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Single-molecule nucleic acid interactions
monitored on a label-free microcavity
biosensor platform
Martin D. Baaske, Matthew R. Foreman and Frank Vollmer*
Biosensing relies on the detection of molecules and their speciﬁc interactions. It is therefore highly desirable to develop
transducers exhibiting ultimate detection limits. Microcavities are an exemplary candidate technology for demonstrating
such a capability in the optical domain and in a label-free fashion. Additional sensitivity gains, achievable by exploiting
plasmon resonances, promise biosensing down to the single-molecule level. Here, we introduce a biosensing platform
using optical microcavity-based sensors that exhibits single-molecule sensitivity and is selective to speciﬁc single binding
events. Whispering gallery modes in glass microspheres are used to leverage plasmonic enhancements in gold nanorods
for the speciﬁc detection of nucleic acid hybridization, down to single 8-mer oligonucleotides. Detection of single
intercalating small molecules conﬁrms the observation of single-molecule hybridization. Matched and mismatched strands
are discriminated by their interaction kinetics. Our platform allows us to monitor speciﬁc molecular interactions
transiently, hence mitigating the need for high binding afﬁnity and avoiding permanent binding of target molecules to the
receptors. Sensor lifetime is therefore increased, allowing interaction kinetics to be statistically analysed.

L

abel-free and highly sensitive optical transducers are commonly
based on whispering gallery modes (WGMs) excited in microcavities, with applications ranging from clinical diagnostics1,2
and environmental monitoring3–5 to single virus and nanoparticle
detection6–10 and manipulation11,12. Plasmon resonance in small
metallic nanoparticles provides a further mechanism to boost detection limits13–15, with past demonstrations of the detection of femtomolar protein concentrations, as well as the unspeciﬁc adsorption of
single proteins13,16,17. Speciﬁc detection in biosensing, however,
requires monitoring the interaction between a molecule and its
receptor. These interactions enable biosensors to transduce speciﬁc
molecular recognition events into electrical, mechanical or optical
signals18–21. It is highly desirable to resolve such interactions at
the single-molecule level22–25, because transducers with such capabilities will enable the development of biosensors of unprecedented
speed, sensitivity and selectivity. Equally important, single-molecule
biosensors also provide tools for fundamental studies in the life
sciences, without requiring the use of the labels that are otherwise
necessary when working with, for example, optical tweezers or ﬂuorescence-based techniques. Biosensors of particularly high sensitivity are, moreover, required for detecting the interactions
between single-nucleic-acid oligonucleotides, where monitoring
hybridization is the basis for sequence-speciﬁc DNA detection in
microarrays and lab-on-chip devices20,26. Monitoring single-molecule hybridization kinetics has only been shown, to the best of
our knowledge, with electrical biosensors based on carbon-nanotube ﬁeld-effect transistors27. However, with the advent of photonic
technologies for lab-on-chip devices, it is highly desirable to achieve
similar capabilities in the optical domain.
Here, we demonstrate the capabilities of our single-molecule
optical biosensor, which leverages plasmonic enhancements of
WGMs in microsphere cavities to achieve unparalleled sensitivity.
In particular, we show label-free detection of short nucleic acid
strands and their speciﬁc interactions. We conﬁrm the speciﬁc

detection of single nucleic acids by monitoring the hybridization
kinetics of matched and mismatched strands and by observing
single intercalating molecules via microcavity resonance
wavelength shifts.

