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ABSTRACT: Recently exosomes have attracted interest due to
their potential as cancer biomarkers. We report the real-time,
label-free sensing of single exosomes in serum using microtoroid
optical resonators. We use this approach to assay the
progression of tumors implanted in mice by specifically
detecting low concentrations of tumor-derived exosomes. Our
approach measures the adsorption of individual exosomes onto a
functionalized silica microtoroid by tracking changes in resonant
frequency of the microtoroid. When exosomes land on the
microtoroid, they perturb its refractive index in the evanescent
field and thus shift its resonance frequency. Through digital
frequency locking, we are able to rapidly track these shifts with
accuracies of better than 10 attometers (one part in 1011).
Samples taken from tumor-implanted mice from later weeks generated larger frequency shifts than those from earlier weeks.
Analysis of these shifts shows a distribution of unitary steps, with the maximum step having a height of ∼1.2 fm, corresponding to
an exosome size of 44 ± 4.8 nm. Our results demonstrate the development of a minimally invasive tumor “biopsy” that eliminates
the need to find and access a tumor.
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Exosomes are small (∼30−100 nm) vesicles1 that are shed
by tumor cells into the bloodstream and, as such, are

potential cancer biomarkers and intercellular communica-
tors.2−4 Noncancerous blood serum samples analyzed via
nanoparticle tracking analysis (NTA) have been shown to
contain a large number of exosomes, with one report indicating
3 × 106 exosomes per microliter2 and another indicating 109

exosomes per microliter.5 Rapid detection and quantification of
low concentrations of exosomes can enable early detection of
disease and provide information about its progression.6

Fluorescent techniques such as stimulated emission depletion
microscopy (STED)7 and photoactivated localization micros-
copy (PALM)8 have sensitivity to fluorophores at very low
concentrations; however, labels are inconvenient, are not always
possible to obtain for a particular application, are costly, and
can introduce artifacts and limitations due to bleaching and
blinking.9,10 Current label-free sensing techniques such as
nanoparticle tracking analysis11 rely on the statistical analysis of
large numbers of particles for particle detection and sizing
(typical concentrations on the order of 1010 particles/mL).12,13

Photonic crystals have been shown to detect bovine serum
albumin at 10−13 M concentrations.14 Differential heterodyne
detection has been shown capable of detecting individual
viruses.15 Other label-free techniques such as lens-free holo-
graphic microscopy16,17 can detect individual 40 nm particles,
but not in solution.

Due to their small size and refractive index close to that of
water, individual exosomes are challenging to detect in aqueous
solution.1 Recently fluid-filled nanomechanical cantilevers have
been used to detect exosomes through changes in mass;
however their lower detection limit in terms of number of
exosomes is on the order of 10 000 exosomes.18 In addition, a
technique based on surface plasmon resonance through a
functionalized nanohole array (nPLEX)19 was used to sense no
fewer than ∼3000 exosomes.
We have recently developed a label-free biosensing system

called frequency locking optical whispering evanescent
resonator (FLOWER) (Figure 1) that can detect single
molecules in real time.20 FLOWER is based upon optical
resonator technology. Optical resonators21−23 such as micro-
spheres24 and microtoroids25,26 have enhanced sensitivity over
techniques such as surface plasmon resonance, as light orbits
their circumference many (>100 000) times, each time
interacting with the analyte molecule(s) and generating a
measurable signal output. In FLOWER, light is evanescently
coupled into a glass microtoroid optical resonator using an
optical fiber (Figure 1a). This light totally internally reflects
inside the rim of the microtoroid, generating an evanescent
field. At the resonance frequency, light constructively interferes,
causing light recirculation and signal amplification. FLOWER
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detects changes in the effective index of refraction (defined as
the ratio of the index of refraction of the particle to the index of
refraction of its surrounding media) of the microtoroid as
particles enter its evanescent field. These index of refraction
changes are detected by monitoring corresponding changes in
the resonance frequency of the microtoroid.
What makes FLOWER different from other optical resonator

biosensing platforms is that instead of continuously sweeping
through a range of frequencies in order to locate the resonant
frequency, FLOWER adaptively tracks the resonant frequency
by locking the laser frequency onto the resonance of the
microtoroid (Figure 1b,d). This adaptive locking lowers noise
and also increases the sampling rate, thus permitting more
computational filtering of the data. In this way FLOWER can
more easily measure small discrete signal changes as particles
bind. By relating measured signal changes to established
theory,24 FLOWER can make size, mass, and polarizability
estimates of the bound exosome, thus providing further
information regarding the parent tumor, without the need to
find or access it.

