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ABSTRACT: Recently we reported the detection and sizing of the smallest
RNA virus MS2 with a mass of 6 ag from the resonance frequency shift of a
whispering gallery mode-nanoshell hybrid resonator (WGM-h) upon
adsorption on the nanoshell and anticipated that single protein above 0.4 ag
should be detectable but with considerably smaller signals. Here, we report the
detection of single thyroid cancer marker (Thyroglobulin, Tg) and bovine
serum albumin (BSA) proteins with masses of only 1 ag and 0.11 ag (66 kDa),
respectively. However, the wavelength shifts are enhanced beyond those
anticipated in our earlier work by 240% for Tg and 1500% for BSA. This
surprising sensitivity is traced to a short-range reactive ﬁeld near the surface of
our Au nanoshell receptor due to intrinsic random bumps of protein size,
leading to an unanticipated increase in sensitivity to single protein, which grows
larger as the protein diminishes in size. As a consequence of the largest signalto-noise ratio in our BSA experiments (S/N ≈ 13), we conservatively estimated
a new protein limit of detection for our WGM-h of 5 kDa.
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Alternatively, an optical WGM microcavity driven by
waveguide allows the label-free detection of bionanoparticles
in an all photonic fashion and can be generated by
lithography.5,6,11 Detection is mainly based on monitoring the
change in free space resonance wavelength (wavelength shift,
ΔλR) upon adsorbing a bionanoparticle to the microcavity.
However, detection and sizing of the smallest bionanoparticles
one at a time using bare microcavities has been frustrated for
lack of suﬃcient sensitivity.12 Consequently, the bare microcavity approach has given way to hybrid microcavities using
nanoplasmonic-enhancing-epitopes.13 A typical resonance line
width of the hybrid microcavity is easily one hundred thousand
times smaller than the width of a LSPR, thereby aﬀording the
WGM-h with a distinct advantage.
Recently we reported the detection and sizing of the smallest
RNA virus MS2 with a mass of 6 ag14 by constructing a hybrid
microcavity with a single gold nanoshell attached to the equator
of a microspherical dielectric resonator operating in a WGM.15
By driving this WGM-h near the nanoshell’s dipole plasmon
resonance, wavelength shift steps were observed upon the
adsorption of MS2 to the surface of the nanoshell which were

ingle protein (molecule) detection provides rich and
critical molecular information in fundamental biochemical
research and biomedical applications.1,2 Traditionally, single
molecule detection relies primarily on ﬂuorescence microscopy,
which requires sophisticated instruments and complicated dyelabeling processes that may adversely aﬀect a molecule’s
functionality.3,4 In contrast to this, label-free detection of single
bionanoparticles (e.g., virus, protein) allows these particles to
be detected in their native state (i.e., without interference from
ﬂuorescent labels)5,6 with interactions potentially able to be
followed in real time.7 Size/mass information can be extracted
from the measured signals. In 2010, Mayer et al8 identiﬁed
single IgG antigen (molecular weight 150−160 kDa) unbinding
events in a statistical way (signal-to-noise ratio, S/N ∼ 1) from
the antibodies anchored to a gold bipyramid. In 2012, Ament et
al9 demonstrated the detection of a larger protein Fibronectine
(450 kDa) in real time using a nanorod with a S/N not
exceeding ∼4. A major diﬃculty was that the line width (δλR ∼
50 nm) of the localized surface plasmon resonance (LSPR) was
considerably larger than the average shift (ΔλR ∼ 0.3 nm).
Later, Zijlstra et al.10 demonstrated the detection of smaller
single proteins (Streptavidin, 53 kDa) by adsorbing to a gold
nanorod using a photothermal microscope technique with S/N
∼ 1.5. This technique required a great deal of free-space optics,
and it is diﬃcult to see how it can be easily multiplexed.
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enhanced by 70× beyond those of the bare microcavity, thereby
allowing the virus to be detected and sized (27 nm diameter)
based on the assumption of a smooth shell surface. Although
subattogram single protein detection was anticipated, the
signals should have challenged our existing limit of detection
(LOD) of 0.4 ag.14 Here we report the detection of single
thyroid cancer marker (Thyroglobulin, Tg) and bovine serum
albumin (BSA) proteins with masses only 1 and 0.11 ag (66
kDa), respectively. However, the wavelenth shifts are enhanced
beyond those anticipated in our earlier work by 240% for Tg
and 1500% for BSA. This surprising sensitivity is traced to a
short-range reactive ﬁeld near the surface of our Au nanoshell
receptor due to intrinsic random bumps16−19 with heights (4−
Figure 3. Enhancement in intensity just above hemispherical bumps of
diﬀerent radii (ab) on a gold nanoshell (inner radius r1 = 60 nm and
outer radius r2 = 71.5 nm) at the dipole resonance of the nanoshell at
780 nm (blue and red) and enhancement above the smooth nanoshell
(black). All separations d are measured from the nanoshell surface
along the dashed line (---) shown in inset.