Plasmon enhancements with nanorods
The detection of single oligonucleotides can only be achieved by
boosting WGM biosensor signals beyond the current experimental
detection limits7–9,16,28. A genuine mechanism that can provide
orders of magnitude signal enhancements uses plasmon resonance13,14,16,17,29,30. A plasmonic nanoparticle can enhance the
optical ﬁeld strength at the microcavity surface, amplifying the resonance wavelength shift upon binding of an oligonucleotide in proportion to the ﬁeld strength encountered at the binding
site13,14,16,17,31. One of the most suitable plasmonic nanoparticle geometries for this purpose is a rod, which provides strong enhancements at frequencies that can be tuned by adjusting the aspect
ratio of the nanorod32,33.
To quantitatively understand and optimize the expected signal
gains with nanorods one needs to consider the electromagnetic
coupling of the plasmonic nanoparticle to the WGMs. Theoretical
results for small microcavities indicate signal gains that are (as
would be expected) much higher than in nanoshells and that can
be optimized by slightly detuning the plasmon resonance from the
WGM resonance frequency13,15. In the present study we use ﬁniteelement simulations of nanorods, positioned in close proximity to
dielectric microspheres immersed in an aqueous environment, to
predict nanorod ﬁeld enhancements for parameters matching our
experimental conditions34 (Supplementary Section 1). Speciﬁcally,
we use silica microcavities of ∼30–50 µm radius, close to the theoretically optimal size for detecting nanoparticles29, which we modify
with ∼12 nm × 12 nm × 42 nm gold nanorods exhibiting a longitudinal plasmon resonance at ∼756 nm, detuned from the centre
wavelength of our external cavity laser (∼780 nm) used for
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magnetic (TM) WGMs can be achieved using a polarizing beamsplitter. Coupling to fundamental modes can be accomplished by
adjusting the angle of the incident light, a degree of freedom not
available with tapered ﬁbre couplers45,46. Finally, an imaging
system is installed to visually conﬁrm the coupling of light (typically
less than 100 µW) into the microsphere, as achieved by scanning the
wavelength of an external cavity laser across the WGM resonance.
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Figure 1 | Experimental set-up of whispering-gallery-mode sensing
platform. a, Single-molecule whispering gallery mode (WGM) biosensor
platform. Input optics focus the light beam to a near-diffraction-limited spot
for evanescent coupling to a glass microsphere positioned in close proximity
to the prism interface. A polarizing beamsplitter (PBS) and two
photodetectors (PDs) are used to separately record transverse electric (TE)
and transverse magnetic (TM) WGM spectra by swept-wavelength
scanning of a tunable laser (∼780 nm centre wavelength). An imaging
system is installed to visually conﬁrm coupling to the resonator.
Polydimethylsiloxane (PDMS) is used to make liquid sample cells. Inset: A
plasmonic nanorod enables detection of single oligonucleotides and their
interactions. b, A microsphere of diameter d ≈ 60–100 µm is melted from an
optical ﬁbre and remains attached to the short ﬁbre stem for positioning. c,
Example spectra for TE (black) and TM (red) polarization obtained with a
d ≈ 79 µm microsphere in water exhibiting typical experimental Q values of
∼5 × 106.

wavelength-swept WGM excitation. Theoretical Q factors for this
arrangement are predicted to be up to ∼5 × 105 to 5 × 107, depending on the microcavity radius, compared to typical experimental
values of ∼5 × 106.

