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In this study, we developed a liquid crystal (LC)-based optical sensor for monitoring enzymatic activity through
orientational changes in liquid crystals (LCs) coupled to the properties of a poly-L-lysine (PLL)-based
polymeric membrane. We prepared a PLL-based polymeric membrane at the planar interface between the
thermotropic liquid crystal and aqueous phases. The PLL-based polymeric membrane was obtained by
contacting the PLL solution with water immiscible LCs, 4-cyano-4'-pentyl-biphenyl (5CB) doped with adipoyl
chloride. We then investigated the membrane properties by examining the permeability of the membrane to
phospholipids, 1,2-didodecanoyl-rac-glycero-3-phosphocholine (DLPC). The permeability of the membrane
to transport phospholipids was monitored through the orientational transition of 5CB in contact with the
dispersions of DLPC. Since trypsin can enzymatically catalyze the hydrolysis of PLL, we incubated an aqueous
trypsin solution with the membrane for 2 h at room temperature to cause an increase in the permeability of the
polymeric membrane to DLPC. As a result, a bright to dark optical shift of LCs was observed, which implied
that an enzymatic reaction between trypsin and PLL-based membrane occurred. Two control experiments
using chymotrypsin and bovine serum albumin (BSA) revealed no sign of improved permeability based on the
orientational transition of LCs.
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Introduction
In the past few decades, a variety of techniques have been
developed for investigation of molecular-level interactions,
including NMR spectroscopy, X-ray crystallography, fluorescence, etc.1-3 However, these approaches usually require the
use of complex instrumentation or labeled substrates. Liquid
crystals (LCs) are a potentially promising candidate for the
investigation of biological membranes formed at interfaces
between LCs and the aqueous phases.4-6 One of the most
important advantages of LCs-based sensors is that the
orientational properties of LCs enable the sensitive amplification and transduction of a series of interactions into optical
outputs that are visible to the naked eye between crossed
polarizers due to the birefringence of LCs.7-9 When compared with traditional analytical methods, LCs based sensors
have many advantages including that they do not require
labeling of substrates, complex instrumentations, or tedious
sequences of actions.4,5
Previous studies have shown that the orientational transition of LCs could be coupled to a range of biomolecular
interactions such as specific-binding events and enzyme
activities at planar interfaces between LCs and the aqueous
phases.10-14 For example, Brake et al. reported that phospholipids assembled spontaneously at aqueous/LC interfaces
caused a dark image in the optical response, and binding and
enzyme activities of proteins at these interfaces drove the
reorganization of phospholipids, leading to long-range
orientational transition of LCs, which gave rise to a dark to

bright optical shift that was visible to the naked eye.10 In
addition, we recently developed a simple method for imaging enzymatic events at PLL-disrupted phospholipid membranes using LCs. An optical change from dark to bright was
observed when PLL was introduced onto the lipid-decorated
interface. However, when a trypsin aqueous solution capable
of catalyzing the hydrolysis of PLL was transferred to the
PLL-disrupted interface, a distinct signal transition from
bright back to dark was obtained, suggesting that the organization of the phospholipid membrane was restored.13
In this study, we investigated the feasibility of using an
LCs-based sensor for enzymatic activity detection based on
several previous studies showing that protein and biomolecular binding events at the aqueous/LC interface can cause
the anchoring transition of nematic LCs.15-18 Park et al.
