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Abstract: A single microbead-based fluorescence imaging
(SBFI) strategy that enables detection of protein kinase activity
from single cell lysates is reported. We systematically inves-
tigated the ability of various rare earth (RE) ions, immobilized
on the microbead, for specific capturing of kinase-induced
phosphopeptides, and Dy3+ was found to be the most
prominent one. Through the efficient concentration of
kinase-induced fluorescent phosphopeptides on a Dy3+-func-
tionalized single microbead, kinase activity can be detected and
quantified by reading the fluorescence on the microbead with
a confocal fluorescence microscope. Owing to the extremely
specific recognition of Dy3+ towards phosphopeptides and the
highly-concentrated fluorescence accumulation on only one
microbead, ultrahigh sensitivity has been achieved for the SBFI
strategy which allows direct kinase analysis at the single-cell
level.

Protein phosphorylation catalyzed by protein kinases (PKs)
is the most frequent post-translational modification (PTM),
and phosphorylation plays critical regulatory roles in most
fundamental metabolic and cell-signaling processes.[1]

Increasing evidence has demonstrated that aberrant PK
activities may lead to various human diseases, including
cancers.[2] Therefore, PKs have attracted great attention
because their aberrant activities may serve as biomarkers
for a variety of human diseases. More importantly, PKs have
been recognized as an important family of molecular targets
for the development of new kinase inhibitor drugs in regard to
cancer treatments.[3] Thus, accurate detection of PK activities
is of great significance for fundamental biological research,
clinical diagnosis, and drug discovery. PK activities, along with
other protein levels, can be stochastic and often show non-
genetic cell-to-cell variations. Many cancers, including aber-
rant kinase activity-associated ones, may typically begin with
cellular abnormalities in a small minority of cells, especially at
their early stages.[4] Therefore, the accurate measurement of
PK activities at the single-cell level may provide information

critical to understanding PK-related disease initiation, pro-
gression, as well as the therapeutic responses.[5]

Numerous methods have been established for the detec-
tion of PK activities,[6] which have been well summarized in
recent reviews.[6n,o] Although these existing assays have made
great advances for assessing PK activities, most of them can
only measure the population-averaged result of kinase
activities in large numbers of cells owing to sensitivity
limitations, which may mask the differences of PK activities
among individual cells. There are only a few reports that are
capable of assaying kinase activities in single cells.[5] Unfortu-
nately, these single cell detection systems are resource-
intensive and elaborately designed, requiring specialized
skills in either microfluidic processing or instrument modifi-
cation, and thus limiting their wide applications in ordinary
labs. Therefore, simple, versatile, and reliable method for
measurements of PK activities at the single-cell level is still
urgently desired.

Because PK analysis lacks a generic amplification step,
such as during nucleic acid replication, highly selective and
efficient enrichment of PK-produced phosphopeptides on
certain solid matrix is considered to be a powerful way to
improve the detection sensitivity. Herein, by using protein
kinase A (PKA) as a proof-of-concept target, we developed
a robust single microbead-based fluorescence imaging (SBFI)
strategy which allows the accurate detection of PKA activity
at the single-cell level. Traditional bead-based bioassays
coupled with fluorescence enrichment are generally con-
ducted with numerous beads in one reaction.[7] As a result, the
fluorescence signal accumulated on each individual bead is
greatly diluted. When the concentration of target molecules is
ultralow, only a small minority of beads can generate target-
responsive fluorescence signal, which will be hidden in the
average of bulk measurements. In contrast, for the SBFI
strategy, a single microbead is the ultimate reactor for
enriching fluorescence signals, so the fluorescence of the
microbead as well as the resulted detection sensitivity can be
significantly enhanced because the same amount of fluoro-
phores will be highly concentrated on a single bead rather
than dispersed on numerous beads.