■ RESULTS AND DISCUSSION

To test FLOWER’s ability as an exosome sensor for medical
diagnosis, athymic (nude) female mice (n = 5) born on the
same day were implanted with Daudi (human Burkitt’s
lymphoma) tumor cells for 5 weeks. Five mice were chosen
to determine whether a consistent correlation between the
tumor progression and measurable signal levels existed. One
microliter of serum from each mouse each week was diluted a
million-fold in 0.9% saline and sequentially flowed over a
microtoroid covalently functionalized with anti-CD81, an
exosome-specific marker.27 The sample cell (Figure 1c) was
flushed two times with 0.9% saline, and the exosome-containing
solution was introduced at a rate of 1 mL/min using a syringe

pump. To minimize physical disturbances in the sample
chamber, recordings were taken 30 s after the syringe pump
had been stopped.
Resonance frequency changes in the microtoroid as particles

bind were monitored using a photodetector by tracking dips in
the optical transmission of the optical fiber used to couple light
in the microtoroid. These transmission drops occur when the
frequency of light in the fiber matches the resonance frequency
of the microtoroid. The loaded quality factor Q of the
microtoroids, which includes the perturbation loss resulting
from the coupling fiber, ranged from 2 × 105−106 in solution.
Figure 2 shows recordings of the change in the resonance

wavelength of the microtoroid over time as exosomes bind to

Figure 1. Overview of frequency locked optical whispering evanescent resonator (FLOWER). (a) Rendering of a microtoroid with light being
evanescently coupled into it via an optical fiber. Particles bind to the rim of the microtoroid. (b) Block diagram of the sensing control system. A small
high-frequency dither is used to modulate the driving laser frequency. When multiplied by the toroid output and time-averaged, this dither signal
generates an error signal whose amplitude is proportional to the difference between the current laser frequency and resonance frequency. This error
signal is sent to a proportional-integral-derivative (PID) controller whose output is used to set the laser frequency, thus completing the feedback
loop. A computer records the observed frequency shifts. (c) Schematic of the sample cell from the side and top view. (d) We monitor changes in the
resonance frequency of the microtoroid by monitoring dips in the transmitted intensity of the optical fiber (blue trace) as particles bind. This dip in
the intensity of the optical fiber occurs when the frequency of light going through the fiber matches the resonance frequency of the microtoroid.

Figure 2. Exosome binding curves. Mice were implanted with human
Burkitt’s lymphoma tumor cells, and each week blood serum samples
were taken and later analyzed all together using FLOWER. The curves
shown here are from a single mouse. For each week we see an increase
in the response from the sensor corresponding to increasing exosome
levels. No significant signal was obtained from week 0. The data traces
are fit with a simple exponential (dashed red line) corresponding to
first-order kinetics.
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its functionalized surface. Although no apparent binding
occurred in response to the serum sample taken at week 0 at
the time the tumor was implanted, samples from later weeks
caused correspondingly greater shifts, indicating progression of
the tumor. We can fit our binding curves to first order kinetics
(y = a(1−e−bt)) (Figure 2).28 As a result, the binding rate at any
given time is proportional to the concentration of exosomes. Fit
parameters are summarized for samples taken from each mouse
in Figure 3a and b. At time t = 0, the binding rate given by the
derivative (initial slope) of the binding curve is equal to the
product (ab). Hence, this product (ab) can be used as a relative
measure of exosome concentration and is plotted in Figure 3c.
The steady-state value of the binding curve, plotted in Figure
3a, may also be used as a relative measure of concentration;
however, the initial slope of the curve (Figure 3c is a better
measure, as the standard deviation is smaller and the slope of
the curve is steeper. This makes the initial slope curve more
accurate at measuring smaller changes in concentration. Due to
the complex flow conditions of the sample cell, absolute
estimates of the exosome concentrations are difficult to obtain.
This may be solved in future devices by flowing in a calibration
solution of known concentration. A control experiment of a
mouse without a tumor (SFigure 2) showed no relative increase
in signal between samples taken from week 5 and week 1.
The ability to detect single exosomes as opposed to simply

detecting overall concentration enables more sensitive and thus
earlier detection of disease. Furthermore, being able to detect
and characterize individual exosomes would provide some
information regarding their cells of origin. A close inspection of
a binding curve (week 5, Figure 4a, SFigure 3) shows discrete

changes, or steps, in the resonance wavelength (λ) of the
microtoroid. These wavelength steps occur because as a particle
binds, the effective optical path length of the light within the
microtoroid undergoes a sudden increase as light couples into
the particle, causing the resonance wavelength of the
microtoroid to shift to a new location. Subsequent binding
events result in additional step shifts of the resonance
wavelength of the microtoroid. The amplitude of each
wavelength step shift depends on where on the resonator the
particle lands. The maximum value of the step height (Δλ)
(Figure 4b) for a given particle size occurs when that size of
particle binds at the equator of the microtoroid where the
electric field is greatest.29 This maximum step height is shown
in Figure 4b to be 1.2 fm and is directly related to particle size
by24
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where d is the diameter of a bound particle, a is the radius, Vm is
the electromagnetic mode volume of the microtoroid, D is a
dielectric factor calculated from the index of refraction of the
bound particle and the background solution and found to be
0.5 (Supporting Information), E0,max

2 is the electric field
intensity at the microtoroid’s equator, and E0

2(rs) is the
intensity of the electric field at the microtoroid’s surface. Vm
and E0,max

2 /E0
2(rs) are determined from finite element

simulations and were found to be 330 μm3 and 5.5, respectively.
We note that particles that bind to locations on the toroid’s rim
other than the equator will generate wavelength steps of smaller

Figure 3. Compiled exosome detection results from all (n = 5) mice reflect tumor progression. (a) Fitted steady-state values increase monotonically,
reflecting higher exosome concentrations at late stages. Center points represent the mean. Error bars represent the standard error of the mean. We
note that data were collected for all mice for all weeks, with the exception of one mouse, for which data were collected only for weeks 0−2 due to the
optical fiber breaking in the middle of the experiment. No blinding or randomization of samples was performed. (b) Rise times decrease
monotonically, although the trend is not as pronounced as in (a). The value for week 0 is recorded as zero, as the trace was effectively flat. (c) Initial
slope increases monotonically as more exosomes bind to the toroid per unit time.