reported that a 17-amino acid oligopeptide-based polymeric
membrane at the aqueous/LC interface retarded the transport
of phospholipids to the LC interface, but the transport
properties of the oligopeptide-based membrane could be enhanced by incubating the membrane in an aqueous solution
of enzymes specific for the oligopeptide. An optical change
of LCs verified the increased permeability of oligopeptidebased membrane to phospholipids.19
The method reported here is based on the previously
conducted studies mentioned above. To date, no studies have
investigated the use of LCs for detection of the enzyme
activities coupled to the properties of a PLL-based polymeric membrane obtained through a cross-linking reaction
with adipoyl chloride. In this study, we used a poly-L-lysine
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(PLL)-based membrane to detect enzymatic activities.20 We
also tested the permeability of PLL-based membrane by
observing the orientation transitions of LCs in contact with
the self-assembled monolayer of phospholipid 1,2-didodecanoyl-rac-glycero-3-phosphocholine (DLPC). Overall, this
study was conducted to investigate whether the presence of
PLL-based membrane would prevent phospholipids transporting from the aqueous phase to the interfaces of LCs. We
also examined whether the barrier properties of the membrane could be controlled by contacting the membrane with
enzyme (trypsin) solutions that can cleave the membrane.21,22
Experimental
Materials. Premium glass microscope slides and eightwell chamber slides were obtained from Fisher Scientific
(Pittsburgh, PA). Nematic liquid crystal 4-cyano-4'-pentylbiphenyl (5CB) manufactured by BDH was purchased from
EM industries (Hawthorne, NY). Copper specimen grids (50
meshes, pitch 500 µm, hole 420 µm, bar 80 µm, thickness 25
µm, ± 5 µm) were obtained from GILDER GRIDS (Grantham,
Lincs). Sulfuric acid, hydrogen peroxide (30% w/v), octyltrichlorosilane (OTS), adipoyl chloride, α-chymotrypsin,
bovine serum albumin (BSA), 1,2-didodecanoyl-rac-glycero3-phosphocholine (DLPC), poly-L-lysine (PLL) (mol wt150
000-300 000) (0.1% w/v), trypsin, and phosphate buffered
saline (PBS) (10 mM phosphate, 138 mM NaCl, 2.7 mM
KCl; pH 7.4) were purchased from Sigma-Aldrich. All aqueous solutions were prepared with deionized water (18 MΩ
cm) using a Milli-Q water purification system (Millipore,
Bedford, MA).
Treatment of Glass Microscope Slides with OTS. Glass
microscope slides were cleaned in accordance with a procedure detailed in a previous publication.23 Briefly, the slides
were immersed in piranha solution (70% (v/v) sulfuric acid
and 30% (v/v) hydrogen peroxide) for 30 min at approximately 80 °C (warning: piranha solution reacts strongly with
organic compounds and should be handled with extreme
caution; do not store the solution in closed containers.). The
slides were then rinsed with water, ethanol, and methanol
and dried under a stream of gaseous nitrogen, after which
they were heated at 120 °C overnight prior to OTS deposition. A 0.5 mM OTS solution was prepared and the
piranha-cleaned slides were immersed in 0.5 mM OTS in
heptane solution for 30 min at room temperature. The
samples were then rinsed with methylene chloride and dried
under nitrogen. Next, 5CB was introduced between the
slides and the resulting optical texture was examined using
polarized light to confirm homeotropic anchoring. Any
sample not exhibiting homeotropic anchoring of 5CB was
rejected.
Preparation of Aqueous Solutions of PLL and Trypsin.
All aqueous solutions were prepared in PBS (pH 7.4).
Different concentrations of PLL solutions were obtained by
diluting the original PLL solution with PBS. The preparation
of different trypsin solutions was accomplished using the
same technique.
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Preparation of Aqueous Solutions of Phospholipids
(DLPC). DLPC was solubilized in chloroform (50 mg/mL),
after which the solvent was removed by evaporation under
nitrogen and subsequent desiccation under vacuum (3 h),
and dried lipid film was resuspended in PBS to generate a
multilamellar vesicle suspension. The suspension was then
sonicated to clarity using a probe sonicator and filtered using
a 0.20 μm filter prior to use.
Preparation of Optical Cells to Form a Flat Aqueous/
LC Interface. OTS-treated glass slides were fixed to the
bottom of an eight-well chamber slide with epoxy, after which
transmission electron microscopy grids were placed onto the
OTS-coated glass slides. To obtain adipoyl chloride doped
5CB, adipoyl chloride was added to 5CB and mixed homogeneously using a vortex mixer. Next, the 5CB doped with
adipoyl chloride was dispensed onto each grid, and the
excess liquid crystal was removed using a 20-μL capillary
tube. Subsequently, 400 μL of PLL solution were quickly
introduced into the well with a pipette. The solution was
then reacted with the interface of adipoyl chloride doped
5CB for 30 min.
Optical Examination of LC Textures. The optical images
of LCs were obtained between polarized light of an optical
microscope (ECLIPSE LV100POL, Nikon, Tokyo, Japan).
