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Detection Technique
Ultra-high-Q whispering gallery mode resonators are distinct from other resonant cavities,
because of the very long photon lifetimes which can be achieved.(1, 2) In biodetection, these
lifetimes give rise to improved sensitivity as described in (3-8). In the current report, they
provide a double benefit through the thermo-optic detection mechanism which is responsible for
the observed single-molecule detection sensitivity. Like other detection techniques, such as
Surface Plasmon Resonance (SPR)(9, 10) or total internal reflection fluorescence microscopy
(TIRF),(11, 12) the interaction which leads to detection occurs at the surface of the resonant
cavity. As molecules bind to the surface of the microresonator, they interact directly with the
evanescent tail of the whispering gallery mode (Fig. 1B).
Because it is the interaction of the molecule with the optical field which gives rise to detection
events, the location of the molecule within the whispering gallery mode is important. As can be
seen in Fig. 1B, the intensity profile of the evanescent tail is non-uniform over the surface of the
toroid. Therefore, a molecule which binds at the highest intensity region of the whispering
gallery will produce a signal significantly larger than one which binds at the lower intensity
region. The interaction with this intensity profile produces a distribution in signals which can be
easily seen in the histogram shown in Fig. 3C,D in the main text.
To detect this interaction, a single-mode, tunable external cavity laser centered at 681.5nm was
coupled to a single-mode tapered optical fiber waveguide. Tapered optical fibers are very lowloss/high-efficiency waveguides used for probing ultra-high-Q modes in microcavities.(13, 14)
They function both in air and in water and from the visible through the near-IR.(1) They were
fabricated by heating F-SV optical fiber using an oxyhydric torch while stretching the fiber to an
average waist diameter of 500nm.(13)
To create the testing chamber, the UHQ microtoroids were placed on a high-resolution
translation stage and were monitored by two cameras (top and side view) simultaneously. With
the taper waveguide in close proximity to the microtoroid, pure water was added and a cover slip
was placed on top (Fig. S1), forming a water-filled microaquarium.(1) The gap between the
tapered optical fiber waveguide determines the amount of power coupled into the microcavity
and therefore could be determined using two techniques: by monitoring the gap using the top
view camera (Fig. S2A, B) and by monitoring the input power into the microcavity.(15) Tapered
optical fibers have previously demonstrated critical coupling (the condition when 100% of the
power is coupled and dissipated into the resonant cavity) using both microtoroid and
microsphere resonators.(15, 16) Therefore, these highly controllable waveguides are ideal for
this application where the sensitivity of detection is directly proportional to input power.
Solutions were injected into the aquarium and removed from the aquarium using a series of
syringes at one end.
Both the intrinsic Q and resonant wavelength were determined by monitoring the power
transmission spectra. The intrinsic Q factor was determined by scanning the wavelength of the
single-mode laser and measuring both the resonant power transmission and the loaded linewidth
(full-width-half-maximum) in the under-coupled regime. The intrinsic modal linewidth (and
hence intrinsic Q) is then computed using a resonator-waveguide coupling model. (13, 16) The
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position of the resonant frequency was determined by scanning the laser over a 0.03nm range
and recording the resonance position from an oscilloscope.
The theoretical values in Fig. 4 in the main text were calculated at Q=1x108 and Q=2x108.
However, achieving these precise Q factors experimentally is extremely difficult. The
experimental data was taken on a series of resonators; the variation in the Q factor was
approximately 25%.
This fact becomes significant in comparing the maximum shift in Fig. 3C and 3D. As noted in
the figure legend, the Q value used in the pure IL-2 experiment was higher than the one used in
the experiment in serum. This is not indicative of Q spoiling due to serum, but simply an artifact
of the difference between the toroids used in the individual experiments.