Engineering a robust prism-coupled biosensor
A biosensor platform should ideally allow for repeatable experiments with minimal susceptibility to noise and fouling of the
sensor. Previous studies with WGM biosensors that use ﬁbre couplers1,19,31 suffer from mechanical vibrations of the ﬁbre taper,
prompting investigations into reducing these and other noise
sources35. Unspeciﬁc and random binding of nanoparticles to the
ﬁbre taper region can interfere with the sensing signal and rapidly
degrade transmission36,37. As a result, the reproducibility of prolonged measurements can be compromised. Furthermore, the
fragile taper has to be replaced frequently, which can be a difﬁcult
task if the taper is integrated into a liquid sample cell38–41.
We have mitigated these challenges by developing a microcavity
biosensor platform based on prism coupling. Our platform exhibits
improved mechanical stability by eliminating ﬁbre ﬂuctuations42–44.
Furthermore, evanescent light coupling is restricted to a focal spot,
minimizing susceptibility to nanoparticle fouling at the prism
surface. The prism is easily cleaned and can be repeatedly integrated
with different polydimethylsiloxane (PDMS) liquid sample cells
(Fig. 1). Discrimination of transverse electric (TE) and transverse
934
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We have developed a simple, three-step wet-chemical procedure for
assembling our plasmonic–photonic microsphere sensors: (1)
loading of one to ﬁve gold nanorods by adsorption to the plain
glass microsphere; (2) surface functionalization of bound nanorods
by a thiol reaction; and (3) biosensing of analyte molecules in the
desired buffer conditions.
In step (1), cethyltrimethylammonium bromide (CTAB)-stabilized nanorods immersed in distilled water (pH 7) do not adsorb
to the glass microcavity, as can be seen in Fig. 2a. Speciﬁcally,
Fig. 2a shows spikes in the WGM wavelength (Δλ) and full-width
at half-maximum (ΔFWHM) traces that arise from the Brownian
motion of individual rods. By adjusting the pH of the aqueous
environment to ∼1.6, we ﬁnd that irreversible nanorod adsorption
can be triggered. Nanorod binding under these conditions is most
probably initiated by a charge difference between the glass surface
and the nanorod47. Irreversible bindings are indicated by steps in
the WGM Δλ and ΔFWHM traces (Fig. 2b), where a slight temperature drift of the baseline signal is observed for the wavelength trace
only29. Figure 2c,d summarizes the Δλ and ΔFWHM step heights
recorded for nanorod binding to different sized microsphere cavities
with TM modes. Similar data for TE-polarized WGMs are provided
in Supplementary Fig. 4. The error bars are determined by addition
of the root-mean-square noise before and after a single binding
event in quadrature. Step heights are seen to increase with decreasing microcavity radius and are in agreement with theoretical predictions (Supplementary Section 2). Variation of the step heights seen
for resonators of the same size is attributed to differences in the
nanorod binding location with respect to the WGM ﬁeld proﬁle
and the binding orientation of the nanorod with respect to the
WGM polarization. Binding at different longitudinal angles may
have its origin in the curvature of the cavity, glass surface variations,
and in the charge distribution on the nanorod47. The few outliers in
resonance shift and linewidth change in Fig. 2 are attributed to the
size dispersion of the nanorods and possible aggregates. To mitigate
for aggregation we sonicated the nanorod solution before injection.
In step (2) thiol-modiﬁed oligonucleotides are conjugated to the
gold nanorods. We have adapted a method for this thiol reaction
that requires only ∼10–30 min of incubation time48. During this
time we monitor the thiol reaction from steps that appear in the
WGM Δλ trace (Supplementary Section 3).
Finally, in step (3), the solvent is exchanged for the desired biosensing buffer. Complementary oligonucleotides or small molecules
(for intercalating experiments) are injected into the liquid-ﬁlled
PDMS sample cell, typically at nanomolar concentration levels
(10–100 nM), relying on diffusion throughout our ∼500 µl sample
volume to deliver the analyte to the sensing region.

Monitoring single nucleic acid interactions
We studied the hybridization kinetics of 22-mer oligonucleotides
(∼7 kDa), with particular interest in resolving the transient interaction kinetics for a three-base-mismatched strand. The WGM Δλ
traces (Fig. 3a) show large signals from the transient interactions
of the mismatched strand with the receptor oligonucleotide that
was conjugated to the nanorod. The most prominent features in
the Δλ traces, recorded for TE- and TM-polarized WGMs in parallel, are the various spikes that appear within fractions of a second.
The spikes often occur in rapid succession, possibly indicating
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Figure 2 | Detection of nanorods in the transient and binding regimes. a, Whispering gallery mode (WGM) Δλ and ΔFWHM traces for a transverse
magnetic (TM) mode, showing spikes due to the Brownian motion of CTAB-stabilized gold nanorods in aqueous solution at pH > 2. FWHM, full-width at
half-maximum. b, The spikes turn into steps for pH of ∼1.6, conditions for adsorption to the glass microcavity. Insets: Optical image of a WGM excited at
∼780 nm in a microsphere with d ≈ 77 µm loaded with nanorods (arrow depicts the position of a single rod), as well as the dimensions of the rod with
plasmon resonance ∼756 nm. c,d, WGM Δλ (c) and ΔFWHM (d) step heights recorded during nanorod adsorption, for TM-polarized WGMs excited in
differently sized microspheres. Lines are theoretical predictions, accounting for a possible angle of the nanorod’s long axis with respect to the microcavity
surface of ∼90° (solid line), ∼30° (dashed line) and ∼0° (dotted line). The error bars are determined by addition of the root-mean-square noise before and
after a single binding event in quadrature.

