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Label-free, real-time monitoring of
membrane binding events at zeptomolar
concentrations using frequency-locked
optical microresonators

Adley Gin1,4, Phuong-Diem Nguyen2,4, Jeffrey E. Melzer1, Cheng Li1,
Hannah Strzelinski 3, Stephen B. Liggett 3 & Judith Su 1,2

G-protein coupled receptors help regulate cellular function and communica-
tion, and are targets of small molecule drug discovery efforts. Conventional
techniques to probe these interactions require labels and large amounts of
receptor to achieve satisfactory sensitivity. Here, we use frequency-locked
optical microtoroids for label-free characterization of membrane interactions
in vitro at zeptomolar concentrations for the kappa opioid receptor and its
native agonist dynorphin A 1-13, as well as big dynorphin (dynorphin A and
dynorphin B) using a supported biomimeticmembrane. Themeasured affinity
of the agonist dynorphin A 1-13 to the κ-opioid receptorwas alsomeasured and
found to be 3.1 nM. Radioligand assays revealed a dissociation constant in
agreement with this value (1.1 nM). The limit of detection for the κOR/DynA
1-13 was calculated as 180 zM. The binding of Cholera Toxin
B-monosialotetrahexosyl ganglioside was also monitored in real-time and an
equilibrium dissociation constant of 1.53 nM was found. Our biosensing plat-
form provides a method for highly sensitive real-time characterization of
membrane embedded protein binding kinetics that is rapid and label-free, for
drug discovery and toxin screening among other applications.

The cellmembrane is comprisedof lipids and transmembraneproteins
and is fundamental for controlling the signal transduction events
essential for cellular communication and regulatory responses. As
much as 30% of the cell interface consist of integral membrane
proteins1, which serve a wide variety of functions. This includes G
protein coupled receptors (GPCRs, currently the most common ther-
apeutic target), various channels and pumps, immunoglobins, and
virulence receptors. In addition, lipids within the membrane act as
receptors aswell, such that the cell membrane serves as a key interface
for recognizing and responding to extracellular phenomena. The lipid
composition of the membrane itself can also affect the cellular

consequences of activation or blockade, due to its influence on
transmembrane protein conformation2. While a significant portion of
pharmaceutical compounds are designed to target membrane com-
ponents such as receptors, they are often difficult to label. Radio-
isotopes can break bonds and induce conformational changes, while
fluorescent labels are large in comparison to small molecules and can
alter their chemical behaviors3. Typical screening methods are also
limited by the ability to control the membrane environment of the
protein. The ability to observe membrane receptor–drug interactions
in real-timewithout the use of labels could enhance the drug discovery
process as well as increase our understanding of physiological events.
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Conventional methods for studying membrane-protein binding
events include the use of in vivo animal models4 (typically functional
readouts with implied affinities) or selected cells in vitro5. Enzyme
linked-immunosorbent assays (ELISA)6, liposome microarrays7,8,
radioisotope labeling assays9, and fluorescent imaging10 are also
methods used with cells or tissue homogenates to ascertain these
interactions, each having limitations such as those described above. Of
particular interest are label-free sensing schemes, which can directly
and rapidly detect the binding of molecular ligands to receptors.
Several examples that can quantify binding kinetics are surface plas-
mon resonance11 (SPR) with a limit of detection (LOD) down to 1 pg/
mm2, electrochemical biosensors12,13, and electrochemical impedance
spectroscopy (EIS) (LOD< 10 pM)14. Complex and potentially interfer-
ing signal enhancement tags are often required to boost the sensitivity
of these systems15–17.

Whispering gallery mode (WGM) optical biosensors are ultra-
sensitive, label-free, and capable of observing single molecule binding
events. They confine photons in a path circumscribing the cavity; the
photons can circulate many times thus allowing small changes in the
optical path, such as those caused by biomolecular binding18–23. Here,
wemeasure lipid membrane formation andmembrane binding events
by utilizing an ultra-sensitive, label-free biosensing system known as
FLOWER (frequency locked optical whispering evanescent
resonator)18,19,24–27. FLOWER is able to detect a single macromolecule;
the high quality (Q)-factor and the evanescent field of WGM micro-
toroid resonators are exploited so that any local refractive index
changes caused by analyte binding events to the resonator’s surface
can be measured in real-time as a shift in the cavity’s resonance fre-
quency (Fig. 1)24,25,28,29. Previous applications of WGMmicroresonators

include detecting performance enhancing drugs28, nucleic acids30–32,
proteins25,32–34, volatile organic compound sensing26, protein interac-
tion screening35,36, and frequency comb generation37,38. Although pre-
vious studies have demonstrated the use of optical microcavities for
studying the formation of lipid membranes39 and protein–lipid
interactions35, to the best of our knowledge, optical microcavities have
not been used to observe membrane receptor–ligand binding kinetics
and associated affinity measurements. The ability to detect these
interactions in a real-time, label-free, and ultra-sensitive manner will
significantly advance biomarker screening as well as drug discovery,
among other applications.