Biological materials
The antibody-antigen pair that was chosen for this initial demonstration was the Interleukin-2
(IL-2) antigen and its corresponding polyclonal antibody which were obtained from Invitrogen.
IL-2 is a cytokine released in response to immune system activation to extrinsic and intrinsic
stimuli.(17, 18) The general antibody-antigen sensitization procedure is shown in Fig. S3A: 1)
Protein G was bound to the surface of the toroid, 2) polyclonal IL-2 antibody was bound to the
toroid surface via the affinity of Protein G for the Fc region of IgG,(19) and 3) IL-2 solution was
injected into the bath surrounding the toroid. To perform the sensitization, first the microtoroid
was immersed in water and an ultra-high-Q resonance coupled-to using a tapered optical fiber
waveguide. Then the first solution (0.1µM Protein G) was added. After the Protein G formed a
monolayer on the surface of the microtoroid (which triggered a red-shift in the resonant
wavelength), the solution around the microtoroids was cleansed and refilled with fresh water.
Then the second solution (0.1µM IL-2 antibody) was added. After the antibody formed a
monolayer on the surface of the microtoroid (which triggered a second red-shift in the resonant
wavelength), the solution around the microtoroids was cleansed and refilled with fresh water.
Finally, the surface of the microtoroid was sensitized for IL-2 detection. A series of different IL2 concentrations were used. Each solution was injected using a unique syringe, and the volume
around the microtoroids was cleansed in between injections.
To perform single molecule measurements, the 3x10-16 M (300aM) solutions were used. At this
concentration level, a low frequency of molecular binding events on the whispering gallery is
expected. As each solution was added, the resonance position was recorded using an automated
data acquisition system until the 1mL syringe was empty. The solution around the toroid was
then cleansed by removing the ambient solution and replacing it with fresh water. Control tests
were performed using either pure water or at dilution limits so low so as to make it unlikely for
binding events to occur reliably. In these control tests either no shift (pure water) or infrequent
shifts (extremely low dilution) were observed.
Additional proteins which were used in this study included: streptavidin, two distinct IL-2
antibodies, Cy5-labeled antibody, Protein G and QSY-21. (20, 21) Unique surface attachment
protocols were developed for each of these proteins.
The streptavidin was specifically bound to the resonator using a biotin attachment (Fig. S3B).
(22) In this protocol, 0.1 µM Biotin was attached to the surface of the microtoroid using physioadsorption.
After the Biotin formed a monolayer on the surface of the microtoroid (which
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triggered a red-shift in the resonant wavelength), the solution around the microtoroids was
cleansed to remove any free/unbound Biotin and refilled with fresh water. Then the streptavidin
solution (300aM for the single molecule experiments) was added.
The polyclonal IL-2 antibodies and the Cy5-labeled antibody were attached to the toroid by first
adsorbing Protein G onto the toroid, then binding the antibody to the Protein G. The microtoroid
was exposed to a 0.1µM solution of Protein G which bound via physio-adsorption to the surface.
The solution around the toroid was cleansed with fresh water to remove any free/unbound
Protein G. The antibody or fluorescently labeled antibody was then injected into the volume.
300aM solutions were used for the single molecule experiments.
The QSY-21 was attached to the surface of the microtoroids using physio-adsorption. For the
single molecule experiments, a 300aM solution was used.
To demonstrate detection in a more complex environment, we chose detection of Interleukin-2
(IL-2) in fetal bovine serum (FBS). An overview of the experimental outline is contained in Fig
S4.While the Protein G surface functionalization is not ideal for detecting in serum because
Protein G binds to other components in serum, the toroid can overcome this limitation because of
the detection mechanism. Unlike conventional techniques, such as fluorescence which detects a
single signal, the toroid is continuously detecting the resonant wavelength and is continuously
providing information about its environment. Therefore, after the toroid is exposed to the pure
serum which binds to any exposed Protein G, the zero point is re-set. The detection technique
was identical to that outlined previously. The fetal bovine serum was diluted 10-fold to reduce
its viscosity. Additional solutions using 10-fold diluted fetal bovine serum (FBS) doped with
[300, 600, 900]aM of IL-2 were also prepared. The toroid was exposed to the pure serum twice:
once to reset the zero position, and a second time for comparison with the solutions contained
IL-2. This data is shown in Figs. 3B and 3D in the main text.