complex zipping and unzipping kinetics, as well as possible
near-ﬁeld optical trapping effects17.
Spikes were identiﬁed in our WGM traces from ﬂuctuations that
transiently rise above the 3σ noise level, and the maximum WGM
shifts were plotted for each spike in the histograms shown in
Fig. 3b,c. The maximum observed shifts range between 2 fm and
20 fm, which is in agreement with theoretical predictions if one considers variations of the nanorod aspect ratio as well as nanorod
surface roughness (Supplementary Section 2). Highly contrasting
WGM responses are observed for matching oligonucleotides, where
hybridization to the receptor results in discrete steps in the Δλ
trace, whereas oligonucleotides with an unrelated sequence produce
no observable WGM shift signals (Supplementary Section 4). The
statistics, as well as the concentration dependence on the time
intervals between interaction events (spikes), are in good agreement
with that expected for a single-molecule reaction with an underlying
Poisson process and ﬁrst-order rate equation (Supplementary
Sections 6 and 7). Taken together, these experiments conﬁrm
that our signals are indeed caused by single-molecule nucleic
acid interactions.

Speciﬁc detection by monitoring interaction kinetics

All experiments detailed so far were performed with ∼10–100 nM
oligonucleotides in distilled water with 10 mM NaCl, pH 7.
Accordingly, the melting temperature of a matching 22-mer oligonucleotide is expected to lie above the biosensor operating temperature of ∼20°. No unbinding events were observed for the matching
22-mer oligonucleotides, limiting the maximum number of detectable matching oligonucleotides essentially to the number of receptors conjugated to the nanorod. For single-molecule biosensing,
however, it is especially important to generate speciﬁc detection
signals repeatedly for each receptor, allowing for continuous
measurements. Generally speaking, this can be achieved by utilizing speciﬁc receptors with appreciable dissociation constants, that
is, separating the need for high speciﬁcity from the requirements
of high afﬁnity in biosensors. We have shown the utility of this
paradigm by tailoring the afﬁnity of our nucleic acid receptors,
choosing a shorter 16-mer oligonucleotide with melting temperature close to our operating temperature. Matching strands are
then expected to only transiently interact with the shorter receptors, producing spikes in the WGM shift signals. Figure 4a shows
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Figure 3 | Transient nucleic acid interactions monitored with transverse electric and transverse magnetic whispering gallery modes simultaneously. a,
Single-molecule interaction kinetics for a 22-mer oligonucleotide receptor interacting with its three-base-pair-mismatched complementary strand. Wavelength
shifts Δλ are recorded for a transverse electric (TE) and transverse magnetic (TM) mode in parallel. No signiﬁcant shifts are observed in the ΔFWHM
traces. FWHM, full-width at half-maximum. b,c, Histograms of maximum TE (b) and TM (c) whispering gallery mode shifts discernible against the noise.
Inset (b): Example for maximum shifts (dots) identiﬁed in spikes of the Δλ trace (dashed line indicates the 3σ noise level). Inset (c): Illustration of nucleic
acid interaction at the nanorod.