Figure 1. Illustration of a BSA protein adsorbing at the surface of a
bump on a nanoshell, attached to a dielectric microcavity. The eﬀective
overlap between the enhanced near ﬁeld intensity of a bump decorated
nanoshell and a protein dielectric proﬁle leads to enhancement in
WGM-h wavelength shift upon adsorption that is well beyond that
expected from a smooth shell attached to the same microcavity.

Figure 2. TEM images of silica core-gold nanoshells.

10 nm) comparable to a protein size (Figure 1). The overlap
between these short-range reactive ﬁelds and a single protein
adsorbing to a bump leads to the unanticipated increase in
sensitivity.20 In what follows, we will describe our WGM-h and
protein sample preparation, construct a model for understanding such an enhancement mechanism, and present data
demonstrating single protein detection that utilizes this
mechanism.
Our hybrid microcavity consists of a gold nanoshell
assembled by light-forces to the equator of slightly oblate silica
microsphere supporting a traveling WGM with transverse
electric (TE) polarization. The schematic of our experimental
setup and method for attaching a single gold nanoshell to a
microcavity can be found elsewhere.14 In brief the WGM-h and
a tapered ﬁber contacting the resonator are embedded in a

Figure 4. (a) Resonance wavelength shift curve (upper) shows steps
associated with single Tg protein adsorbing to the gold nanoshell
attached at the equator of WGM resonator with R ∼ 35 μm. Insets
show a microscopic image of the WGM-h and its resonance spectrum.
The lower trace shows the background without protein or the gold
nanoshell (rms noise ∼ 1 fm). Points were taken 1/5 s apart while
maintaining a bandwidth of ∼103 Hz. (b) The combined step number
statistics obtained from two experiments on these proteins.

microﬂuidic polydimethyl siloxane (PDMS) channel. A guided
wave in the ﬁber generated by a tunable distributed feedback
laser evanescently drives the resonator near 780 nm. In order to
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Figure 5. (a) FEM simulation of the parking of Tg protein at a bump of radius 10 nm on the surface of a nanoshell with r1 = 60 nm and r2 = 71.5
nm. The ﬁeld intensity at the interface between the bump and protein rises to 2315× the incident ﬁeld as indicated by the rainbow scale on the left.
(b) The magniﬁed image of the protein on the bump.

Therefore it can be controlled by reducing the concentration
of the sample. So far researchers have reported aggregation
eﬀects at larger protein concentrations (>1 mg/mL).21,22 We
prepared protein solutions in deionized water with the
concentration of 300 fM (∼0.2 ng/mL). Therefore, the
probability of forming aggregates is substantially lower in our
solutions. It is to be noted that our concentration was 106 times
lower than that used in the previous single protein detection
experiment.10 The mean isoelectric point of Tg and BSA are 4.5
and 4.7, respectively. This leads to negative charge on their
surface in water at our pH ∼ 7. Since our gold nanoshell has
negative charge on its surface, these proteins are repelled from
the nanoshell’s surface unless there are strong attractive light
forces.7,13,24,25 To aid these forces, the microﬂudic channel14 is
brought to a salt (NaCl) concentration of 30 mM to increase
the conductivity of the solution and thereby reduce the range of
the electrostatic ﬁelds emanating from the silica−water and
gold−water interfaces.
The basis for our model associated with enhancement
beyond what is possible from a smooth nanoshell is motivated
by the actual character of the gold surface. Gold nanoshells
(Nano Spectra Biosciences) obtain a rough nature due to
synthesis from colloidal gold nanoparticles that are added to the
surface of a silica nanosphere. The nanoshells used in our
experiments have an average shell thickness of ∼11.5 nm from
spectroscopic data14 and were further characterized by
transmission electron microscopy (TEM). As Figure 2 shows,
although a typical nanoshell has nominal diameter of ∼143 nm

Figure 6. Resonance wavelength shift curve (upper) shows steps
associated with single BSA protein adsorbing to the gold nanoshell
attached at the equator of WGM resonator R ∼ 32 μm. Insets show
the maximum step associated with this protein and the spacing ﬁlling
model of BSA protein. The lower trace shows the background without
protein or the gold nanoshell (rms noise ∼ 1 fm). Points were taken
1/5 s apart while maintaining a bandwidth of ∼103 Hz.