Thermal Stabilization
Owing to the ultra-high-quality factors of toroidal microcavities, these devices tend to be
sensitive to thermal effects.(23, 24) It has previously been shown that these effects can be used
to thermally lock a microcavity to a laser source(25) or thermo-optically tune the resonant
wavelength of the microcavity.(26) When performing ultra-sensitive biological and chemical
detection experiments with microcavities, the detection event is determined by monitoring the
resonant wavelength and lineshape.(27, 28) Therefore, it is important to optimize the stability of
the resonant wavelength under ambient conditions.
When detection experiments are performed, the entire microcavity is immersed in an aqueous
environment (Fig. S1).(1) This experimental set-up is very different to previous studies in air for
several reasons. Because both silica and air have negative thermo-optic coefficients (dn/dT),
these microcavities generally experience wavelength red-shifts in air when optical power is
applied.(23) However, the thermo-optic coefficient of water is positive.(29) It is possible to use
this effect to neutralize the overall thermal shift produced by the circulating power heating of
both the silica and the surrounding water. The condition of neutrality occurs for a specific spatial
overlap of the whispering gallery mode with the water and can be computed using a COMSOL
Multiphysics 3.2 finite element code with the Chemical Engineering Module.
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This overlap, in turn, corresponds to a specific whispering-gallery diameter. If the system moves
away from this neutrality condition (i.e., toroid diameter is too large or too small), then the
resonant wavelength either red-shifts (diameter is too large and silica component of index shift is
dominant) or blueshifts (diameter is too small and water component of index shift is dominant).
While this effect is present in all microcavity devices, it would be most apparent in an ultra-highQ cavity, due to the high circulating intensities present, which would lead to higher temperature
gradients.
To experimentally verify this effect and to demonstrate the neutrality condition, a series of ultrahigh-Q microtoroids with a range of major and minor diameters (Fig. S5) were fabricated.(2)
The microtoroid resonators are an ideal platform to study this effect as the major and minor
diameter can be very accurately controlled during the photolithographic fabrication process.
This control allows for precise “dialing in” of the modal overlap with the aqueous environment
and demonstration of the neutrality condition. Plots showing the fraction of circulating power
within the toroid versus minor diameter for a series of major diameters are provided in Fig. S6.
Measurements of the resonator wavelength and resonance shift were performed as detailed
previously. For large diameters, the resonant wavelength is observed to red-shift as the coupled
optical power is increased (Fig. S7). However, as the modal overlap with the water increases
(the major diameter decreases), the resonant wavelength begins to blue shift when the power is
increased. A close-to-neutral-shift toroid is also observed in Fig S7 (major diameter of 80
microns). The theoretical prediction based on the COMSOL model is shown as dashed lines in
Fig. S7. There is excellent agreement between the experimental data and the finite element
modeling across all major and minor microtoroid diameters and input powers.
Finally, it is important to distinguish this neutrality condition and its underlying physics from the
opto-thermal effect used to detect single molecule shifts. In particular, the neutrality condition
creates a balance in contributions to resonator optical path length changes produced by heating of
the water and the silica. This balance does not, however, negate the thermal-induced shift created
by local heating of a bound molecule.

Statistical Analysis
Data showing the resonance position as a function of time is presented in Fig. S8 for three
concentrations [100, 300, 600]aM of IL-2. This data is reproduced from Figure 3A in the main
text. As expected, the slope of this line changes with concentration because it is proportional to
the average binding rate. At the data acquisition rate used in these experiments, individual
binding events can be resolved.
If the probability of observing a single molecule event is time independent, it can be
approximated as a Poissonian process. In Fig. S9, the number of “no binding events,” N, is
measured using raw data such as in Fig. S8. For a Poissonian process the relation ln(N)=ln(No) t/τ is expected to hold for all concentrations (C) and injection rates where single molecule events
are resolvable. No in this expression is the total number of events sampled and 1/τ is the average
rate. This relation was verified for a series of concentrations (Fig. S9A), and the linear relation
between τ and inverse concentration (C-1) is observable in Fig. S9B.
At higher concentrations, the probability of seeing multiple events in a single time interval
increases, since the data acquisition rate is constant. Figure S10 is a histogram showing binding
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count versus shift at a higher concentration. The data in Fig. 3C of the main text shows a
maximum shift that is independent of concentration, which, as noted in the main text, results
from single molecule binding at the equatorial plane. In Fig. S10 this cutoff is replaced by a
“tail” in the histogram, indicating the presence of events in which multiple binding has occurred
within the data collection sampling time.

