈220nM. 
This correlates with ∼44% of the 5′chol-
DNA being free to undergo hybridization 
with surface anchored DNA, providing some 
insight into the fundamental sensitivity of 
the system. Dose-response measurements 
were taken for up to ∼1 h after addition of 
liposomes and no increase in homeotropic 
coverage was observed at low thrombin 

concentrations. However, when monitoring this system for 
longer times (>4 h) we observed a slow transition to homeo-
tropic even in the absence of thrombin. We speculate that this 
behavior was due to the dynamic behavior of DNA duplexes, in 
particular to the fact that the aptamer and 5′chol-DNA existed 
in dynamic equilibrium. Thus, for short periods of time, and 
at relatively low probability, the 5′chol-DNA may have been 
unblocked by aptamer, creating a small but fi nite probability for 
5′chol-DNA/3′chol-DNA hybridization. The cumulative effect of 
these low probability events were observed because once they 
occured, they were essentially irreversible since the lipids used 
in our study had an effectively insurmountable energy barrier 
to desorption. However, the rate of these “false negative” events 
was suffi ciently low to monitor the specifi c fusogenic activity 
mediated by aptamer-ligand binding. 

     3.     Conclusions 

 While LC interfaces have previously been designed to detect 
specifi c proteins, [ 34,35 ]  a robust detection scheme that combines 
protein resistant surfaces with protein recognition-mediated 
LC orientational transformations has yet to be realized. Pre-
vious studies have shown that macromolecular proteins readily 
adsorbed to the aqueous/LC interface, disrupted the interfacial 
structure associated with homeotropic orientation, and inhibited 
specifi c protein detection. Oligo-ethylene glycol laden aqueous/
LC interfaces reduced non-specifi c protein adsorption, conse-
quently inhibiting the proteins′ ability to disrupt the homeotropic 
orientation associated with surfactant laden interfaces. [ 36 ]  Here, 
we employed similar interfacial conditions to create protein-
resistant surfaces within a robust detection scheme. To illustrate 
this point, we show that when thrombin was added during DPPC 
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 Figure 5.    Schematic of Aptamer-Ligand binding mediated Liposome Fusion: DPPC (A,E) 
Liposomes are prepared with 5′chol-DNA and aptamer. (B) When these liposomes are added 
to a DSPE-PEG1k/3′chol-DNA laden LC interface fusion is inhibited since the aptamer blocks 
DNA hybridization. (C) If the liposomes are mixed with thrombin prior to addition, (D) it bound 
to the aptamer causing it to disassociate from 5′chol-DNA and (D) allowed DNA hybridization 
mediated fusion to proceed. (E) oligonucleotide sequences used.
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liposome fusion, protein adsorption to the interface inhibited the 
extent to which DPPC was able to induce a transition to homeo-
tropic orientation (Figure S2). Thus, in our detection scheme, if 
our surfaces had no resistance to non-specifi c protein adsorption, 
we would not have been able to observe a transition to homeo-
tropic orientation. The observation of nearly 100% homeotropic 
coverage, even in the presence of relatively high concentra-
tions of thrombin (Figure  6 ), was evidence of interfacial condi-
tions that not only inhibited spontaneous liposome fusion but 
also inhibited the non-specifi c adsorption of proteins. While 
decreased fusion kinetics were observed at thrombin concen-
trations > 800 nM (likely due to thrombin interfering with the 
fusion dynamics), a complete transition was still observed, sug-
gesting that the PEG suffi ciently inhibited non-specifi c protein 
adsorption even at high thrombin concentrations. Thus, we have 
demonstrated that DNA hybridization mediated fusion at protein 
resistant surfaces was exploited for detection of macromolecular 

proteins. Since the materials required for these experiments were 
relatively inexpensive (requiring only a simple optical set-up) 
and responded rapidly (t 50%  < 1 min), this approach also shows 
promise for high throughput screening of fusogenic recep-
tors and aptamer-based biosensing. Future work will involve 
extending this approach toward detecting other types of receptor 
mediated liposome fusion (e.g. SNARE, small molecule) and fur-
ther optimizing conditions (e.g. PEG size, DNA:aptamer ratio) 
for advanced aptamer based bio-sensing applications (e.g. detec-
tion in complex media).  

