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The cellular membrane governs numerous fundamental biological processes. Therefore,
developing a comprehensive understanding of its structure and function is critical. However, its
inherent biological complexity gives rise to numerous inter-dependent physical phenomena. In an
attempt to develop a model, two different experimental approaches are being pursued in parallel:
performing single cell experiments (top down) and using biomimetic structures (bottom up), such
as lipid bilayers. One challenge in many of these experiments is the reliance on fluorescent probes
for detection which can create confounds in this already complex system. In the present work, a
label-free detection method based on an optical resonant cavity is used to detect one of the funda-
mental physical phenomena in the system: assembly and solubilization of the lipid bilayer. The
evanescent field of the cavity strongly interacts with the lipid bilayer, enabling the detection of the
bilayer behavior in real-time. Two independent detection mechanisms confirm the formation and
detergent-assisted solubilization of the lipid bilayers: (1) a refractive index change and (2) a mate-
rial loss change. Both mechanisms can be monitored in parallel, on the same device, thus allowing
for cross-confirmation of the results. To verify the proposed method, we have detected the forma-
tion of self-assembled phosphatidylcholine lipid bilayers from small unilamellar vesicles on the
device surface in real-time. Subsequently, we exposed the bilayers to two different detergents
(non-ionic Triton X-100 and anionic sodium dodecyl sulfate) to initiate solubilization, and this pro-
cess was also detected in real-time. After the bilayer solubilization, the device returned to its initial
state, exhibiting minimal hysteresis. The experimental wash-off was also collected and analyzed
using dynamic light scattering. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908270]

Understanding transport across and motion within the
cell membrane can enable numerous advances in drug design
and improve our fundamental understanding of biological
processes.! One approach which is commonly used to study
this system is constructing artificial membranes or lipid
bilayers using self-assembly techniques, inserting only the
protein of interest.” There are many approaches for creating
solid-supported bilayers,’ but one advantage of the vesicle
fusion method is that planar bilayers are spontaneously
formed on hydrophilic substrates via extruded liposomes due
to the interaction of the proximal leaflets with the substrate.*
Though constrained, the bilayer is a fluid structure,’ and this
constant motion creates a background signal which can influ-
ence experimental results. One technique for exploring this
fluidity is disrupting the membrane structure using deter-
gents. However, experimental results based purely on fluo-
rescent techniques can be confounded because of
interactions between the probe molecules and the lipids.
Therefore, label-free methods are desirable.

Two label-free techniques which have successfully
detected lipid bilayer dynamics are mechanical cantilevers®
and surface plasmon resonance (SPR) sensors.” SPR offers a
sensitivity advantage over mechanical cantilevers because it
can maintain performance in aqueous environments.
However, the SPR signal can be dependent on the probe den-
sity, surface uniformity, and temperature and refractive
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index changes in the bulk solution. There are two approaches
to circumvent these limitations: (1) change the detection
mechanism (e.g., use imaging methodss) or (2) reduce the
evanescent field length (e.g., use alternative evanescent field
methods”). In the present work, we focus on the latter
method, using high quality factor (Q) whispering gallery
mode optical cavities.'"” Resonant cavities confine specific
wavelengths of light, also known as resonant wavelengths,
which are defined by the device’s optical and geometrical
properties. Additionally, cavities exhibit characteristic pho-
ton lifetimes or quality factors (Q). In the previous work, res-
onant cavity sensors have demonstrated ultra-sensitive
biological and chemical detection by monitoring changes in
Q, resonant wavelength, and device geometry.

In the present work, resonant cavity sensors are used to
study the self-assembly and detergent-assisted solubilization
of lipid bilayers in real-time. The detection is confirmed by
monitoring both the wavelength shift and the photon lifetime
change in parallel. Two different detergents are used to solu-
bilize the bilayer (sodium dodecyl sulfate (SDS) and Triton
X-100 (TX-100)).

The phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC, Avanti) is purchased and used without further pu-
rification. Solutions of 15mM SDS (sodium dodecyl sulfate)
and 0.5mM TX-100 (Triton X-100) (Aldrich) are prepared at
concentrations above their critical micelle concentration
(CMC) which are expected to solubilize the membrane.'?