the successful operation of this methodology, where the interaction
kinetics between a 16-mer oligonucleotide receptor and its matching strand are monitored at a NaCl concentration of 20 mM (the
total length of the matching nucleotide is 22 bases, for comparison), demonstrating repeated and speciﬁc interactions without
fouling of single receptors. Subsequently, we tested the ability of
the short, low-afﬁnity receptor to discriminate between speciﬁc
and unspeciﬁc interactions. Our experiments have already indicated that interactions with a mismatched strand exhibit shorter
interaction times than those with a matching strand. We conﬁrm
this hypothesis in Fig. 4b, which monitors the interactions of the
16-mer receptor oligonucleotide with a single-base-mismatched
strand, for which we do not measure any signiﬁcant WGM shifts
at 20 mM NaCl, possibly indicating nucleic acid interactions
much shorter than the 20 ms time resolution of our set-up. As
control experiments, we performed measurements at a NaCl concentration of 200 mM, thereby increasing the melting temperatures. As expected, the matching strands started to produce steps
936

due to hybridizations, blocking the receptor for successive
measurements (Fig. 4c). However, spikes are observed for the
single-base-mismatched strand under these conditions (Fig. 4d),
possibly indicating prolonged nucleic acid interactions at higher
salt concentrations. Further control experiments are shown in
Supplementary Section 5.

Detecting octamers and intercalating molecules
We challenged the ultimate sensitivity for speciﬁc nucleic acid
detection by choosing very short, 8-mer oligonucleotides (octamers). High salt buffer conditions around 1 M are needed to
achieve hybridization at an operating temperature of ∼20 °C, in
this case avoiding transient interactions and hence showing the
highest sensitivity for detecting binding steps free of the time
resolution limitations of our set-up. Under these conditions, we
clearly resolved the binding steps of single octamers in the
Δλ time trace (Fig. 5a). The average step height recorded in thismeasurement is ∼2.5 fm (see histogram of binding steps in
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Figure 4 | Discrimination of fully complementary and single-base-mismatched DNA strands by monitoring interaction kinetics for different sodium
concentrations. a, Speciﬁc interactions of a short 16-mer receptor oligonucleotide with its matching strand in 20 mM NaCl (transverse electric (TE) mode).
b, No signiﬁcant whispering gallery mode (WGM) signals are observed in the same experiment with a single-base-mismatched strand (TE mode). c,
Interactions of the 16-mer receptor with the matching strand produces steps in the WGM Δλ trace at 200 mM NaCl concentration due to a lowered melting
temperature. d, In contrast, the single-base-mismatched strand only shows transient interactions at higher salt concentration. In both c and d, traces are for
transverse magnetic WGM modes. The data sets presented in a,b and c,d were acquired with the same microsphere and hence with a ﬁxed number of
receptors for each case.
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Figure 5 | Detection of short oligonucleotides and small intercalating molecules. a, Hybridization of an 8-mer oligonucleotide (molecular weight of
∼2,350 Da) produces discrete steps in whispering gallery mode (WGM) Δλ time traces (transverse electric mode). b, The histogram of observed step
heights for hybridization (inset) shows an average of 2.5-fm shifts, well above the 3σ noise level. c, Interaction of small molecules with double-stranded
nucleic acid. Intercalating molecules produce discrete steps in the Δλ time trace (transverse magnetic mode). d, Histogram of step heights for intercalating
molecules (inset), showing an average step height of ∼5 fm.

Fig. 5b), well above our 3σ noise level. These experiments set a
benchmark for single-molecule biosensing and for the label-free
optical detection of ∼2,350 Da molecular weight molecules
in solution.
Finally, we demonstrated the superior sensitivity of our biosensor
by detecting the interaction of small molecules with double-stranded
oligonucleotides. For this study we chose an intercalating molecule

with molecular weight less than 1 kDa. Surprisingly, we recorded
rather large and well-separated steps of average shift 5 fm in the
Δλ time trace, indicating the detection of single intercalating molecules. The large step heights may have their origin in the large
polarizability of the molecule when bound to nucleic acids, thus
demonstrating very high sensitivity for detecting small molecules
on a biosensor platform. Furthermore, these measurements
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conﬁrm hybridization at the single-molecule level, because the small
molecule binding steps are not observed for single-stranded
nucleic acids.

the two resulting lines at the step site. Step positions were identiﬁed manually.
Where more than one step occurred within a 2 s period, fewer data points were used
for the initial linear ﬁts.