  4.     Experimental Section 
  Materials : Lipids (i.e., (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

 N -[methoxy(polyethylene glycol)-1000] (ammonium salt)) DSPE-PEG1k; 
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N -[methoxy 
(polyethylene glycol)-2000] (ammonium salt)) DSPE-PEG2k; (1,2-distearoyl-
sn-glycero-3-phosphoethanolamine- N  - [methoxy(polyethylene 
glycol)-5000] (ammonium salt)) DSPE-PEG5k; 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC)) were purchased from Avanti Polar Lipids Inc. 
Oligonucleotides ( 5′chol-DNA : CHOL – 5′ TCC GTC GTG CCT TAT TTC 
TGA TGT CCA AAA CCA ACC ACA 3′;  3′chol-DNA : 5′ GTT GGT TTT GGA 
CAT CAG AAA TAA GGC ACG ACG GA 3′ – CHOL, and aptamer: 5′ GGT 
TGG TGT GGT TGG TTT 3′) were purchased from IDT Technologies. 
Thrombin from human plasma (≥1000 NIH units/mg) was purchased 
from Sigma-Aldrich and suspended in aqueous buffer at concentrations 
ranging from 3–10 μM as verifi ed by absorption measurements at λ = 
280 nm (i.e., Nanodrop 2000). A liquid crystal mixture, E7 (a mixture of 
three cyano-biphenyls and a cyano-terphenyl), was purchased from Merck 
Kga. Aqueous buffers were prepared from powder stocks of Tris-HCl 
(Fisher) and NaCl (Fisher) constituted at the proper concentrations in 
deionized water (18.2 MΩ cm) and adjusted to pH ∼ 8.5 by addition of 
0.1 M NaOH. Octadecyltriethoxysilane was purchased from Gelest Inc. 
and deposited onto soda-lime glass microscope slides (Fisher) according 
to the procedure outlined below. Electron microscopy grids (CP-100) were 
purchased from Electron Microscopy Sciences. Silicone isolators were 
purchased from Grace Bio Labs and were used as wells to contain the 
aqueous phase above the LC interface. 

  Liposome Preparation : Liposomes were prepared by fi rst dissolving 
a known mass of the appropriate lipid in chloroform. Chloroform was 
then removed by rotary evaporation at ∼55 °C with a rotation speed 
of 200–250 rpm to obtain a homogenous lipid fi lm. The fi lm was 
subsequently solvated in an aqueous buffer (10 mM Tris, 100 mM 
NaCl, pH ∼ 8.5) at [lipid] ∼ 6.8 mM and incubated in a water bath at 
∼70 °C for 30–60 m. Once lipids were completely dispersed in aqueous 
buffer, we diluted the lipid solution to the desired concentration and 
added the applicable DNA strands at the appropriate concentrations. 
The lipid/DNA mixture was incubated at ∼70 °C for 30–60 m to allow 
suffi cient time to incorporate into the lipid bilayer. Finally, we sized 
the vesicles using a membrane extruder (Avanti Polar Lipids Inc.) 
with membrane pore sizes (D pore ) of 50, 100, or 400 nm. Liposome 
diameters were subsequently measured using photon correlation 
spectroscopy. DSPE-PEG micelles were always prepared at the same 
concentration by mixing DSPE-PEG (and 3′ chol-DNA when applicable) 
with aqueous buffer (10 mM Tris, 100 mM NaCl, pH ∼ 8.5) to a fi nal 
[DSPE-PEG] ≈ 40.2 μM ([3′chol-DNA] ≈ 0.85 μM) and vortexing the 
mixture for 30–60 s. 