Detection Mechanism
As noted in the text, the majority of biological molecules have minimal impact on the cavity Q
factor, and therefore the Q remains relatively constant throughout a single molecule experiment.
However, if a highly absorbing molecule is used, such as a fluorescent dye, then the Q will
decrease. This decrease can be directly incorporated into the thermo-optic detection mechanism
by adding the molecule in as an additional loss mechanism where the molecule contributes to the
contamination loss:
−1
−1
−1
−1
−1
Qtot
= Qmat
+ Qss−1 + Qrad
+ Qcoup
+ Qcont
(S1)
where Qmat is material loss, Qss is surface scattering loss, Qrad is whispering gallery loss, Qcoup is
coupling loss, and Qcont is contamination loss. (30) When a highly absorbing molecule is used,
the decrease in the quality factor from the initial Q (Qi) to the Q after binding (Qf) can be
predicted according to the following formula:
Q Q
Qf = m i
(S2)
Qm + Qi
where Qm is the quality factor of the ideal resonator with no other loss mechanism than that
induced by a single molecule bound to the whispering gallery. Molecules that have very high
cross sections induce low Qm values.
Concerning the photo-thermal-induced wavelength shift, it is actually Qf that is important in
determining this shift as the steady-state circulating intensity is determined by this value.
Replacing Q in equation (1) of the main article with the expression above, the new expression for
δλ upon binding of a single molecule of cross section σ is:
r 2
u (r ) r
σλ dn dT Qm Qi
⎡ δλ ⎤
(S5)
⎢ λ ⎥ = 8π 2 n 2κV Q + Q P ∫ rr + ε dr
⎣ ⎦ SM
m
i
It should be stressed that the thermo-optic mechanism is not limited to ultra-high-Q silica
resonant cavities and can be generalized to other lower-Q resonant cavities, provided that power
levels are substantially boosted to overcome the reduced Q. Thus, the opto-thermal detection
mechanism is universal, as it can be applied across a wide range of molecules and optical
microcavities.(31-37)

In the majority of regimes (single molecule antibody and antigen experiments), this expression
will simplify to (1) because Qf and Qi are nearly identical. However in the present work there are
some experiments that require this more complex formula because the absorption cross sections
are sufficiently large and change the optical quality factor upon binding. Cy5 and QSY-21 are
examples. The saturation observable in the otherwise linear behavior within Fig. 4 of the main
text is one example of this effect. However, it is important to note that both of these molecules
are synthetic and would not be present in a natural environment, such as serum or lysate.

5

Single Molecule Photo-bleaching
In addition to the experiments detailed in the main text, a single molecule photo-bleaching
experiment was designed using a Cy5 labeled antibody.(38) While this fluorescent probe’s
absorption maximum is 645nm, the tail of the absorption overlaps with the 680nm resonance.
Therefore, it is possible to photobleach this dye using a 680nm excitation source. Detecting a
fluorescent species with an ultra-high-Q planar microcavity has been proposed previously but
had never been experimentally realized until now.(3)
The Cy5 labeled antibody was immobilized on the surface of the microtoroids as detailed above
and shown in Fig. S3. The resonant wavelength location in H2O was taken for 5 minutes after
being sensitized with Protein G. Then the Cy5 labeled antibody was injected into the bath
surrounding the microtoroid. It is important to note that the microtoroid only interacts with
molecules bound to the surface when it is on-resonance. Therefore, this experiment is analogous
to a pulsed-laser excitation of fluorescent molecules, not a continuous wave excitation
experiment, as is more commonly performed.(38) It has been shown that the fluorescent lifetime
of Cy5 is extended when it is excited using a pulsed diode laser in contrast to a continuous wave
laser.(20) Additionally, in this experiment, Cy5 is being excited at 680nm. At this wavelength,
the absorption of the dye is decreased by over 85% as compared to its maximum absorption
wavelength which is located around 645nm.(39)
Both the resonant wavelength shift and the optical quality factor were monitored in the
experiment. A low concentration solution was injected until a response was observed. This
concentration was selected based on prior results to ensure that only a few molecules would bind
to the whispering gallery. Initially, a step shift in wavelength and Q factor were observed as seen
in the data of Fig. S11. Cy5 has a large enough absorption cross section to cause a substantial
modification to the optical quality factor even in cases where only a single molecule binds. As
shown in Fig. S11 (a and b), over time a sequential bleaching is observed, suggesting that two
Cy5 molecules are observed. Estimates of Q shifts for binding of two Cy-5 molecules are in the
range of the observed initial Q shift, furthering suggesting that the bleaching data are
representative of individual molecules. It should be noted that the resonant shift does not return
to zero or the initial position. The existence of this residual shift is further evidence that the Cy5
was photo-bleached and did not simply detach from the surface of the cavity.
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Figure S1: The detection set-up consisted of an ultra-high-Q microtoroid resonator coupled to a
low-loss tapered optical fiber. In the rendering, the microtoroid resonator is shown operating onresonance, when light is coupled into the whispering gallery mode of the microcavity. Solutions
were added into the micro-aquarium surrounding the resonator via a series of syringes at one
end.