Conclusions
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We have demonstrated single-nucleic-acid biosensing with a
plasmon-enhanced WGM microcavitiy sensor of unparalleled sensitivity. The gain in sensitivity over non-plasmonic WGM biosensors can be understood from theoretical predictions of plasmonic
ﬁeld enhancements in gold nanorods, which depend on aspect
ratio, orientation and surface roughness. A molecule that binds
within a plasmonic hotspot will tune the WGM resonance wavelength in proportion to the enhanced ﬁeld strength encountered
at the binding site. Monitoring plasmon-enhanced WGM wavelength shifts provides a unique tool for detecting single molecules
and their speciﬁc interactions by functionalizing nanorods with
speciﬁc receptors. We have introduced a simple three-step protocol
enabling such a capability and have observed the interaction kinetics
of short oligonucleotides.
The sensitivity gains of WGMs coupled to nanorods are calculated to be in excess of several thousands and enable detection
down to octamers, and even small intercalating molecules.
Acquisition of the WGM signals with 20 ms time resolution
already allows the detection of interaction kinetics between
matched and mismatched oligonucleotides. With improvements
in data acquisition speeds remaining possible, potentially to the submicrosecond regime, plasmon-enhanced WGM biosensors can
provide unparalleled time resolution for studying single molecules
and their interactions. With such advances already under way,
WGM biosensors may evolve into a platform technology that circumvents many of the restrictions imposed by other single-molecule
techniques that require labels or that are limited by much slower
data acquisition. Furthermore, light can be conﬁned in many different materials and geometries, enabling the rapid and speciﬁc detection of single molecules on bottom-up or top-down fabricated
microdevices, with many applications in health care, clinical diagnostics, environmental monitoring and fundamental studies in the
life sciences.

Methods

WGM excitation. Microspheres were melted from single-mode optical ﬁbre
(SMF-28) using a 10 W CO2 laser equipped with focusing optics. The output beam
of a ﬁbre-coupled tunable external cavity laser (Toptica, ∼780 nm centre
wavelength) was expanded and focused onto a prism coupler (N-SF11) with
refractive index
n = 1.76. Spectra (∼24,000 pts) were acquired every 20 ms by swept-wavelength
scanning and saved directly onto a hard drive. The resonance positions were
determined by the centroid method, and the FWHM was directly determined from
the spectrum.
Thiol functionalization of nanorods. The thiol reaction was performed in aqueous
solution, ∼pH 3, 0.5 M NaCl, 0.02% wt/wt sodiumdodecylsulfate (SDS), with
10–30 min incubation time at ∼20 °C for thiol conjugation to the CTAB-stabilized
nanorods (Nanopartz).
Nucleic acid and intercalating experiments. Experiments were typically performed
in water (Ultrapure, VWR), at pH 7 with 10 mM NaCl, ﬁltered with 0.1 µm
membrane ﬁlters (Millipore). Custom oligomers were purchased, high-performance
liquid chromatography/Hypur-puriﬁed, from EuroFins MWG Operon:
22-mer receptor (with 4 T spacer):
5′-thiol-TTTT-GAGATAAACGAGAAGGATTGAT
16-mer receptor (with 4 T spacer): 5′-thiol-TTTT-GAGATAAACGAGAAGG
22-mer match: 5′-ATCAATCCTTCTCGTTTATCTC
22-mer three-base mismatch: 5′-ATCAgTCCTTtTCcTTTATCTC
8-mer match: 5′-TTTATCTC
22-mer one-base mismatch: 5′-ATCAATCCTTCTCGTTTATaTC
Unrelated 22-mer oligomer: 5′-GAGATAAACGAGAAGGATTGAT
Small intercalating molecule (Syto 62 dye) was purchased from
LifeTechnologies.
Step height extraction. The step height was extracted from the wavelength traces by
ﬁrst performing two linear ﬁts on 100 data points (corresponding to 2 s) before and
after occurrence of a step. Step height was then extracted from the vertical offset of
938
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