On the other hand, another key feature of the SBFI
strategy is the highly specific recognition of phospho-affinity
materials functionalized on the microbead to differentiate the
kinase-induced fluorescent phosphopeptides from a large
pool of nonphosphorylated peptide substrates. Several tran-
sition metal ions (for example, Zr4+, Ga3+, or Ti4+) are
traditionally used as phospho-affinity materials to recognize
PK-induced phosphopeptides.[6g,i,j, 7c,8] These existing metal
ion-based affinity assays typically suffer from nonspecific
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binding of nonphosphorylated peptides, especially peptides
containing acidic residues,[7c,9] which makes it difficult to
discern the small fraction of phosphopeptides produced by
low abundance PKs. We recently found that rare earth (RE)
ions may potentially serve as excellent candidates for
selectively recognizing phosphorylated peptides.[10] RE ions
are hard Lewis acids and prefer to bind negatively charged
phosphate groups than acidic peptide residues,[11] which is
beneficial to suppress the nonspecific adsorption of non-
phosphorylated peptides. The trivalent RE ions also have
abundant f-orbitals which expand the coordination sites to
bind six to twelve ligands to one single metal ion.[9a,12] These
facts give us a clear indication that certain RE ions may serve
as new ideal choices in phospho-affinity materials. Unfortu-
nately, there have been no systematical studies on the binding
abilities of different RE ions towards phosphopeptides. In this
work, we systematically investigated the binding affinity of
various RE ions with PKA-produced phosphopeptide sub-
strates by fluorescence imaging. Eventually, Dy3+ was found
to be the best choice. By using a Dy3+-functionalized single
microbead (Dy-MB) as the matrix for highly specific and
efficient concentration of PKA-induced fluorescent phospho-
peptides, single-cell sensitivity was achieved for the detection
of PKA activity.

Figure 1 illustrates our proposed strategy for RE ion
screening (by using multiple microbeads), as well as for the
detection of PKA activity (by using a single microbead).
Streptavidin (STV)-modified magnetic sepharose microbeads
(STV-MBs) are used as the carrier for RE ions loading and
phosphopeptide enrichment. A 5’-phosphorylated and 3’-
biotinylated single-stranded DNA (ssDNA; PO4-T25-Biotin)

is first immobilized on the MBs through the STV-biotin
interaction. RE ions can readily bind with the ssDNA on the
bead surface through both the phosphate backbone and
particularly through the 5’-terminal phosphate group of
ssDNA.[13] After strong binding with the ssDNA, the RE
ions still have free coordination sites because they can offer
up to twelve coordination sites,[9a] which may further capture
PKA-induced phosphopeptides. To evaluate the binding
affinity of different RE ions towards the phosphopeptides,
different types of RE ion-functionalized MBs (RE-MBs)
were respectively incubated with the TAMRA-peptide sub-
strate treated with 50 mUmL¢1 (microunits per mL) of PKA or
in the absence of PKA (blank). The RE-MBs were then
isolated and immediately subjected to fluorescence imaging.

Representative fluorescence images of these RE-MBs
under the same imaging conditions are shown in the
Supporting Information (Figure S1). The RE ions can be
classified into three groups. For the light lanthanide ions (La3+

to Nd3+), the fluorescence responses of the RE-MBs incu-
bated with the PKA-treated samples and the blank (without
PKA) are both very low, indicating that under our exper-
imental conditions, the binding ability of these RE ions for
phospho-containing biomolecules are relatively weak. Inter-
estingly, most of the middle lanthanides (Sm3+ to Dy3+) plus
Y3+, particularly Dy3+, appear to favor strong interaction with
the PKA-induced phosphopeptides. More importantly, this
group of RE ions also exhibits negligible adsorption of
nonphosphorylated peptide substrates. In contrast, although
the heavy lanthanide ions (Ho3+ to Lu3+) show strong binding
preference for the PKA-induced phosphopeptides, the non-
specific adsorption of the nonphosphorylated TAMRA-
peptide also shows a remarkably increasing tendency with
the increase of atomic number from Ho3+ to Lu3+. The high
signal-to-blank (S/B) ratio may lead to high sensitivity,
especially for the detection of PKA at very low abundances.
As can be seen from Figure 2, the best S/B ratio is obtained by

using Dy3+ as the affinity element, indicating that Dy3+ is an
ideal choice for PKA analysis owing to its highly specific
binding of PKA-induced phosphopeptides and almost no
nonspecific binding of the nonphosphorylated ones.

