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Abstract: Phosphorylation is a post-translational modification
that is involved in many basic cellular processes and diseases,
but is difficult to detect in real time with existing technologies.
A label-free detection of phosphorylation is reported in real
time with self-assembled nano-oscillators. Each nano-oscilla-
tor consists of a gold nanoparticle tethered to a gold surface
with a molecular linker. When the nanoparticle is charged, the
nano-oscillator can be driven into oscillation with an electric
field and detected with a plasmonic imaging approach. The
nano-oscillators measure charge change associated with phos-
phorylation of peptides attached onto a single nanoparticle,
allowing us to study the dynamic process of phosphorylation in
real time without antibodies down to a few molecules, from
which Michaelis and catalytic rate constants are determined.

Phosphorylation is the addition of a phosphate group to
a protein at a specific site assisted with enzymes, namely
kinases. This important post-translational modification of
proteins is involved in almost all basic cellular processes,
including cell metabolism, growth, division, differentiation,
motility, and signaling,[1] and is closely related to various
diseases, ranging from inflammatory diseases, diabetes, neu-
rodegenerative diseases, and cancers.[2] Detecting and con-
trolling protein phosphorylation are thus critical to under-
stand the basic cellular processes and treat the related
diseases.[3] Traditionally, fluorescent-labeled antibodies are
used to detect phosphorylation. While useful, this approach
requires different antibodies for different phosphorylation
sites, and to date antibodies are available for only a small
fraction of the potential phosphorylation sites. Western blot[4]

and mass spectrometry[5] have also been developed to detect
phosphorylation. All these approaches are end point assays,
which cannot monitor the dynamic process of phosphoryla-
tion and extract important parameters, such as phosphoryla-

tion rate in real time. Other technologies, such as surface
plasmon resonance (SPR)[6] and quartz crystal microbalance
(QCM),[7] can measure molecular binding processes in real
time, but they are based on the detection of molecular mass
changes, which are difficult to detect phosphorylation that
involves a small mass change (ca. 100 Da). For the reasons
described above, direct monitoring of phosphorylation has
been a challenging task.[8, 9]

Herein we report a label-free detection of phosphoryla-
tion in real time with self-assembled nano-oscillators. Instead
of detecting mass change associated with phosphorylation,
the nano-oscillators measure the charge change on each
nanoparticle, allowing us to study phosphorylation of a small
number of peptide molecules. We have studied the dynamic
process of phosphorylation in real time without antibody,
from which Michaelis constant and catalytic rate constant are
determined. Because an array of nano-oscillators can be self-
assembled with a high density, and interrogated individually,
the method promises potential high throughput.

The basic principle of the self-assembled nano-oscillator
detection platform is illustrated in Figure 1a. Each nano-
oscillator consists of a Au nanoparticle anchored to a Au
surface with a flexible molecular linker. When the nano-
particle is charged, it can be driven into oscillation by
applying an electric potential to the Au surface, and the
oscillation amplitude is proportional to the charge on the Au
nanoparticle. Using a plasmonic imaging setup,[10] the oscil-
lation amplitude can be determined with an accuracy of
0.1 nm, corresponding to an effective charge of about 0.18
electrons on the nanoparticle.[11] To study phosphorylation,
we functionalize the nanoparticles with peptides containing
an active tyrosine residue (Supporting Information). Upon
introduction of kinase and ATP, a phosphate group is added
to the surface-bound peptide, resulting in a change in the
charge of the nanoparticle, which is monitored by detecting
the oscillation amplitude. By measuring the charge vs. time,
the kinetics of phosphorylation on each of the nanoparticles is
monitored in real time (Figure 1b).