In our approach, we establish a methodology for directly inves-
tigating membrane binding events on a WGM microtoroid resonator
(Fig. 1) using two different ligand-receptor schemes: Cholera Toxin B
(CTB) binding tomonosialotetrahexosyl ganglioside (GM1)membrane
receptors and Dynorphin A 1-13 (DynA 1-13) binding to the κ-opioid
GPCR (κOR). Respectively, these represent a pathologic signaling
cascade leading to the symptoms of cholera and a neuronal target for
treating mood and other stress reponses40,41 To mimic a native lipid
environment for studying membrane binding events, a synthetic lipid
bilayer was first self-assembled by rupturing lipid vesicles onto the
microtoroid’s dielectric silica surface. The GM1 glycolipid receptors
were prepared together with the lipid membrane8, while κORs were
incorporated by means of micelle dilution42. The binding kinetics of
CTB to GM1 andDynorphin A 1-13 to κOR, respectively, weremeasured
without labels, in real-time (i.e., minutes) with minimal (30 μl) sample
consumption and low LOD (180 zM for the Dynorphin A 1-13 assay)
offering a significant advantage over other molecular assays. To con-
firm the specificity of the binding assay, fluorescent imaging, and

Fig. 1 | FLOWER system. a A tunable laser is coupled to the microtoroid cavity
through a taperedopticalfiber.b Schematic diagramof the constructed biosensing
chamber (top cover glass not shown). The tapered fiber is glued to the supportwall
with a polymer adhesive. Inset shows the structure of a membrane protein (pink)
incorporated in a lipidbilayer (blue) on the toroid’s glass surface. c Sketches of how

the resonant wavelength red-shifts when analytes adsorb onto the functionalized
toroid surface (inset). d SEM image of microtoroid array alongside a support wall.
The scale bar is 500 µm. e SEM side view imageof amicrotoroid structure. The scale
bar is 40 µm. The inset picture shows a COMSOL simulation of an optical mode of
the lipid coated cavity in a buffered aqueous solution.
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radioligand competitive binding assays were performed. Our results
demonstrate a platform for rapid, label-free, ultra-sensitive measure-
ments of lipid biomembrane formation, small molecule binding, and
protein binding kinetics, among other applications.

FLOWER biosensing system
Figures 1a and 1b illustrate the approach, including the microtoroid
functionalized with a proteolipid membrane. The tuning range of the
laser used in these studies was 765 to 781 nm, conditions where light
absorption in water is minimal. Light from the laser is evanescently
coupled into the toroid using a tapered optical fiber, although free-
space coupling of light into the toroid can be done as well43,44. The
tunable laser is frequency-locked to the microtoroid resonator so that
the laser wavelength matches themicrotoroid resonance. To calculate
the Q-factor of a resonance, the spectral dip was fitted to a Lorentzian
curve and the resonant wavelength was divided by the full-width-half-
max (FWHM)39. The dip in the transmitted intensity occurs when the
optical path length of the resonator is equal to an integer multiple of
the circulating light’s wavelength:

mλ=2πrnef f ð1Þ

where m is an integer representing the number of wavelengths per
round trip, λ is the free-space wavelength of the laser, r is microtoroid
major radius, andnef f is the effective refractive index (RI) of the guided
mode. As protein or lipid materials land on the microtoroid surface
within the evanescent light field, the effective refractive index of the
optical mode increases, causing a shift in resonance frequency
proportional to the number and size of analytes bound (Fig. 1c)25,30,45.
A two-dimensional axisymmetric COMSOL simulation was performed
to aid in visualizing the effective sensing region at the equator of the
lipid coated microtoroid (Fig. 1d, e) (see “Methods” for details). By

choosing RIs in our simulations comparable to experimental values for
the microtoroid cavity, lipid materials, and surrounding aqueous
solution,we can see that aportionof theopticalmodeextendspast the
surface and into the lipid layer and aqueous environment. FLOWERhas
an advantage over plasmonic sensors46 in that the toroid has a larger
capture area thus enabling faster detection times29.