avoid nonlinear eﬀects the power injected into the ﬁber is low,
50 μW.
Tg and ultra pure BSA were obtained from Sigma Aldrich
(product no. T1001) and Ambion (cat. no. 2618), respectively.
At constant temperature and pH, the rate of aggregation mainly
depends upon the initial monomeric concentration.21−23

Figure 7. (a) FEM simulation of the parking of BSA protein at a bump on the surface of a plasmonic nanoshell with r1 = 60 nm and r2 = 71.5 nm.
The ﬁeld intensity at the position of the protein rises to 2776× the incident ﬁeld as indicated by the rainbow scale on the left. (b) The magniﬁed
image of the protein on the bump.
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virus particles, since they are considerably larger. We have
veriﬁed through FEM simulations that the smallest virus (MS2)
has its wavelength shift signal increased by only 25% beyond
the eﬀect of a smooth nanoshell enhancement upon adsorption
to a 10 nm bump. Since the wavelength shift is proportional to
the cube of the viral radius,14 no more than a 8% error results in
the size, which explains why the enhancement due to roughness
was not apparent in our previous experiment on MS2.14 In
what follows, we present the experimental data on the Tg
thyroid cancer marker.
Before recording dip trace characteristics of the WGM-h, we
adsorbed Tg protein onto a bare microcavity. A wavelength
shift binding curve was recorded characteristic of nonspeciﬁc
adsorption with no detectable steps. Next, we carried out the
same experiment with a WGM-h of radius R ∼ 35 μm. A
portion of a typical dip trace is displayed in the upper curve in
Figure 4a. The clear steps indicate the adsorption of single Tg
proteins on the nanoshell with the gradually increasing
background due to adsorption of protein on the silica surface.
Step heights were quantiﬁed by using a derivative algorithm.29
The wavelength step height statistics accumulated from two
diﬀerent experiments are shown in Figure 4b. A total of 40
steps were recorded over 4000 s in the two experiments with a
maximum step height of 22 femtometers (fm). Adsorption of
individual protein at the equator of the bare microcavity of the
same radius produces a theoretical shift27 of ∼0.06 fm, which is
well below the RMS noise (1 fm). Using eq 1, the expected
shift for the single protein adsorption to a smooth-shell
attached to the microcavity (R = 35 μm) is ∼6.5 fm with
enhancement in wavelength shift ξsmooth shell ∼108, below the
maximum measured step height of 22 fm, by factor ∼3. This
clearly indicates an additional enhancement for which a
roughness hypothesis associated with bumps will be shown to
be both reasonable and unavoidable.
To investigate the inﬂuence of a bump on the wavelength
shift, FEM simulations were carried out for a single protein
adsorbed to a bump on the nanoshell using eq 1. Figure 5a
shows the result at 780 nm for a model Tg protein30 (prolate
spheroid, semimajor axis 11 nm, radius 5.5 nm, refractive index
1.5) adsorbed to a bump of radius 10 nm at the highest
intensity point on a nanoshell with r1 = 60 nm and r2 = 71.5
nm. It can be seen that the intensity at the bump surface is
distinctly enhanced relative to the nanoshell surface with a
calculated wavelength shift enhancement ξbump ∼ 245. On this
basis, two-thirds of the experimental enhancement is explained,
and a lot larger enhancement is anticipated by generating a
larger overlap between a smaller protein proﬁle and the same
bump intensity. In what follows, we present experimental data
on a much smaller protein.
A further experimental rationale for attempting to detect a
smaller protein is that the S/N in the Tg experiments was high
(22:1). With extreme care to avoid protein clusters as described
earlier we next looked at BSA which has a mass one tenth that
of Tg. As a control, a wavelength shift binding curve was
recorded using a bare cavity with R ∼ 32 μm, which resulted in
a characteristic nonspeciﬁc binding curve with no detectable
steps. Next, we carried out the same experiment with a WGM-h
for which the dielectric microsphere had a similar radius to that
in the control experiment. Clear steps associated with BSA
protein were recorded as shown in Figure 6 (upper curve). A
total of 22 steps were recorded over 5000 s in two experiments
with step heights ranging from 7 to 13 fm (shown in inset of
Figure 6). Adsorption of individual BSA protein at the equator