Using Dy3+ as the phospho-affinity element, the results
displayed in Figure 3 demonstrate the significant advantage of
the single Dy-MB-based SBFI strategy over the multiple

Figure 1. Illustration of RE-functionalized microbeads for capturing
PKA-induced phosphopeptides, as well as for the detection of PKA
activity. In the presence of PKA, the g-phosphoryl of ATP can be
transferred to the hydroxy group of serine in the TAMRA-LRRASLG
substrate, making a portion of the TAMRA-peptides phosphorylated.
These phosphorylated TAMRA-peptides can be captured rapidly by the
RE-MB while the nonphosphorylated ones will not, which make the
microbead highly fluoresce around the bead surface under laser
irradiation. PKA activity can be quantitatively reflected by the fluores-
cence signal of the RE-MB. The RE-MBs are prepared by first
immobilizing biotinylated ssDNA molecules (PO4-T25-Biotin) on the
STV-MBs and then coordinating RE ions by the ssDNA.

Figure 2. a) Fluorescence responses of different RE-MBs after incuba-
tion with the TAMRA-LRRASLG substrate treated with 50 mUmL¢1 PKA
and in the absence of PKA (blank); b) the corresponding signal-to-
blank (S/B) ratios of different RE-MBs.
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MBs-based assay for the detection of PKA activity at low
PKA concentrations. In this study, the multiple Dy-MBs
(~ 1 mg mL¢1) and the single Dy-MB are incubated respec-
tively with the same PKA reaction mixtures for 1 hour. In
such cases, the mixtures for both the multiple Dy-MBs and
the single Dy-MB contain the same amount of PKA-induced
fluorescent phosphopeptides. For the sample containing the
multiple Dy-MBs, the fluorescent phosphopeptides will be
dispersed onto the surface of different beads, making the
fluorescence signal per bead greatly diluted. In contrast, for
the single Dy-MB sample, the same amount of fluorescent
phosphopeptides will be highly concentrated on only one
bead, rendering the fluorescence signal of the single Dy-MB
significantly enhanced. As can be seen from Figure 3 that
both 8 mUmL¢1 and 20 mUmL¢1 PKA-induced fluorescence
responses of the single Dy-MB are strikingly enhanced
compared with those by using multiple Dy-MBs. In this
regard, by integration of the distinct advantages of Dy3+ for
highly selective recognition of kinase-induced phosphopep-
tides and a single microbead as the ultimate assay unit for
highly-concentrated fluorescence enrichment, a Dy3+-assisted
SBFI strategy can be established for ultrasensitive detection
of protein kinase activities.

The analytical performance of the proposed SBFI plat-
form for detection of PKA activity was investigated by
fluorescence imaging of single Dy-MBs in the presence of
varying concentrations of PKA. Individual single Dy-MBs
(80� 5 mm) are easily manipulated with a Narishige micro-
manipulator system. A bright halo around the bead surface
can be observed in the fluorescence images (Figure 4a;
Supporting Information, Figure S5). The brightness of the
Dy-MB increases gradually with increasing activity of PKA
from 0.5 mUmL¢1 to 80 mUmL¢1. The results of Figure 4a
indicate that as low as 0.5 mUmL¢1 of PKA can produce a clear

fluorescence signal that can be clearly distinguished from that
of blank control. To acquire the quantitative fluorescence
signals of the Dy-MBs, a z-stack fluorescence scan is
performed on each single microbead. In such a scanning
mode, each microbead is divided into 10 slices along the z-
direction for laser scanning, and then the integrated fluores-
cence intensities of these slices are counted together for
quantitative evaluation of PKA activities. The integrated
fluorescence intensity (FI) of the microbead is linearly
proportional to the PKA activity in the range from 0.5~
4 mUmL¢1, and the calibration equation is FI = 1.5 × 106 CPKA