Results
GM1-DOPC lipid functionalization of microtoroid optical
resonators
A synthetic phospholipid membrane composed of DOPC lipids doped
with 2% mol GM1 receptors was used to functionalize the silica
microtoroids for quantifying CTB binding affinity (Fig. 2a). DOPC is a
zwitterionic lipid membrane that can be used as an antifouling mem-
brane to resist non-specific binding of proteins to silica (Fig. S1). Uni-
lamellar GM1-DOPC lipid vesicles were produced by extruding the
GM1-DOPC lipid suspension through a 100 nm pore filter (see “Meth-
ods”) and their size was confirmed using dynamic light scattering
(Fig. S3a). AGM1-DOPC lipid bilayer canbe quickly formedon the silica
toroid surface as the hydrophilic head of the lipid vesicles readily
rupture and adsorb onto the toroid (Fig. 2b). Membrane fluidity on the
toroid surface was measured by fluorescent recovery after photo-
bleaching (FRAP) (Fig. S3b), which shows the lipid bilayer retaining
80% membrane fluidity with a diffusion coefficient, D, of 3.38 ± 0.26
μm2 s−1 which is in the range typically observed for supported lipid
bilayers formed on glass47–49.

For bare microtoroids, we generally obtained Q-factors in the
range of 106−107 in aqueous buffer solution. The Q-factors of optical
microresonator cavities in aqueous solutions are typically lower than
in air due to the smaller difference in refractive index between the
resonator material and surrounding environment (Fig. S3c). After
lipid functionalization, microtoroids still maintained a high Q-factor
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Fig. 2 | GM1-CTBbinding signals. a Schematic model of pentameric CTBbound to
a GM1-DOPC lipid membrane silica microtoroid. b Wavelength shift from GM1-
DOPC lipid vesicles adsorbing onto the silica toroid. c Fluorescent images of 50 nM
CTB-AF647 binding to varying % mol fraction GM1 in DOPC coated-microtoroids.
d Fluorescent intensity determined from the fluorescent assay in (c). Bars and
whiskers show themean ± SD frombiological repeats (for 1% (n = 21), 2% (n = 13), 4%

(n = 15), and 10% (n = 5)). Statistical significance was determined using a one-way
ANOVA, *p <0.0001. e Wavelength shift as CTB binds to a GM1-DOPC functiona-
lized toroid. f Dose–response binding curve generated based on the maximum
wavelength shift from (e). Data are mean ± SEM from 3 independent experiments.
g Control experiment attempting to detect an irrelevant protein (human chorionic
gonadotropin, hCG) binding to the GM1-DOPC coated microtoroid.
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in the range of ~106 which is suitable for high-sensitivity biosensing
(Fig. S3d).

FLOWER detects CTB binding
Cholera toxin B is a subunit of the cholera toxin secreted by the bac-
terium Vibrio cholera and binds to GM1 glycolipid receptors presented
on the surface of cells. The GM1 receptor is responsible for the binding
and internalization of this virulent protein, resulting in the subsequent
rapid loss of fluids from the intestine and severe diarrhea presented in
cholera12,50.

CTB binding to a GM1-DOPC functionalized toroid was demon-
strated in vitro by sequentially injecting increasing concentrations of
unlabeledCTBprepared in buffer into afluidic chamber containing the
microtoroid and tracking the wavelength shift with our FLOWER sys-
tem (Fig. 1a)24,25,28. The shape and kinetics of the WGM response was
consistent, exhibiting a rapid andpositivewavelength shift and peak at
t ~ 120 s after the start of the sample injection, followed by a gradual
decline back to the baseline for CTB concentrations <10 nM (Fig. 2e).
TheWGM response exhibited a net positive wavelength shift at steady
state for higher CTB concentrations (>10 nM). It should be noted that
CTB is being continuously injected (~1.2 μL/s) when theWGMresponse
is being recorded in Fig. 2e (t = 0 s to t = 400 s). Between each CTB
injection, buffer is injected for 10min to rinse the fluidic chamber and
bring the sensor back to a steady state (data not shown). As expected,
the peak of the WGM response increased along with the CTB con-
centration (Fig. 2e). The shape of our WGM response is similar to the
dynamic mass redistribution (DMR) response from resonant wave-
guide grating biosensors, which also rely on the evanescent field for
label-free detection51–54.

The binding curve was generated using the peak of the WGM
response for each CTB concentration and fitted using the Hill-Waud
binding model (See ‘Constructing Binding Curves’ in the Supplemen-
tary Information) (Fig. 2f)55,56. The dissociation constant, Kd, of the
GM1-CTB binding interaction was 1.1 nM ± 0.17 nM. For our particular
system, which uses a 2% mol doping density for GM1, our Kd value of
1.1 nM is in reasonable agreementwith the Kd value of0.73 nM thatwas
obtained via surfaceplasmon resonance for the samedoping density57.
Surprisingly, theHill coefficient of thefit wasn =0.52, suggesting some
level of negative binding cooperativity between the CTB and GM1
receptor, while previous literature reportedpositive cooperativity (i.e.,
n > 1)55,58. However, the previously reported experiments were per-
formed using supported lipid bilayers on flat surfaces, while the cur-
vature of the toroid geometry at the sensing region may decrease the
cooperative effect between the CTB and GM1 receptor.