The optical images were captured using a digital camera
(DS-2Mv, Nikon, Tokyo, Japan) and a microscope with a 4×
objective lens. The camera had a resolution of 1600 × 1200
pixels, a gain of 1.00×, and a shutter speed of 1/10 s.
Results and Discussion
Formation of PLL-Based Membrane through CrossLinking Reaction of Poly-L-Lysine with Adipoyl Chloride
at the Aqueous/LC Interface. To study the effects of PLL
solution on the optical appearance of LC, we placed copper
grids on a glass slide and filled them with LC doped with 0.7
wt % adipoyl chloride. In this configuration, the LC has a
LC/aqueous interface and a LC/glass interface. After we
introduced aqueous PLL solution into the optical cell, the
optical appearance of the LC became bright. The bright
appearance of LC was caused by homeotropic orientation at
the LC/glass interface and the planar (or tilted) orientation at
the LC/aqueous interface. This type of hybrid boundary
condition can cause splay and bending distortion inside the
LC film, which leads to a bright image under crossed polars.
Figure 1 shows the experimental system for monitoring
trypsin activity coupled to the PLL-based membrane at the
aqueous/LC interface. To form a polymeric membrane at the
interface between the LCs and aqueous phase, we added
adipoyl chloride to the liquid crystal 4-cyano-4'-pentylbiphenyl (5CB) and then mixed them homogeneously using
a vortex mixer. Previous studies have shown that the reaction between adipoyl chloride and primary amine groups of
PLL can result in the formation of amide interpeptide linkages.24 In this study, we used 0.7 wt % adipoyl chloride
doped 5CB. An aqueous solution of PLL was introduced
onto 5CB to initiate the cross linking reaction. Since trypsin
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Figure 1. Schematic illustration of orientational transitions of 5CB
before and after the enzymatic reaction between trypsin and PLLbased membrane: (a) planar orientation and (b) homeotropic
orientation.

primarily cleaves peptide chains at the carboxyl side of the
amino acids lysine, the permeability of the PLL-based
membrane to DLPC could be manipulated by incubating the
membrane in an aqueous solution of trypsin.25,26 As a result,
anchoring transition of 5CB was changed due to the contact
with dispersions of DLPC.
Figure 2 shows the optical response of 5CB during polymerization. The 5CB doped with adipoyl chloride appeared
dark in the air before immersion under an aqueous solution
of 0.01% (w/v) PLL (Figure 2(a)). It is well known that
OTS-treated glass slides induce a homeotropic (perpendicular to the surface) orientation of 5CB, and the dark image
in Figure 2(a) is consistent with a homeotropic orientation of
5CB in the air. A change in the optical response of 5CB from
dark to bright was observed immediately after contact with
an aqueous PLL solution (Figure 2(b)) and remained bright
for 30 min (Figure 2(c)). The change in appearance indicated
an orientational transition of the 5CB from a homeotropic to
a planar or tilted state at the aqueous/LC interface. We
waited 30 min for polymerization of PLL-based membrane
to obtain a stable membrane, which was then washed with
PBS five times to remove the free PLL molecules in the bulk
solution.
Monitoring the Permeability of PLL-Based Polymeric
Membrane. We next studied the permeability of the PLLbased membranes to transport phospholipids from the aqueous phase to the interface of 5CB. Past studies have demonstrated that contact of 1,2-didodecanoyl-rac-glycero-3phosphocholine (DLPC) with LCs leads to the spontaneous
assembly of phospholipids at the aqueous/LC interface,
which gives rise to patterned orientations of LCs with a

Figure 2. Polarized light microscopy images of 5CB doped with
adipoyl chloride (0.7 wt %): (a) in the air and after (b) 0 min and
(c) 30 min of contact with 0.01% (w/v) PLL solution diluted in
PBS.
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Figure 3. Polarized light microscopy images of (a) pure 5CB after
1 min of contact with the dispersion of vesicles of DLPC (1 mM,
pH 7.4) and 5CB supporting a PLL-based membrane after (b) 30
min and (c) 1 h of contact with the dispersion of vesicles of DLPC
(1 mM, pH 7.4).