Figure S2: The microtoroid optical resonator coupled to a tapered optical fiber. (A) An optical
micrograph of the microtoroid immersed in water coupled to a tapered optical fiber. (B) A
rendering showing the microtoroid resonator coupled to a tapered optical fiber and highlighting
the location of the whispering gallery mode in the microtoroid resonator.
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Figure S3: Two different sensitization techniques were employed: (A) antibody-antigen and (B)
biotin-streptavidin. (A) The sensitization process for the antibody-antigen pairs has four steps: i)
placing toroidal resonator in water, ii) coating the silica surface of the microtoroid with Protein G
(red), iii) attaching polyclonal anti-IL-2 (blue) to the Protein G, and iv) specifically binding
human IL-2 (green) to the polyclonal antibody. Protein G was a necessary intermediate because
it attached the antibody to the surface of the resonator with the antigen binding sites facing the
aqueous environment. The polyclonal antibody enabled targeted, label-free detection of IL-2.
(B) The process for the biotin-streptavidin detection has three steps: i) placing toroidal resonator
in water, ii) coating the silica surface of the microtoroid with Biotin (red), and iii) specifically
binding streptavidin (blue) to the biotin.
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Figure S4: Surface sensitization and experiment outline: i) immerse toroid in water, ii) expose to
Protein G (red), iii) Expose to anti-IL2 (blue), iv) expose to pure serum (various components in
serum will bind to protein G, indicated by triangles), v) expose to series of serum solutions
containing known amounts of IL-2 (green).

Figure S5: Scanning electron micrograph which highlights the geometry of the microtoroid and
identifies the major (D) and minor (d) diameters which were varied to achieve the neutrality
condition.
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Figure S6: FEMLAB modeling of the optical mode in the toroid at a series of major and minor
diameters. Modeling was performed at discrete microtoroid major/minor diameters. Lines were
added to show the overall trend based on the modeling. Plot shows the power overlap with the
dielectric microcavity versus minor diameter and with major diameter as a parameter.

Figure S7: Measured tuning of the whispering gallery mode versus coupled optical power. Each
data set corresponds to the major and minor radii indicated (in microns). Larger radii experience
a red shift while smaller radii experience a blue shift with increasing coupled power. At a
diameter of about 80 microns, the neutrality condition is observed. The dashed lines are the
predictions based on the model.
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Figure S8: The position of the resonance wavelength as a function of time at three different IL-2
concentrations. As molecules bind to the surface, the resonant wavelength position jumps,
creating the steps seen. When the concentration is increased, the general slope of the trace
increased because the number of binding events increased. It is important to note that discreet
binding events are resolved at this data acquisition rate. Reproduced from Figure 3A in the main
text.
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Figure S9: The number of non-events vs. time for a series of IL-2 concentrations. (A) As the
concentration increases, the time between unique events decreases. (B) A plot of τ, as inferred
from the slopes in part A, versus inverse-concentration verifies the expected linear dependence.
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Figure S10: A histogram of an 1800aM IL-2 solution showing the breakdown in the behavior
that was seen in the lower concentration data in Fig. 3C and 3D of the main text. This data was
part of a series of measurements used to determine the optimum balance between data
acquisition rate and IL-2 concentration. As the concentration is increased beyond a threshold,
multiple binding events occur in a single measurement sampling time period. The bin size in this
plot is 0.002pm.
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Figure S11: Cy5 labeled antibody photo bleaching data. (A) Photobleaching of two Cy5
fluorescent molecules. Binding of two Cy5 fluorescent labeled antibodies produces, at first, a
red shift in the resonant wavelength, followed by two, sequential, blue-shifts versus time as the
two Cy5 molecules are photobleached. (B) Coincident with the observed wavelength-shifts is a
decrease and then sequential recovery of the microtoroid’s quality factor.
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