Determination of optimum concentration of GM1 in the lipid
membrane
A high concentration of GM1 in the lipid membrane results in clus-
tering of the receptor or other effects, and decreased CTB binding
efficiency58,59. Thus, we investigated the optimum concentration of
GM1 doping on the lipid coated microtoroid. A fluorescent assay was
performed using multiple microtoroid substrates doped with varying
GM1 doping ratios (0 to 10% mol). For each substrate, 50nM of CTB
labeled with Alexa Fluor 647 (CTB-AF647) was incubated and the
binding was measured using fluorescent imaging (Fig. 2c, d). The
amount of doped GM1 glycolipid in the membrane has an effect on
the association of CTB molecules. We observed that at 10% mol GM1
the fluorescent signal on the toroidal microcavity was significantly
decreased, whereas amaximum in the fluorescent signal was observed
with 2 and 4% mol of doped GM1. This phenomenon is in agreement
with existing literature58,59. Alternatively, the weakened binding of CTB
to GM1 can also be explained by the electrostatic repulsion between
negatively charged CTB and increasing negative charge of lipid
membrane by increased GM1 ligand density (each GM1 headgroup has
(−1) charge)58. The specificity of the detection was confirmed by

introducing an irrelevant protein (HCG, human chorionic gonado-
tropin) onto a GM1-functionalized microtoroid (Fig. 2g). hCG has very
low affinity for the GM1 receptor60. The injection of 100nM hCG pro-
duced a red-shift near thebaseline noise (not statistically different than
buffer) which was several thousand fold lower than the CTB response.

FLOWER detects DynA 1-13–κOR interactions
κ-opioid receptors (κOR), together with μ- and δ-opioid receptors are
an importantmediator system for emotional and behavioral responses
to stress and pain. The binding of the endogenous ligand dynorphin
during stress activates κOR to produce analgesia and dysphoria61. The
dysregulation of central nervous system responses to stress can ele-
vate anxiety, which can lead to depression and drug seeking
behavior61–63. Here, we explore the potential use of our lipidmembrane
coated optical microcavity for drug screening purposes, demon-
strated by a κORproteolipid functionalizedmicrotoroid sensor for the
detection of unlabeled DynA 1-13. The proteolipid membrane forma-
tion used in this study is shown in Fig. 3. The microtoroids were
incubated in DOPC lipid (0.5mg/mL) to form an artificial lipid bilayer
on the silica sensing surface of the sensor. The formation of a lipid
bilayer on the microtoroid was confirmed by measuring the resonant
wavelength shift asDOPC lipidwas injected into thefluidic chamber; at
t = 1750 s buffer is injected to wash away excess lipid vesicles (Fig. 4a).
HEK-293T cells were transfected with the cDNA encoding the human
κOR, with expression verified by immunoblots of lysed cells and intact
cell confocal imaging (Fig. S9). κOR-expressing cells were solubilized
using the detergent CHAPS in a lysis buffer to form κORmicelles prior
to sensor deposition (see “Methods”). The κOR micelles were incor-
porated into the lipid bilayer on the microtoroid by means of micelle
dilution64. Successful incorporation of κOR was confirmed by mea-
suring the resonant wavelength shift (Fig. 4b) and by fluorescence
imaging (Fig. S4). Note that a relatively low concentration of κOR was
used in Fig. 4b, yet a large spectral shift was produced immediately
following receptor addition, suggesting a strong incorporation
efficiency.