The small unilamellar vesicles (SUVs) are prepared
using the extrusion and vesicle fusion method discussed."?
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Aliquots of DOPC are dried under nitrogen, forming a thin
film. The lipid film is further evaporated under vacuum over-
night, then rehydrated in 1X PBS (phosphate buffered sa-
line), and re-suspended by vortexing. A volume of 0.6 mM
of DOPC is extruded through a 100 nm pore diameter poly-
carbonate membrane until the liposomes change from an
opaque to a transparent solution. Vesicle size is measured
via dynamic light scattering (DLS) (Wyatt).

The silica resonant cavities are fabricated from optical
fiber (Newport), using a conventional CO, laser reflow
method.'* The resulting spheres range between 150 and 200
um in diameter. The microsphere is treated with an oxygen
plasma system (Anatech), which serves two purposes: (1) re-
moval of potential contaminants from the surface and (2)
enhancement of surface hydrophilicity. This process pro-
motes vesicle fusion and rupture.

Using a tapered optical fiber waveguide, light is coupled
into the microcavity from a narrow-linewidth (300kHz)
765nm tunable laser (New Focus Velocity). To align the
waveguide with the cavity, top and side view camera sys-
tems are used in conjunction with nanopositioning stages.
The output signal from the waveguide is collected by a pho-
todetector and sent to a high speed digitizer/oscilloscope.'?
To determine the quality factor, the spectra are recorded in
the under-coupled regime to minimize any non-linear effects.
By fitting the resonant peaks to a Lorentzian curve, the full-
width-half-max (FWHM, 6/) is used to determine the loaded
quality factor (Q) of the device according to Qg = A/04,
where . = resonant wavelength.'?

The quality factor is governed by many possible loss
mechanisms, comprised of both intrinsic and extrinsic
losses.'® High efficiency waveguides, such as tapered fibers,
reduce extrinsic losses. As a result, the dominant intrinsic
loss mechanism is the material loss of the cavity, allowing
the approximation Qjy,q~Qma t0 be made.'® Q.. can be
analytically calculated according to the expression:
Qumat =271/ Ao, where o is the effective material absorption
and n is the effective refractive index.

The clean microresonator is placed into a ~200 ul vol-
ume aqueous chamber, and the SUVs are introduced into the
chamber at a concentration of 0.6 mM in 1X PBS, as shown
in Fig. 1(a). As the vesicles approach the surface of the
microresonator, they rupture and fuse, resulting in a self-
assembled lipid bilayer.>'® After flushing the chamber with
PBS, either the SDS or the TX-100 detergent solution is
introduced."?

Two independent detection mechanisms are used to con-
firm the formation and detergent-assisted solubilization of
the lipid bilayers: (1) a refractive index change and (2) a ma-
terial loss or material absorption change.'> Both methods
rely on the optical mode directly interacting with the lipid
bilayer. As can be seen in the finite element method (FEM)
simulation (COMSOL Multiphysics) in Figs. 1(c) and 1(d),
the evanescent tail of the optical field strongly interacts with
the 5-10 nm thick lipid bilayer.13

In the first approach, as the bilayer self-assembles on the
cavity surface, the effective refractive index that the optical
mode experiences increases because lipids have a higher
index than water. Because the resonant wavelength (1)
depends on the refractive index experienced by the mode
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FIG. 1. Optical resonant cavity excitation. (a) A rendering of the spherical
resonant microcavity inside the detection chamber, highlighting the location
of the optical field. (b) An optical micrograph of the SiO, microsphere
microcavity before lipid bilayer adhesion. (c) A FEM simulation of the opti-
cal mode in the cavity and buffer. (d) The normalized radial intensity distri-
bution at the cross section of the device. The green line indicates the
device:buffer interface. A portion of the optical field clearly extends into the
buffer and is able to interact with the ~5-10nm bilayer.

(negp) according to the expression 27Rn.p = mA, where R is
the device radius and m is the optical mode number, when
the index changes, the wavelength changes.

In the second method, because the optical absorption of
lipids is higher than water, as the bilayer forms and displaces
the water, the effective optical loss increases, resulting in a
decrease in Q5. Therefore, by monitoring the Q degrada-
tion and recovery and the shift in resonant frequency in real-
time, the bilayer formation and solubilization are confirmed.