The detection principle can be more precisely described
by analyzing the equation of motion of the nano-oscillators
given by Equation (1):[11]

m
d2x
dt2 ¼ �kx� 6pha

dx
dt
þ qE0 cos 2pftð Þ ð1Þ

where x, m, a, and q are the vertical displacement, mass,
radius, and effective charge of the nanoparticle, respectively,
k is the spring constant of the molecular linker, and E0 and f
are the amplitude and frequency of the applied electric field,
respectively. In the present work, the biotin-PEG molecular
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linker is soft, so k is small. Also because the viscous damping
is large, the inertia term, which is the first term of Equa-
tion (1) can be neglected, which leads to a simple relation
between the measured oscillation amplitude, x0, and the
charge of the nanoparticle, given by Equation (2):

x0 ¼
E0

j12p2haf
q ð2Þ

By measuring the oscillation amplitude, the charge of the
individual nanoparticles can be determined if E0, f, a, and h

are known. For aqueous solution, h = 9 � 10�4 Ns m�2, and a,
the radius of the Au nanoparticles, is 20 nm, and f is the
applied frequency. To obtain E0, we measured the current
density J, and determined E0 from E0 = J/s, where s is the
conductivity of the solution.

To create an array of the nano-oscillators, a flexible
molecule, HS-(PEG)n-biotin (MW = 10 000), was first self-
assembled on the Au surface by the thiolate-Au bond. The
surface was then exposed to streptavidin-modified 40 nm Au

nanoparticles to allow them to link to the surface via the
specific streptavidin–biotin interaction. The biotin-PEG
linker was long (ca. 80 nm) and flexible such that the Au
nanoparticles could oscillate with sufficiently large amplitude,
which was measured for accurate determination of the charge
of the nanoparticles. To ensure that each Au nanoparticle
could bind only to a single biotin-PEG linker, the surface
coverage of the PEG was diluted with short HS-(PEG)4-
OCH3 spacer. The OCH3 terminated PEG molecules also
helped minimize non-specific attachments of the Au nano-
particles on the surface (see the Supporting Information).

After preparing the self-assembled nano-oscillators,
a periodic potential was applied to the Au surface with
a potentiostat to drive the nano-oscillators into oscillation.
Consequently, the distance between the Au nanoparticle and
the surface would change periodically with the applied
potential, which was imaged by the plasmonic imaging
microscope. Figure 2a shows the response of the nanoparti-
cle-surface distance (solid line) for a typical nano-oscillator to
a periodic potential with frequency of 10 Hz and amplitude of
0.1 V. The phase difference between the oscillation and
applied potential is 180 degrees, indicating the nanoparticle
was negatively charged. This observation was consistent with
the negative zeta potential (�21 mV) of streptavidin-coated
Au nanoparticle measured in the same solution (10 mm PBS).
To confirm the observation, we varied the solution pH from 4
to 8, and found that the charge polarity changed to positive
for pH lower than 5.0, which is close to the measured
isoelectric point of surface-bound streptavidin (Figure 2b).[12]

The oscillation amplitude was linearly proportional to the
potential amplitude when the amplitude was less than ca.
0.1 V, as predicted by Equation (2). However, further increas-
ing the potential amplitude yielded smaller and smaller
increase in the oscillation amplitude, eventually saturating at
about 70 nm (Figure 2c). The saturation was due to the
limited molecular length of the biotin-PEG linker, which was
about 80 nm for PEG molecules with a molecular mass of
10 kDa. This observation was further supported by detailed
analysis of the oscillation displacement due to a slowly
varying potential. According to Equation (2), a slowly varying
potential (or small f) would lead to large oscillation ampli-
tude. Because the nanoparticles were tethered to the Au
surface with the molecular linker, the oscillation amplitude
could only reach a maximum value close to the length of the
molecular linker, and the oscillation amplitude switched back
and forth between zero (nanoparticles on the surface), and
the length of the linker molecule (nano-oscillators are fully
stretched). This behavior was indeed observed, as shown in
Figure 2d.