DynA 1-13 is a tridecapeptide, a major metabolite from the endo-
genous Dynorphin A65. The study of DynA 1-13 binding kinetics has
been significantly challenging due to its inaccessibility to labeling
techniques. Here, the assay was performed by injecting increasing
concentrations of unlabeled DynA 1-13 into the experimental fluidic
chamber containing the κOR-lipid functionalized toroid (Fig. S8). The
WGM response consistently exhibited a rapid red-shift and peak
(t ~ 100–200 s) after the initial injection of the κOR sample followed by
a decline back to the baseline (Fig. 4c). Note that DynA was con-
tinuously injected for the entire duration of recording the WGM
response (t = 0 to 400 s). Buffer was injected for 10min between each
DynA injection to rinse the chamber and bring the sensor back to a
steady state. The peaks of the WGM shifts were fitted to the Hill-Waud
specific binding model yielding a Kd of 3.1 ± 0.3 nM (Fig. 4d).
Depending on the experimental methods, the Kd has variously been
reported to range from 0.25 to 6.1 nM for DynA 1-13 at the κOR63,66,67. A
fluorescent imaging assay was conducted to ascertain non-specific
interactions. We conducted the fluorescent assay experiment using
biotinylated DynA 1-17 and streptavidin labeled AF647. Fig. S4 shows
the fluorescent imaging results of DynA 1-17 binding to the κOR
reconstituted lipid coated microtoroid. In the absence of κOR in the
lipid membrane, changes in the fluorescent intensity were insignif-
icant. This data suggests that the κOR binding function to DynA 1-13
molecule is retained using the micelle dilution method, and the
observed binding kinetics of κOR receptors characterized by our
microtoroid sensing system is specific to the DynA 1-13 molecule. To
demonstrate rank-order specificity of the κOR toroid sensor, the
experiment was repeated with the low-affinity κOR agonist [Leu5]-
enkephalin. [Leu5]-enkephalin is another endogenous opioid peptide
which is known to have agonist action at both the μ- and δ-opioid
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receptors, but weakly binds to the κOR subtype (compared to DynA 1-
13)63,68. The Kd of [Leu5]-enkephalin at the κOR was determined
experimentally to be 947 ± 92 nM (Fig. 4d).

To confirm our DynA 1-13 affinity determination in a parallel
manner, we performed radioligand binding assays using the same
recombinantly expressed κOR in HEK-293T cells as was used in the
microtoroid studies. Here, 3H-naloxone was used as a label for the
receptor. Cell membranes were incubated with 5 nM of this radiolabel
and varying concentrations of DynA 1-13, and the bound 3H-naloxone
captured by filtration and washing over glass fiber filters (see “Meth-
ods”). TheKd forDynA 1-13derived from thesecompetition studieswas
1.1 ± 0.84 nM (Fig. 4e), in good agreement with the WGM data.

In a separate experiment for determining the limit of detection
(LOD), low levels of DynA 1-13 were injected while the wavelength
shift was measured (Fig. 5a). For each DynA 1-13 concentration, the
peak wavelength shift was taken and plotted on a calibration curve.
The mean, ±1 SD, and ±3 SD values from repeated buffer (i.e., blank)
injections are shown as a horizontal line and shaded areas in the
calibration curve (Fig. 5b). The wavelength shift at + 3 SD (2180 fm)
was used to define the LOD (Eq. S5). A wavelength shift higher than
the LOD can be considered to be due to the existence of analytes at a
level that can be distinguished from the blank. The DynA 1-13

concentration corresponding to the LOD wavelength shift was
extracted by fitting the maximum wavelength shift vs. the con-
centration with a linear fit, indicated as the solid red line in Fig. 5b.
The dashed red lines indicate the 95% confidence interval (CI) of the
fitting. The DynA 1-13 concentration where the linear fit and con-
fidence bands intersect the +3 SD line correspond to the LOD and
95% CI, giving the value of 180 zM [47 zM, 490 zM]. In practice, the
maximumwavelength shift from one specific concentration will have
deviations as indicated by the error bars in Fig. 5b. Thus, it does not
necessarily mean that concentrations higher than 180 zM will always
provide a response higher than the LOD. A sensor response at zep-
tomolar levels was also seen from big dynorphin (Fig. S10). The data
near the LOD in Fig. 5b is also shown on a linear-linear scale with
slope given in Fig. S11.

The limit of quantification (LOQ) is interpreted as the lowest
concentration of analyte that can not only be detected, but reliably
quantified. The value of the LOQ is higher than the value of the LOD
and was calculated where the linear fit intersects the + 10 SD line
(Eq. S6). The LOQ and 95% CI for the KOR/DynA pair was 5.5 aM [2 aM,
27 aM]. In comparison, the LOQ for opioid receptor antagonists and
agonists usingmass spectrometry lie in the range of pg/mL and ng/mL
range, respectively69,70.
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Two-drug competitive binding experiments with κOR
functionalized-microtoroid
Another way to assess drug targeting to receptors is to bind a drug to
the receptor and then ascertain the output effects of increasing con-
centrations of a second ligand (similar to the radioligand competition
experiment in Fig. 4e). Using FLOWER, we considered that the wave-
length shift from bound DynA 1-13 would decrease with increasing
concentrations of the opiate antagonist naloxone, indicating its
applicability in this type of pharmacologic assay. To test this, we varied
naloxone concentrations from 100pM to 1μMwhile keeping theDynA
1-13 concentration constant (10 nM). The increasing concentrations of
naloxone indeed competed with the binding of DynA 1-13 to κOR,

resulting in the decreases in the peak resonant wavelength shifts as the
naloxone concentration increased (Fig. 6a). A high and low IC50 was
obtained by fitting the competitive response curve with a two-site
competitive binding model (See ‘Constructing Binding Curves’ in the
Supplementary Information) (Fig. 6b). The Ki was calculated from the
IC50 using the Cheng-Prusoff equation (Eqn. S4). The low Ki was cal-
culated to be 92 nM and the high Ki was calculated to be 0.26 nM. The
basis of this 2-site fit is not altogether clear, but this has also been
observed using radioligand binding with similar affinity ratios71.
Although the response in Fig. 6a at 1 nM naloxone was higher than the
0.1 nM, repeated experiments resulted in higher responses from
0.1 nM than 1 nM (Fig. S12).We attribute this experimental deviation to