  LC Film Preparation : Preparation of self-assembled monolayers (SAMs) 
of octadecyltriethoxysilane (OTES) was completed according to published 
procedures. [ 37 ]  Briefl y, glass slides were cleaned sequentially with 2% 
aqueous Micro-90 detergent, deionized water (18.2 MΩ cm), and piranha 
solution (30% aqueous H 2 O 2  (Fisher Scientifi c) and concentrated H 2 SO 4  
(Fisher Scientifi c) 1:3, v/v) at ≈80 °C for 1 h. ( Warning: piranha reacts strongly 
with organic compounds and should be handled with extreme caution; do not 
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 Figure 6.    Thrombin Dose-Response: (A) The fractional increase in home-
otropic area ( f H  ) observed when adding DPPC/5′chol-DNA/aptamer 
liposomes  a priori  incubated with varying concentrations of thrombin to 
a DSPE-PEG1k/3′chol-DNA laden interface (B) The fractional increase 
in homeotropic area 60 minutes after the introduction of liposomes 
( f  H,60 ) plotted against thrombin concentration. (note: [DPPC] ≈ 1.36 mM; 
[5′chol-DNA] ≈ [aptamer] ≈ 0.85 μM; D pore  = 100 nm).
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store in a closed container ). Piranha-cleaned microscope slides were then 
rinsed with deionized water (18.2 MΩ-cm) and dried under a stream of 
ultrapure N 2 . Toluene, OTES, and n-butylamine (Fisher Scientifi c) (Fisher 
Scientifi c) were mixed at 200:3:1 volumetric ratios, respectively, and warmed 
to 60 °C. Clean and dry microscope slides were rinsed with toluene, 
submerged in the warm deposition solution, and incubated for 1 h at 60 °C. 
Following this incubation, the slides were rinsed with toluene, dried under 
a stream of ultrapure N 2 , and stored at room temperature in a vacuum 
desiccator. The water contact angle (θ C , measured via the static sessile drop 
method) of the prepared SAMs was verifi ed to be >95° (indicative of strong 
homeotropic anchoring) using a custom-built contact angle goniometer. 

 Aqueous/LC interfaces were prepared by housing LC fi lms within 
the pores of an electron microscopy grid. The grids were initially 
placed onto a solid glass substrate functionalized with an OTES self-
assembled monolayer (SAM) and contained within silicone isolators. 
The SAM served to maintain homeotropic orientation of the LC at the 
solid substrate. The pores of the electron microscopy grid were then 
fi lled with E7 by pipetting ~250 nL into the grid and removing the 
excess via capillary action. Next, the wells were fi lled with ∼25 μL of an 
aqueous solution. When depositing DSPE-PEG micelles to the interface, 
aqueous buffer containing the appropriate DSPE-PEG micelles were 
added during this initial introduction of the aqueous phase. Liposomes 
were subsequently added two minutes after the initial introduction 
of the aqueous phase by pipetting an additional 25 μL of the desired 
liposome mixture, mixing the solution in the wells by pipetting, then 
removing 25 μL to re-establish the planar air-water interface that allows 
for effi cient imaging (note: curvature of the air-water interface caused 
refl ections that distorted polarized light microscopy images). The LC 
orientation and textures were dynamically monitored between crossed 
polarizers using a custom built transmission microscope. 

  Image Analysis : Images obtained from polarized light microscopy 
(PLM) were analyzed using customized algorithms in the Mathematica 
programming environment. The region of interest was fi rst selected 
using an image convolution function to fi nd the center of the electron 
microscopy grid, and a constant grid diameter to select the region of 
interest for analysis. Next, images were binarized to obtain the fraction 
of dark pixels in a given image. However, this fraction of dark pixels did 
not directly correlate with homeotropic coverage since in-plane (i.e. 
azimuthal) alignment of LC molecules around point defects resulted 
in extinction at angles parallel or normal to the incident polarization of 
light. Since the surface area of LC fi lm that experienced this extinction 
in our system was relatively constant we were able to circumvent this 
artifact by using a normalization approach. We obtained the fractional 
increase in homeotropic coverage (Δ f H  ) as a function of time within a 
series of images according to the following equation:

 
f

f f
fH

t o

o1
Δ = −

−   

 where  f o   was the fraction of dark pixels in a qualitatively planar image 
from the same time series and  f t   was the fraction of dark pixels at time = t.    
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