To perform resonant frequency shift measurements, the
previously described testing set-up is used with a slight mod-
ification.'® Specifically, the resonant wavelength and trans-
mission are continuously tracked and recorded using a
custom LabView program which only records the minimum
point. For the present measurements, the data acquisition
rate is 600 samples/min.

Several control experiments are also performed to deter-
mine the effect of the different detergent solutions (PBS, TX-
100 in PBS, SDS in PBS) on the detected signal when a bilayer
is not present."® Because the TX-100 and the SDS have a
slightly different index from PBS, they could yield a false posi-
tive signal. First, the refractive index of each solution (PBS,
TX-100 in PBS, SDS in PBS) is measured using a refractome-
ter. Next, the microcavity is sequentially exposed to each solu-
tion, and the resonant wavelength and Q are tracked.

As can be observed in Fig. 2 and in Table I, the control
measurements due to the injection of the two different deter-
gents into the PBS solution result in a minimal change in Q
and in wavelength. Upon introduction of SUVs into the
aqueous chamber, a resonant frequency shift is detected as
the vesicles fuse to the microcavity and form a stable planar
lipid bilayer (Fig. 2 and Table I). Based on the control
experiments, the red shift observed is specific to vesicle rup-
ture and bilayer adhesion. In comparison to all three back-
ground measurements, which exhibited shifts in the
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FIG. 2. The resonant frequency shift due to liposome fusion and bilayer for-
mation of 0.6 mM DOPC is indicated by the blue curve, and subsequent sol-
ubilization via (a) 15mM SDS, and (b) 0.5 mM TX-100 is shown in green.
The detergent-initiated solubilization restores the sensor to its original state,
exhibiting minimal hysteresis.

0.25-10 pm range, the bilayer formation/detergent-solubili-
zation shift was more than an order of magnitude larger
(A ~240-300 pm)."?

Once the bilayer has formed, the introduction of pure
buffer to flush the SUV-saturated chamber induces a slight
blue shift. Initially, two possible explanations were consid-
ered: (1) a blue shift is induced by a change in environment
due to either temperature or the refractive index of PBS and
(2) the PBS may be washing off multilamellar vesicles/layers
adsorbed to the bilayer, which are not a part of the laterally
diffusing main bilayer membrane. Since the temperatures of
all solutions are maintained at 25 °C, and the refractive index
measurements indicated a negligible difference between the
solutions used in the experiments,'® it is likely that the
observed blue shift is due to the removal of residual liposo-
mic micelles on the device.

When the detergents are added for both experiments, the
resonant wavelength rapidly returns to its initial position,
indicating that the entire lipid bilayer was solubilized
(Fig. 2). The control experiments excluding SUVs indicate
the shift due to detergents alone are over an order of magni-
tude smaller (Table I). Additionally, unlike in previous pro-
tein dissociation experiments which showed uniform
exponential decay indicative of a single kinetic coefficient,
the lipid bilayer dissociation or solubilization wavelength
shift contained intermediate steps. These intermediate pla-
teaus are indicative of multiple pathways, and perhaps, semi-
stable but short-lived intermediate states.

However, while the system can easily detect the 5nm
thick bilayer, the precise nature of the detergent-induced

TABLE I. Effects of a supported lipid bilayer on Q and refractive index.

Combination (+PBS) Q Q error AL (pm) AZ error (pm)
Control experiments

PBS 7.95 x 10° *1.01 x 10°  1.61 +0.39
SDS 488 x 10° +79x10° 842 +0.21
TX-100 893 x 10° *2.1x10° 029 +0.10
SDS experiments

PBS 3.62 x 100 *15x 107 1.52 +0.27
Bilayer 1.85 x 10° =51 x 10* 241 +1.60
Bilayer + SDS 240 x 107 +1.9x 10" 228 +0.15
TX-100 experiments

PBS 468 x 100 *+1.9x 10" 027 +0.19
Bilayer 1.13 x 10° =32 x 10* 303 +3.54
Bilayer 4+ TX-100 121 x 107 *+7.8x 10° 289 +2.17
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FIG. 3. Effects of material absorption on the quality factor of the sensor.
The measurements of the photon lifetime or Q factor were performed on: (a)
the bare silica sensor in PBS, (b) the sensor coated with a lipid bilayer, and
(c) post detergent solubilization, at 765 nm.

shape changes could not be quantified with the set-up, due to
signal blurring from the rapid and abundant motion of the
lipids. Because the lateral diffusion of phospholipids and de-
tergent micelle insertions occur on a scale within the same
order of magnitude, the membrane is deforming in multiple
areas simultaneously, making the distinction between the dif-
ferent mechanisms difficult to achieve.