0 50 100 150

0

2000

4000

6000

8000

10000

W
av

el
en

gt
h 

Sh
ift

 (f
m

)

Time (s)

 KOR 10 nM
 Buffer

10−12 10−10 10−8 10−6 10−4 10−2
−0.2

0.0

0.2

0.4

0.6

0.8

1.0

 Dynorphin A 1-13
 [Leu-5] Enkephalin

N
or

m
al

iz
ed

 W
av

el
en

gt
h 

Sh
ift

Concentration (M)

0 500 1000 1500 2000 2500
0

50000

100000

150000

W
av

el
en

gt
h 

Sh
ift

 (f
m

)

Time (s)

 DOPC Lipid

0 100 200 300 400

0

1000

2000

3000

4000

W
av

el
en

gt
h 

Sh
ift

 (f
m

)

Time (s)

 100 nM
 10 nM
 8 nM
 4 nM
 2 nM
 1 nM
 0.1 nM
 0.01 nM
 Buffer

a b

c d

e

Fig. 4 | Quantification of κOR/DynA 1-13 binding kinetics. a WGM shift as lipid
vesicles adsorb onto a bare silica toroid. (b) WGM shift as κOR is incorporated into
the lipid bilayer on the toroid. c WGM shifts as a function of increasing con-
centrations of unlabeled DynA 1-13 binding to the κOR-lipid toroid sensor.

d Binding curve of DynA 1-13 (solid line) and [Leu5]-Enkephalin (dashed line) to
the κOR-lipid toroid. Results are mean± SEM from 3 experiments. e DynA 1-13
competes for binding of the κOR radioligand 3H-naloxone in the membranes from
κOR-transfected cells. Results are mean± SEM from 3 experiments.

Article https://doi.org/10.1038/s41467-024-51320-x

Nature Communications |         (2024) 15:7445 6



the complexity of the competitive binding process between the small
naloxone molecule and the larger DynA 1-13 molecule to the κOR, and
variations in the final κOR concentration after surface
functionalization.

Discussion
FLOWER offers ultra-sensitive, real-time, rapid characterization of
biomimetic membrane formation, protein incorporation, and mea-
surement of lipid membrane receptor–ligand binding kinetics and
associated affinity measurements without the use of labels. An in vitro
biomimetic membrane model can be formed on the dielectric micro-
toroid surface to serve as a sensitive detection interface for direct
trackingof lipid fusion andmembraneprotein incorporation, aswell as
subsequent ligand binding events. Fluorescent imaging confirmed that
the activity of reconstituted membrane proteins was preserved toge-
ther with the respective ligand recognition ability. Without the com-
plexity of a labeling tag, unlabeled ligands were directly detected
resulting in a rapid sample-to-result diagnosis within several minutes.
High affinity binding of CTBmolecules to GM1 receptors, as well as the
study of endogenous opioid peptide neurotransmitters such as
Dynorphin A 1-13, [Leu5]-enkephalin and the opioid antagonist nalox-
one to the κ-opioid receptor were successfully characterized in a label-
free, real-timemanner. The limit of detection (zeptomolar) obtained in
this study is several orders of magnitude lower than reported with
other label-free technologies such as SPR, electrochemical impedance
spectroscopy (EIS), and microring resonators. These technologies
have a detection range usually in the nM topM level. The present study
not only demonstrates the potential of using FLOWER for drug and
toxin screening research, but also provides a platform for advancing

knowledge in membrane interactions in vitro, providing an approach
for preliminary therapy and disease prevention.