they are covered with distinct bumps having heights ranging
from 4 to 10 nm. The eﬀect which such bumps have on the far
and near ﬁeld of a nanoshell has been investigated over the past
decade.16−19
Oubre and Norlander theoretically predicted that these
random bumps hardly inﬂuence the LSPR wavelength of a
nanoshell.26 Modiﬁcation of electrical ﬁeld intensity at the
surface of a nanoshell in the presence of several random bumps
was investigated using ﬁnite element method (FEM) to
understand the averaged surface enhanced Raman scattering
(SERS) signal of several molecules adsorbed to that nanoshell.18 The expected SERS signal strength was proportional to
the surface integrated quadratic ﬁeld of a nanoshell (∫ |E|4ds)
and was enhanced by a small factor (∼4) due to the random
bumps. Talley et al.18 pointed out that the largest contribution
to the surface average SERS signal should be associated with
adsorption on convex nanobumps. In what follows, we will
show in an elemental way that this insight also leads to a
mechanism for added enhancement of a WGM-h resonator,
allowing single protein to be detected by such a device for the
ﬁrst time.
Unlike SERS the expected WGM wavelength shift signal due
to the single protein adsorption events mainly depends on the
intensity (|E|2) at the surface of that bump. Therefore, FEM
simulations (Comsol) were carried out to investigate the
enhancement just above a bump located at the highest intensity
point of a “smooth” shell. For our shells, the highest intensity
point at 780 nm (dipole resonance) occurs in the forward
direction by 15°. Consequently, we have placed a bump at this
location in order to estimate the maximum local ﬁeld
enhancement (Figure 3). As can be seen, for 4 and 10 nm
radius bumps on a nanoshell (silica core radius r1 = 60 nm and
shell radius r2 = 71.5 nm) the intensity enhancement increases
by ∼700% and ∼840%, respectively, at the surface of the bump
in comparison with the smooth-shell.
Now the major question is: how large is the inﬂuence on the
WGM wavelength shift signal due to the enhanced local ﬁeld
on the bump surface? This can be answered based on the
reactive sensing principle (RSP)7,27,28 for which a wavelength
shift ΔλR smaller than the resonance line width is proportional
to the excess polarization energy of the analyte. Therefore, the
enhancement in wavelength shift (ξ) as represented by the ratio
of the shift due to adsorption on the nanoshell epitope to that
just outside a bare portion of the microcavity equator is
ξ=

∫ Δε(E b·Ea*)withshell dVanalyte
(ΔλR )withshell
=
(ΔλR )withoutshell
∫ Δε(E b·Ea*)withoutshell dVanalyte
(1)

where Δε = εd − εm, εd is the relative permittivity of the
analyte, εm is the permittivity of the medium, Eb·Ea* is the
product of the ﬁeld before the analyte insertion with that after
the analyte insertion, and Vanalyte is the volume of the analyte.
Since this shift is referenced to one and the same underlying
high quality (Q) bare microcavity, ξ is independent of
losses.14,15 The numerator of the eq 1 depends upon the
overlap between localized near ﬁeld intensity of the bump and
the form of the adsorbed analyte. Since the bump radius ab is
on the order of a protein size (∼5 nm), and the local intensity a
distance s above the bump drops oﬀ roughly as ∼[ab/(ab + s)]6,
there is eﬀective overlap between the near ﬁeld intensity of a
bump and a protein dielectric proﬁle. However, the local ﬁeld at
the bump hardly inﬂuences the wavelength shift signal due to
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of the bare microcavity of the same radius produces a
theoretical shift27 ∼0.006 fm. Using eq 1, the expected shift
for the single protein adsorption to a smooth-shell attached to
the microcavity of same radius is ∼0.8 fm (ξsmooth shell = 138).
This clearly indicates that the bumps eﬀectively inﬂuence the
wavelength shift signal. FEM simulations were carried out on
BSA protein adsorbed at a bump (ab = 10 nm). Figure 7a shows
the result at 780 nm for a model BSA protein27,31 (short
cylinder diameter 6.8 nm, height 3.4 nm, refractive index 1.5)
adsorbed to a bump at the highest intensity point on a
nanoshell.
The value of ξbump obtained from this simulation is ∼635 as
compared with ∼245 for Tg. Therefore, BSA protein adsorbed
on a 10 nm bump produces theoretical shift 635 × 0.006∼4 fm,
which agrees well with our smaller observed steps in the BSA
experiment.
In conclusion, we have successfully demonstrated the
detection of single Tg and BSA proteins using our hybrid
microcavity. The signal-to-noise ratios in the experimental
results associated with these proteins are 22:1 and 13:1,
respectively. From the S/N in the BSA experiment we
conservatively estimate the protein limit of detection (LOD)
in our WGM-h to be the mass of BSA divided by 13, or ∼0.008
ag (5 kDa). Consequently, it should be easy to detect single
protein markers of various dangerous cancers such as breast
cancer (290 kDa), lung cancer (176 kDa), liver cancer (70
kDa), and melanoma (84 kDa).
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