(mU/mL) + 6.6 × 104 (R = 0.9999; Figure 4 b). Higher concen-
trations of PKA can be detected at lower PMT voltages
(Supporting Information, Figure S6). The detection limit of
PKA is calculated to be 0.12 mUmL¢1 (3 s, n = 11), which is the
lowest value known thus far because the detection limits of
most of the existing PKA assays generally fall into the range
of 10 ~ 500 mUmL¢1 (Supporting Information, Table S1). The
performance of the Dy-MB-based SBFI system has been
compared with those by using Zr4+-functionalized microbead
(Zr-MB) and TiO2-coated microbead (Ti-MB). The lowest
PKA activities that can be detected are ~ 8 mUmL¢1 and
20 mUmL¢1 by using the single Zr-MB and Ti-MB, respec-
tively (Supporting Information, Figure S7). These results
clearly suggest that Dy3+ exhibits the superior ability for
recognizing phosphopeptides compared to the conventionally
used TiO2 and Zr4+.

Owing to its ultrahigh sensitivity, the SBFI system was
further examined for the direct detection of PKA activity in
single MCF-7 cells. Forskolin/IBMX stimulation can increase
the intracellular activity of PKA.[6k,10] In this study, both the
forskolin/IBMX-stimulated and unstimulated MCF-7 single
cell lysates were evaluated by the proposed SBFI system
(Figure 5). No fluorescence signal was observed for the blank

Figure 3. The fluorescence imaging results by using multiple Dy-MBs
and a single Dy-MB for the detection of the same concentrations of
PKA. The multiple Dy-MBs and the single Dy-MB were incubated with
the same PKA reaction mixtures for both 1 hour, respectively. It should
be noted that the fluorescence signals of all the corresponding blank
controls for both the multiple Dy-MBs and single Dy-MB are negligible
in this study (data not shown). PMT HV for imaging =650 V.

Figure 4. a) Fluorescence images of the Dy-MBs treated with ascend-
ing PKA activities from 0 (blank) to 4 mU mL¢1 (PMT HV= 650 V);
b) the relationship between the integrated fluorescence signals of the
Dy-MB and the PKA activity. Error bars represent the standard
deviation from three independent measurements.
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control samples (containing lysis buffer only). As for the
single cell samples unstimulated by forskolin/IBMX, rela-
tively weak fluorescence on the Dy-MBs could be detected,
which can be unequivocally distinguished from the blank
control. In contrast, the forskolin/IBMX-treated single cell
samples all produce intense fluorescence responses on the
Dy-MBs that can be observed by the naked eye. Furthermore,
we compared the results of the SBFI system by using single
cell, 10 cells, and 100 cells for both the unstimulated cells and
drug-stimulated cells. There is a clear trend indicating that the
total PKA activity increases with the number of cells. All of
these results show conclusively that the proposed SBFI
strategy can measure changes in cellular kinase activities in
response to stimuli at the single cell level.

In conclusion, towards the goal of single cell protein
kinase analysis, we have first identified Dy3+ as the most
prominent phospho-affinity element from the various RE
ions tested. Then a single microbead, rather than numerous
beads in conventional bioassays, is decorated with the
selected Dy3+ and used as the ultimate assay unit to
specifically enrich kinase-induced fluorescent phosphopep-
tides. By integrating the distinct advantages of Dy3+ for its
highly strong and specific recognition ability towards kinase-
induced phosphopeptides, and the highly-concentrated fluo-
rescence accumulation effect on only one single microbead,
an ultrasensitive SBFI strategy was developed. The activity of
PKA can be detected and quantified, even in individual cells
with the highest sensitivity known thus far. Owing to its high
sensitivity, this newly proposed SBFI platform provides the
potential to evaluate PK activities as well as the cellular signal
transducing states of individual cells that exhibit a character-
istic of interest, which may help our understanding of kinase-
related disease initiation, progression, and therapeutic
responses at the single-cell level.
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