Methods
Materials
The silicon substrate with 2 µm thermal oxide layer was purchased
from University Wafer. Buffered oxide etchant 6:1 (Catalog #040889,
KMG), ethylenediaminetetraacetic acid (EDTA, Catalog #E9884,
Sigma-Aldrich), isopropanol (Catalog # 190764, Sigma-Aldrich),
methanol (Catalog# 179337), unlabeled Cholera toxin B subunits
(Catalog #C9903, Sigma-Aldrich), Dynorphin A 1-13 (Catalog #D7017,
Sigma-Aldrich), and naloxone (Catalog #N7758, Sigma-Aldrich). 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC, Catalog #850375C,
Avanti Polar Lipids); Ganglioside GM1 from ovine brain (Catalog
#860065P, Avanti Polar Lipids); 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(Lissamine rhodamine B sulfonyl) (ammonium
salt) (LissRhod:PE, Catalog #810150C, Avanti Polar Lipids); 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene glycol)
2000-N’-carboxyfluorescein] (ammonium salt) (PEG2000-PE-CF, Cat-
alog # 810120C, Avanti Polar Lipids); 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium
salt) (DSPE-PEG2000-Amine, Catalog #880128C). Cholera Toxin B
subunit labeled with Alexa Fluor 647 (Catalog # C34778, Thermo-
Fisher), and Alexa Fluor™ 488 NHS Ester (Succinimidyl Ester) (Catalog
# A20000, ThermoFisher). [Leu5]-enkephalin (Catalog # AS-24333,
Anaspec), biotinylated Dynorphin A 1-17 (Catalog # AS-23978, Ana-
spec). All solutions were prepared with 18.2 MΩ∙cm water passed
through a 0.2 μm polycarbonate Whatman filter and degassed to
remove bubbles before use.
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Microtoroid fabrication
Microtoroid structures were fabricated using photolithography, che-
mical etching, and thermal reflow19. In brief, fabrication of a micro-
toroid started with a 2 µm thick layer of SiO2 on a Si wafer
(universitywafer.com).Diskswith diameter 150 µmalongwith a 350 µm
wide support wall were patterned onto the SiO2 surface with Micro-
posit S1813 photoresist. Afterward, buffered oxide etchant (BOE) 6:1
was used to etch the exposed SiO2 down to the Si substrate, followed
by resist stripping with acetone and isopropanol. After a dehydration
bake at 130 °C, a XeF2 dry chemical etcher (Xactix e2, Orbotech, Yavne,
Israel) was used to etch the exposed Si substrate. The microdisks and
support wall were then reflowed using a CO2 laser (Synrad 48-1, WA,
USA) to create SiO2 microtoroids with major diameter around 100 µm
on a 50 µm Si pillar.

Lipid preparation
Lipid vesicles were prepared according to a well-established
protocol42. For GM1-CTB studies, a controlled mol% of methanolic
GM1 ganglioside was mixed with DOPC lipid and dried under argon
gas. For κOR pharmacokinetic studies, DOPC lipid vesicles were pre-
pared using a 100nm membrane filter and mini extruder kit from
Avanti Lipids. DOPC lipid vesicles were prepared and then stored at
1mg/mL in PBS at 4 °C. Fluorescent doped lipid vesicles were prepared
by adding 1%mol of either Liss-RhodPE or PE-PEG2000-CF into a GM1/
DOPC lipid mixture (Fig. S2). The average size of the lipid vesicles was
characterized by dynamic light scattering (DLS) and transmission
electronmicroscopy (TEM). Lipid vesicles were stained using 1mg/mL
uranyl acetate and air-dried overnight before TEM imaging.

Fluorescent recovery after photobleaching (FRAP) assay
To assess themobility of the lipidmembrane on themicrotoroid, FRAP
experiments were performed with a Leica SP5-II confocal microscope
using GM1 dopedDOPC labeled with AF488. A 488 nmArgon laser line
at 50mWwas used for photobleaching. Images offluorescent recovery
were taken using a 20x/0.75NA objective and the data was analyzed
using ImageJ.

Microtoroid biosensing setup
An optical fiber (Thorlabs SM600, Newton, NJ) was tapered using a
stationary hydrogen flame and a custom fiber-pulling stage (Newport,
CA, USA). Light from a tunable laser (New Focus TLB-6712, Newport,
CA, USA) was coupled into the fiber and the transmission was mea-
sured using an auto-balanced photodetector (Nirvana 2007, Newport,
CA, USA). After surface functionalization, the microtoroid chip was
affixed into a 3D-printed fluidic chamber (internal volume ~120μl)
using double-sided tape (Fig. S8). A glass cover slip was cut to size and
placed on top of the fluidic chamber to retain the fluid. Fluid samples
were perfused into the chamber using a 16-channel syringe rack and
electric rotary valve system (ASP-ERV-O1.2-16, Aurora Pro Scientific).
The microtoroid was evanescently coupled with the tapered fiber
using a 3-axis micrometer stage and a 3-axis piezo nanopositioning
stage (P-611.3 NanoCube, PI, MA).