To demonstrate the capability of the nano-oscillators for
studying phosphorylation, we used SRCtide as a model
peptide in the present work. SRCtide is a peptide containing
14 amino acid residues with the sequence GEEPLYWSF-
PAKKK. In the presence of kinase Src and ATP, the peptide is
phosphorylated at its tyrosine residue.[13] To attach SRCtide to
the nano-oscillators, we exposed the nano-oscillators self-
assembled on the Au surface to biotinylated SRCtide to allow
the binding of SRCtide to Au nanoparticles. Figure 3a shows
a plasmonic image that reveals individual nano-oscillators,

Figure 1. a) Illustration of the principle of nano-oscillator technology
and b) its application in monitoring dynamic phosphorylation process-
es. a) A single nanoparticle with a negative surface charge q was
driven to vertically oscillate with a periodic potential. A plasmonic
imaging was utilized to measure the distance d between nanoparticle
and Au-coated coverslip. The surface charge analysis on single nano-
particle trajectory and applied external field revealed the effective
charge q of the nanoparticle. b) The phosphorylation of peptide
molecules that were bound to Au nanoparticles increased the effective
charge of peptide-modified nanoparticle. This dynamic process was
monitored by the proposed plasmonic imaging method in real time,
enabling the study on the kinetics of peptide phosphorylation.
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each as a bright spot with a para-
bolic tail (Figure 3b). The para-
bolic tail was produced by the
scattering of the Au nanoparticle
towards the surface plasmonic
waves propagating on the sur-
face.

From the measured oscilla-
tion amplitude, we first deter-
mined the charge of each nano-
particle before phosphorylation
took place. The charge varied
from one nanoparticle to
another, and its distribution can
be fitted with a Gaussian distri-
bution with an average effective
charge of 85e (Figure 3d, black
bars). By taking into account of
ionic screening effect (64%)
under the experimental condi-
tions,[11] the average total charge
of each nanoparticle is about
236 e. Because each surface-
bound streptavidin has two neg-
ative charges at pH 7.4,[12a] the
number of streptavidin mole-
cules per nanoparticle was esti-
mated to be 118. This result is
consistent with a previous report
in which 100 BSA molecules
(similar in size) were usually
observed on individual 40 nm
Au nanoparticles.[14]

When kinase Src was added
to the solution, the SRCtide
could be phosphorylated in the
presence of ATP, kinase Src, and
Mg2+, leading to more negative
charge of the Au NPs. Black dots
in Figure 3c show the charge
change of an individual nano-
oscillator marked by the white
arrow in Figure 3a,b. Before
phosphorylation, the nanoparti-
cle had an effective charge of
80e. At t = 127 s, kinase Src was
injected into the buffer solution
and equilibrated for 20 s. The
charge of the nanoparticles was
found to increase gradually and
then reach a plateau of 245e at
t = 250 s. As a control, we carried
out the experiment using nano-
oscillators without functionaliza-
tion of SRCtide, which did not
show any detectable change in
charge upon introduction of
kinase Src (blue curve in Fig-
ure 3 c). We also carried out an

Figure 2. a) A nanoparticle oscillates (c) by responding to a periodic potential (a) with certain
phase difference, depending on the charge polarity of the nanoparticle. b) At a pH higher than 5.5, the
distance between nanoparticle and substrate decreases with increasing applied potential, suggesting the
nanoparticle is negatively charged. However, at a pH lower than 5.5, the distance increases with
increasing potential, which is expected for positively charged nanoparticles. c) The oscillation amplitude
initially increases with increasing potential before a plateau is reached. d) Stepwise up-and-down
movement of nano-oscillators under higher potential and lower frequency. Solution: 10 mm phosphate-
buffered saline (PBS).