homeotropic alignment. We prepared the dispersions of the
phospholipid vesicles as indicated in the experimental section. We then added the dispersions of the phospholipid
vesicles into the optical cell and monitored orientational
appearance of 5CB under polarizing light microscope.
Formation of a PLL-based polymeric membrane at the
aqueous/LC interface would prevent or retard transportation
of phospholipid to the interface of 5CB. We found that, in
the absence of the PLL-based membrane, the optical
response of 5CB became dark within 1 min of introduction
of the dispersions of DLPC into the optical cell directly,
which indicates a homeotropic state of 5CB (Figure 3(a)).
Conversely, in the presence of PLL-based membrane, the
optical appearance of 5CB remained bright during the next
30 min of contact with the dispersions of DLPC (Figure
3(b)). After about 1 h of contact with the dispersions of
DLPC, the optical response of 5CB started to show the
tendency to go black (Figure 3(c)), implying the start of
transfer of lipids onto the aqueous/LC interface. These
results indicate that the formation of PLL-based membrane
does retard the transfer of phospholipid onto the interface of
5CB.
We also examined the formation limit of PLL-based
membrane as a function of concentration of PLL (0.1%
(w/v) to 0.0001% (w/v)). After 30 min of reaction between
adipoyl chloride and PLL, we introduced the aqueous
dispersions of DLPC into an optical cell and monitored the
barrier properties of the PLL-based membrane to DLPC.
After contact with DLPC (1 mM, pH 7.4), the sample with
the concentration of 0.0001% (w/v) produced a totally dark
image within 10 min, representing the transition of 5CB to
homeotropic orientation (Figure 4(a), 4(b)). However, the
samples with higher concentrations (0.1% (w/v), 0.01% (w/v),
0.001% (w/v)) remained bright during the first 30 min
(Figure 4(c), 4(e), 4(g)). The sample with a concentration of
0.001% (w/v) changed its optical response from bright to
dark after 30 min, indicating the orientational transition of
5CB from planar to the homeotropic state (Figure 4(c),
4(d)). These results suggest that the polymerization between
PLL and adipoyl chloride are concentration-dependent.
Based on these results, we used a PLL solution with a
concentration of 0.01% (w/v) to guarantee formation of the
membrane.
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Figure 4. Polarized light microscopy images of 5CB supporting a concentration dependent PLL-based membrane and followed by contact
with the dispersion of vesicles of DLPC (1 mM, pH 7.4) for (a), (c), (e) and (g) 30 min and (b), (d), (f) and (h) 1 h.

Monitoring the Enzymatic Reaction of Trypsin with
PLL-Based Membrane. As we know from past studies,
trypsin primarily cleaves peptide chains at the carboxyl side
of the amino acids lysine. Hence, we hypothesized that the
permeability of the PLL-based membrane could be controlled by incubating the membrane in an aqueous solution of
trypsin. We introduced a trypsin solution (0.1 mg/mL, pH
7.4) from the aqueous phase to the PLL-based membrane
formed at the aqueous/LC interface, incubated it for 2 h at
room temperature, and then exchanged the aqueous solutions in the optical cell with PBS 5 times before DLPC was
added. The initial bright optical texture of 5CB indicates a
planar orientation of 5CB at the interface prior to transfer of
the dispersions of DLPC into the optical cell (Figure 5(a)).
However, after 10 min of contact with dispersions of DLPC,
the optical texture of 5CB was grey, and it gradually became

Figure 5. Polarized light microscopy images of 5CB supporting a
PLL-based membrane pre-incubated with specific protein solutions
(0.1 mg/mL, pH 7.4) for 2 h at room temperature before contact
with the dispersion of vesicles of DLPC (1 mM, pH 7.4), (a), (c)
and (e), and 30min after contact with the dispersion of vesicles of
DLPC (b), (d) and (f).