GM1-CTB bioassay
For lipid bilayer formation on the microtoroid, DOPC vesicles
(0.5mg/mL in Tris-HCl 25mM, 100nm in diameter) consisting of
different mol % of GM1 were introduced onto the microtoroid chip.
The vesicle rupture and fusion process was induced immediately by
the edge of the hydrophilic silica microtoroid44,45. The lipid coating
process was quantified in real-time by tracking the resonance fre-
quency shifts, then washed thoroughly with the binding buffer (Tris-
HCl 25mM, NaCl 150mM, EDTA 1mM, pH 7.4). For the CTB binding
assay, increasing concentrations of CTB prepared in binding buffer
were sequentially introduced into the microtoroid sensing chamber.
A control experiment was conducted using fluorescently labeled

lipids to confirm lipid stability upon multiple cycles of buffer wash-
ing (Fig. S5).

κOR studies
For FLOWER, the lipid bilayer was formed on the microtoroid by
incubating the toroid chip in a DOPC vesicle solution (0.5mg/mL,
100mM phosphate buffered saline) for 1 h at room temperature.
Afterward, the toroid chip was washed with PBS and then transferred
to Tris buffer (Tris-HCl 25mM, NaCl 150mM, EDTA 1mM, BSA 0.05%
w/v, pH 7.5). κOR were generated by transfecting HEK-293T cells
(American Type Culture Collection, CRL-3216) with an expression
vector consisting of the human κOR coding sequence with an amino-
terminal peptide tag (HA) in the expression vector pcDNA3. Trans-
fections were performed using Lipofectamine 2000, and after 2 days
the cells were washed with PBS, pelleted, and frozen at −80 °C72–74.
Non-transfected HEK-293T cells were used as a negative control.
Expression in cellmembraneswas confirmedby immunoblottingusing
an HA-specific antibody (Sigma H6908, at a titer of 0.5 μg/mL) as
described73. The same antibody was used for fluorescent confocal
microscopy (titer 10 μg/mL) with fixed cells as described74. κOR were
isolated from the HEK-293T crude membranes using a combination of
shearingwith a syringe and detergent solubilization64. Briefly, 100μl of
lysis buffer (CHAPS 10mM, Tris-HCl 25mM,NaCl 150mM, EDTA 1mM,
AEBSF 1mM, pH 7.5) was added to ~80mg of cell membranes in a 1mL
centrifuge tube. κOR extraction from the membrane was aided by
repeated passage of the suspension through a 23-gauge needle
attached to a 1mL syringe. The cell suspension was incubated on ice
for 1 h and then centrifuged for 30min at 15,000 × g at 4 °C. The
resulting supernatant with the κOR-detergent micelles, was recon-
stituted into the lipid coated microtoroid by the detergent dilution
method42,64. In brief, 100 μL of the KOR supernatant was added to a
1mL centrifuge tube containing 100μL of Tris buffer and the lipid
coated toroid chip. Detergent dilution below the CHAPS CMC
(8–10mM) results in spontaneous insertion of the κOR into the lipid
membrane. Successful incorporation of κOR onto the microtoroid
sensor was confirmed bymeasuring the resonant wavelength shift and
with fluorescence imaging (Figs. 3 and 4b, Fig. S4). κOR-DynA 1-13
dose–response and competitive binding experiments were conducted
entirely in Tris-HCl 25mM,NaCl 150mM, EDTA 1mM,BSA0.05% (w/v),
pH 7.5. For radioligand binding75, cell membranes were incubated in
12 × 75mm glass tubes with 5 nM 3H-naloxone with varying con-
centrations of DynA 1-13 at 25 °C for 30min. Receptor bound radi-
olabel was separated from free radiolabel by dilution and vacuum
filtration over Whatman GF/C filters. Filters were counted in a liquid
scintillation counter.

COMSOL multiphysics simulation
A two-dimensional axisymmetric COMSOL simulation was used to
compute the interaction between the microtoroid dielectric surface
(refractive index n = 1.45) and the functionalized GM1-DOPC lipid
bilayer (n = 1.42, total thickness [lipid + hydration layer] = ~9 nm) in
buffer solution (n = 1.3385). The circular cross-section of toroid has a
major radius of 45 µm and a minor radius of 2 µm. The value of the
azimuthal mode numberm of Eq. (1) was set to 535 corresponding to a
wavelength of 778.8 nm. The field distribution and Q-factor of the
WGMwere analyzed using an eigenfrequency solver at aminimalmesh
size of 0.4 nm. An imaginary component (10−7) of the cavity refractive
index was introduced to represent the scattering, absorption and
other losses to lower theQ-factor to the actual experimental value. It is
clearly seen that a portion of the optical field extends into the buffer
sensing region.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Should any raw data files be needed in another format they are avail-
able from the corresponding author upon request.
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