The second method employed to detect bilayer adhesion
and detergent solubilization involves the measurement of the
evolution of the device’s quality factor (Q) throughout the
experiments (Fig. 3, Table I). When the lipid bilayer forms
on the cavity surface, the Q decreases from above 107 to
~10°. This nearly two order of magnitude decrease is pri-
marily due to the material absorption of the bilayer.
However, upon detergent initiated solubilization and re-
moval of the bilayer, the Q is recovered and returns to its ini-
tial value. Additionally, the control experiments verify that
the addition of the detergent, without the bilayer present, has
minimal impact on the Q. Therefore, this Q change is due
solely to the formation and solubilization of a lipid bilayer."?

The DLS results from the experimental wash-off experi-
ments are summarized in Fig. 4 and the controls are in the
supplementary material.'> By comparing the control and the
experimental results, it is clear that the SDS and the TX-100
interact with the lipid bilayer in different ways.
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FIG. 4. DLS histograms of lipid-detergent micelle mixtures from the experi-
mental wash-off of (a) SDS and (b) TX-100 rinses.
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FIG. 5. A cartoon schematic detailing the proposed mechanism of lipid
bilayer solubilization using the two detergents: SDS (bottom) and TX-100

(top).

Exposure to anionic SDS results in a DLS peak centered
at 10nm which is distinct from the control measurements,
and therefore, can be uniquely attributed to the SDS-lipid
mixture. These results were expected, as the bilayer is dis-
rupted upon SDS intercalation.

In contrast, the DLS measurements from TX-100 indi-
cate lipid-detergent structures on the order of ~100nm and
larger only (Fig. 4). Due to the chemical structure of TX-100
and its non-ionic characteristic, one may speculate that ster-
eochemistry plays a role in how the molecules insert into the
bilayer. There may be competing interactions between the
hydrophilic polyethylene oxide chain and the hydrophobic 4-
phenyl group that are not observed with the anionic SDS.
Rather than breaking up the bilayer into smaller micelles,
larger geometries such as vesicles and sheets are formed.

The solution of SUVs was further characterized using
UV-Vis spectroscopy. Two distinct absorption peaks
observed are in moderate agreement with the type of bonds
specific to DOPC.'” The absorption peak at 190nm can be
attributed to the n-n* bonding interactions of C=C groups
and the peak at 250 nm is attributed to the n-n* type of tran-
sition due to C=0 and N=0 bonds."'®

In summary, given the combination of DLS and resonant
cavity detection results, we propose the pair of solubilization
mechanisms shown in Fig. 5.

By monitoring both the resonant frequency and the qual-
ity factor, the formation and solubilization of lipid bilayers
are detected in real-time using resonant cavities. Both non-
ionic (TX-100) and anionic (SDS) detergents are used to ini-
tiate the solubilization, and distinctly different profiles are
observed. After the lipid bilayer is completely removed from
the device surface, it returns to its initial state, demonstrating
the recyclability and repeatability of biosensing experiments
with the proposed device.

Through modifications of the device surface or utiliza-
tion of different types of microcavities, such as liquid drop-
lets, these methods could be extended to membranes with
liquid-liquid and solid-liquid phase coexistence. Therefore,

Appl. Phys. Lett. 106, 071103 (2015)

the present work sets the foundation for further investigation
into membrane dynamics in real-time. Additionally, the pres-
ent study lays the groundwork for future transmembrane pro-
tein studies using resonant cavity sensors. Protein behaviors,
such as folding and active vs. passive transport mecha-
nisms,'? are expected to occur at a distinct range from the
lateral diffusion of phospholipids and will thus be detectable
by the optical cavity biosensor.
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