dark within 30 min, indicating an orientational transition
from a planar state to a homeotropic state (Figure 5(b)). To
further confirm the feasibility of our hypothesis that the
orientational transition of 5CB shown in Figure 5(a) and
5(b) arises from the enzymatic degradation of the PLL-based
membrane, we performed two control experiments using
chymotrypsin and BSA instead of trypsin. The procedure
was the same as that shown for trypsin. In contrast to the
results obtained for trypsin, the optical texture of 5CB
remained bright after 30 min of contact with the dispersions
of DLPC (Figure 5(c), 5(d)), indicating that the orientation
of 5CB remained planar. The sample incubated with bovine
serum albumin (BSA) did not show an orientational transition to homeotropic alignment after contact with the aqueous
dispersions of DLPC (Figure 5(e), 5(f)). These results suggest that PLL-based polymeric membrane can be controlled
by trypsin in a way that facilitates the transportation of
DLPC to the interface of 5CB.
As an effort to quantify the luminosity of the LC image,
we used Adobe Photoshop CS5 to convert images to grey
scale, and the average pixel brightness of a region was
calculated. The luminosity of the optical images of 5CB

Figure 6. Luminosity of the optical images of 5CB supporting a
PLL-based membrane after incubation with specific protein
solutions, and followed by contact with the dispersion of vesicles
of DLPC for 0 min and 30 min.
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supporting a PLL-based membrane was evaluated after
incubation with specific protein solutions, trypsin, chymotrypsin and BSA, and followed by contact with the dispersion of vesicles of DLPC. The bar chart in blue and red
represent after 0 min and 30 min contact with DLPC, respectively. After 30 min contact with DLPC, both chymotrypsin
and BSA generated a rising value. However, the luminosity
of trypsin gradually decreased, which indicates a gradual
change in the orientation of LC from planar to homeotropic
state at the aqueous/LC interface (Figure 6).
Since the trypsin activity can be imaged by the experimental system described above, we investigated the changes
in the permeability of PLL-based membrane in greater
detail. We sought to obtain the optimal concentration for the
detection of trypsin activity in real-time and with high
resolution. To accomplish this, we conducted the experiments using different concentrations of trypsin (0.1 mg/mL,
10 μg/mL, 1 μg/mL, and 0.1 μg/mL). After 30 min of contact with the dispersions of DLPC (1 mM, pH 7.4), the
sample incubated in 1 μg/mL trypsin solution displayed
homeotropic domains, indicating partial orientational transition of 5CB from planar to homeotropic (Figure S2(e),
S2(f)). Moreover, the samples incubated in trypsin solution
with higher concentrations (0.1 mg/mL and 0.01 mg/mL)
showed obvious dark images, indicating a transition of 5CB
from planar to homeotropic anchoring in response to contact
with DLPC, which apparently demonstrated the enzymatic
degradation of the membrane by trypsin (Figure S2(a)S2(d)). We also incubated the sample in 0.1 μg/mL trypsin
solution and found that the optical response of 5CB remained bright after 2 h of contact with the dispersions of DLPC
(1 mM, pH 7.4), implying that the orientation of 5CB
remained in a planar state (Figure S2(g), S2(h)). These results
indicate that the detection limit of trypsin was ~1 μg/mL. We
predict that the detection limit could be reduced by
prolonging the incubation time of trypsin solution with PLLbased membrane.
To further confirm that the change in the optical response
was induced by the trypsin reaction at the interface, we also
observed images of a fluorescence-labeled PLL-based (0.01%
(w/v)) membrane. We prepared fluorescence-labeled PLL
for the formation of PLL-based membrane and checked the
fluorescence images before and after incubation with trypsin
solutions (0.1 mg/mL, pH 7.4) for 2 h at room temperature
(Figure S1(a), S1(b)). The fluorescence images were consistent with our hypothesis that the enzyme reaction broke
the PLL-based membrane and thus triggered the orientational transition of the liquid crystal.
Conclusion
We developed a real-time and label-free method to detect
trypsin activity by providing a PLL-based polymeric membrane at planar interfaces between thermotropic LCs and
aqueous phases. The ability of the PLL-based membranes to
transport phospholipids from the aqueous phase to the
interface of 5CB was monitored through the orientational
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transition of 5CB. The results showed that formation of the
PLL-based membrane at the interface slowed the transfer of
phospholipids onto the LCs interface. The barrier properties
of the PLL-based membrane could be manipulated by
incubating the membrane in trypsin solution, which is
specific for PLL substrate. The results of this study suggest
that PLL-based polymeric membrane can be used to monitor
enzyme reactions at the aqueous/5CB interface with high
sensitivity.
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