Figure 3. a) A typical plasmonic image consisting of tens of individual nano-oscillators. A zoomed
image of a single nano-osillator is shown in (b). c) The effective charge change of SRCtide (black),
control peptide (red) functionalized, and streptavidin-coated (blue) nano-oscillator before and after the
injection of 6 nm kinase Src. Note that the gap after kinase injection was due to the turbulence of
solution with manual kinase injection. d) Histogram distributions of effective charge of circa 30 nano-
oscillators before (black) and after (red) phosphorylation. kinase buffer: 5 mm Mg2+, 1 mm HEPES
(pH 7.4), 0.4mm ATP.

.Angewandte
Zuschriften

2570 www.angewandte.de � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 2568 –2572

http://www.angewandte.de


additional control experiment with nano-oscillators function-
alized with peptides that did not contain tyrosine residue,
which did not show a change in charge either (red curve in
Figure 3c). These control experiments indicated that the
observed charge change in the SRCtide functionalized nano-
particles was due to phosphorylation (see the Supporting
Information).

The successful phosphorylation of surface-bound SRCtide
by kinase was also confirmed by measuring the zeta potential
of SRCtide-functionalized Au nanoparticles before and after
phosphorylation. The zeta potential of SRCtide-functional-
ized Au nanoparticles in the kinase buffer was determined to
be �16 mV. Subsequently, SRC kinase was added to the Au
nanoparticles functionalized with SRCtide and left for 2 h to
complete the phosphorylation. The zeta potential after the
phosphorylation was determined to be �20 mV. Meanwhile,
no significant change in zeta potential was observed for Au
nanoparticles functionalized with control peptide (Supporting
Information, Figure S3). These results indicated that surface-
bound SRCtide molecules were indeed phosphorylated in the
presence of kinase.

There is a statistical distribution in the amount of
phosphorylation-induced change in charge for different nano-
particles. The distribution follows a Gaussian distribution
(Figure 3d, red bars), with an average charge of 163e. The
average effective charge associated with phosphorylation
increased by 78e, or a net increase of 217 e after considering
the screening effect. Since adding a phosphate group
increases the charge of peptide by 2e at pH 7.4,[15] we
estimated that the number of phosphorylated peptides is
about 108. Because 118 streptavidin molecules were bound to
single nanoparticle, the results suggest approximately 1 out of
4 biotin binding sites of streptavidin molecules were occupied
during the biotylated SRCtide modification.

We further studied the kinetics of phosphorylation by
varying kinase Src concentration from 0.2 to 6 nm (Figure 4a).
The kinetics became faster with the kinase concentration,
which is expected according to the model shown in Equa-
tion (3).[8c,16]

½E� þ ½S�
kþ

k�

�! �½ES� kcat
�!½P� þ ½E� ð3Þ

where [E], [S], [ES], and [P] represent the concentration of
enzyme, substrate, enzyme-substrate complex, and product,
respectively. By fitting the kinetic data shown in Figure 4a
with the above mode, we determined the reaction rate
constant (Kobs), which increased linearly with the kinase
concentration at low kinase concentrations, and then reached
a plateau at high concentrations (Figure 4b). The result
suggested a model of enzyme quasi-saturable system, accord-
ing to previous studies on the enzymatic kinetics on solid
substrates (see the Supporting Information).[16a] From the
model, the Michaelis constant (Km) and catalytic rate constant
(kcat) were estimated to be 0.85 nm and 0.013 s�1, respectively.

In conclusion, we have developed a nano-oscillator
method to study phosphorylation kinetics. Compared with
the existing antibody-based approach, the present method
does not require antibodies, and is label-free, thus capable of
detecting phosphorylation without prior knowledge about

phosphorylation sites, and measuring kinetic constants.
Unlike many other label-free detection technologies (includ-
ing SPR and QCM) that measure mass changes, the nano-
oscillators detect changes in charge, making it particularly
suitable for studying phosphorylation that involves a substan-
tial charge change but a small mass change. The nano-
oscillator platform is combined with plasmonic imaging,
which provides high sensitivity for detection of a few phos-
phorylation events, and high spatial resolution for the
simultaneous monitoring of many individual nano-oscillators
in parallel.
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