Figure 4. Toroid response data to a solution containing blood from a mouse with a tumor implanted in it for 5 weeks. (a) Zoom-in of week 5 and
corresponding step-fit (red) and (b) histogram of step heights. Individual steps corresponding to the binding of individual exosomes may be seen.
Negative step amplitudes represent step down or unbinding events.
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amplitude, as the electric field intensity is lower in those
regions. These smaller step changes contribute to the overall
width of the step amplitude histogram. Here, only the
maximum step height corresponding to particles binding at
the equator is used in extracting particle size information. A
negative control of a binding experiment performed with a
mismatched antibody (anti-TMV) showed no permanent
binding steps (SFigure 4).
With the known refractive index of exosomes (n = 1.375)30,31

we are able to calculate the size of the exosomes detected here
as d = 44 ± 4.8 nm, consistent with the expected size range for
exosomes. Our error of ±4.8 nm was calculated on the basis of
calibration experiments using ∼40 nm diameter polystyrene
beads.20 From this datum, we calculate a root-mean-square
error of 16% (n = 19). As the polarizability of an exosome is
different from a polystyrene bead, we state this as an estimate
only.
This derived diameter of 44 nm agrees with the size range

found from nanoparticle tracking analysis data for the same
sample (SFigure 1). From the density (1.15 g/mL)30 of an
exosome, and assuming a spherical shape, this gives a mass of
57 ag or 3.4 MDa. The polarizability (αex) of the exosome is
equal to Da3 and may be calculated to be 6 × 10−24 m3.24

■ CONCLUSION

Our work demonstrates the detection and tracking of the
progression of a human tumor over time in a label-free fashion
from a small volume of serum using a microtoroid optical
resonator. We further demonstrate the label-free detection of
single exosomes in serum and determine their size, mass, and
polarizability. Such information provides insight into the tumor
of origin without having to find or access the tumor. We
anticipate that our results may provide the basis for a minimally
invasive tumor biopsy and assist in early disease detection from
a variety of samples.

■ METHODS

Microtoroid optical resonators were fabricated on a silicon chip
according to conventional procedures.26 The chip with the
microtoroid was mounted on a stainless steel sample holder
using double-sided tape. A sample chamber was created by
epoxying a custom-cut coverslip to a microscope slide segment
that was glued to the sample holder as a spacer (Figure 1c).
Light was evanescently coupled into the microtoroid using an
optical fiber that had been heated and thinned to allow for light
to evanesce out and enter the microtoroid. A balanced detector
was utilized to mitigate changes in signal (noise) due to power
fluctuations of the laser. A tunable diode laser (center
wavelength, 633 nm) was scanned in order to locate the
resonance wavelength of the microtoroid. The resonance
wavelength location of the toroid was deduced from a drop
in the transmission of the optical fiber that occurs at resonance.
The wavelength of the laser was then locked to the resonance
wavelength of the microtoroid using a frequency-locking
feedback controller (Toptica Photonics). The controller was
locked at a dither frequency of 2 kHz, and the peak was tracked
over a range of 632.5−637 nm. PID controller settings were set
according to Ziegler−Nichols tuning rules. As particles bind to
and change the resonant frequency of the microtoroid, the
amount of voltage (which sets the wavelength) that the
feedback controller applies to the tunable laser to stay locked to

the resonance wavelength of the microtoroid is recorded
(Figure 1). In this way particle-binding events are monitored.
Blood samples were spun down at 1200 rpm for 2 min. For

selective particle binding, the microtoroids were functionalized
with a custom-synthesized silane−PEG−maleimide linker.
Mouse monoclonal anti-CD81 was bound to the maleimide.
Prior to experiments, serum solutions were spun down in a
Mini-Galaxy centrifuge and diluted 1 to 106 in 0.9% saline.
Solutions from each week were thermally equilibrated for >1 h
in a room-temperature water bath and then briefly vortexed for
∼2 s. Diluted samples were then sequentially flowed into the
sample chamber at 1 mL/min using a syringe pump. Data
recording began 30 s after the syringe pump was turned off.
Particle binding “steps” were located via a step-finding
algorithm.32

Computer code and raw data are archived and may be
obtained through e-mail. Mouse monoclonal anti-CD81 was
obtained from Santa Cruz Biotechnology (sc-7637). Experi-
ments were approved by the California Institute of Technology
Institutional Biosafety Committee.
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