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Protein kinases are a large family of enzymes that catalyze
the transfer of a phosphate group from adenosine triphos-
phate (ATP) to the OH group of an amino acid side chain in
peptides or proteins and generating adenosine diphosphate
(ADP) in the process.[1–3] Most kinases act on serine and
threonine; others act on tyrosine, and a number of so-called
dual-specificity kinases act on all three. Protein kinases
regulate cellular processes by a highly controlled series of
phosphorylation reactions, frequently with some kinases
acting as substrates for other kinases.[4] Deregulated kinase
activity is a frequent cause of disease, particularly cancer,[5,6]

where kinases regulate many aspects concerning controlling
metabolism, cell growth, differentiation, movement, and
death (apoptosis).[7] It has been estimated that approximately
500 protein kinases are encoded within the human genome;[8]

this represents approximately 1.7% of all human genes.[8]

Most of the 30 known tumor suppressor genes and more than
100 dominant oncogenes are protein kinases.[9]

For the development of useful drugs it is essential to
screen a variety of chemical libraries for potent kinase
inhibitors and to assess their inhibitory potency toward a
particular protein kinase. Therefore, biochemical studies on
protein kinases are important not only for basic biology to
clarify molecular mechanisms of signal transduction, but also
for clinical pharmacology to develop novel anticancer
agents.[5] Targeted therapy will most presumably result in
more effective treatment with fewer negative side effects than
those currently associated with standard chemotherapy.

Basically two different approaches can be used to study
protein kinases.[10,11] One is to characterize an individual
protein kinase in detail by measuring its kinase activity. The
second approach is to comprehensively analyze the extent of
phosphorylation of substrate proteins or expression profiles
of protein kinases themselves. In the past, radiometric assays
utilizing radioactive ATP have been used. Owing the environ-
mental impact of waste materials, radiometric methods have
largely been replaced by approaches employing fluorescent

measurements. A further factor driving the development of a
large number of fluorescent assays has been the rapid growth
in the number of available phosphoprotein- and phospho-
peptide-specific antibodies.

While biochemical assays for protein phosphorylation are
easily carried out, they cannot duplicate the environment of
the cell.[11,12] Cellular phosphorylation cascades are multi-
directional pathways rather than single biochemical reactions.
Although a particular member of a signaling pathway may be
effectively inhibited by a candidate drug, the pathway itself
may remain unaffected owing to alternative signaling routes
that bypass the targeted kinase. Therefore, the behavior of a
drug in a biochemical assay may not correlate with the
behavior in either whole cells or in an animal.[11–13] To more
precisely assess the effects of a drug compound on a kinase-
mediated pathway, cell-based assay formats must be used to
validate the inhibitory effects of a drug candidate on both the
target and the targeted pathway. Whole-cell formats also
allow a simultaneous assessment of drug penetration and
toxicity.[11–13] For this reason there is the hope that the
application of cell-based assays will result in fewer failures
further on in clinical development processes.

While most of the cell-based assays access advanced
biochemical methods employing classical fluorescent or
radio-labeled markers,[11,12] (bio)luminescent detection,[11,14]

and impedance-based measurements,[15] a new cell-based
assay applying “intelligent” nanoparticles has recently been
introduced (Figure 1).[16] This assay detects protein kinase
activities without treatment with phosphopeptide-specific
antibodies, without time-consuming washing steps, and with-
out the limitation to cells genetically modified to express
fluorescent protein reporters.

Two techniques have been combined making this assay
highly interesting: 1) near-infrared (NIR) fluorescence micro-
scopy and 2) smart polymeric nanoparticles that are respon-
sive to protein phosphorylation. Molecules that absorb in the
NIR region (700 nm–1000 nm) can be efficiently used to
visualize and investigate in vivo molecular targets because
most cells generate little NIR fluorescence.[17] Thus, the NIR
fluorescence technology enables extremely sensitive and
quantitative analysis of enzyme activity in cultured cells.

In early work a large group of well-known organic
nanoparticles, such as liposomes, dendrimers, and polymer-
somes, were developed as delivery systems and for therapeuti-
cally applications, but these nanostructures have also been
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applied for in vivo optical imaging.[18] Along the lines of the
well-known liposome technique, polymersomes, for instance,
have been synthesized through the cooperative self-assembly
of amphiphilic diblock copolymers and conjugated NIR
fluorochromes. The latter were located in the hydrophobic
inner part of the shell of the polymer vesicles.[19]

Besides the steady improvement of the NIR fluorescence
technology and the development of novel fluorescent NIR
probes, a highly innovative nanoparticle-based approach has
been introduced by Kwon et al.[16] This assay utilizes 1) the
self-assembly properties of differently charged polyelectro-
lytes to form nanoparticles, 2) the protein kinase A (PKA)-
specific peptide motif, termed kemptide, and 3) the chemi-
cally coupled NIR fluorochrome Cy5.5. In Figure 1 the
principle of this novel method is shown. One molecule of
the positively charged polyelectrolyte poly(ethyleneimine)
(PEI) contains 25 molecules of kemptide and three chemi-
cally coupled Cy5.5 molecules. This construct is termed
Cy5.53–PEI–kemptide25.

[16] The polymeric nanoparticles were
prepared by the self-assembly of a polyion-induced complex
(PIC) composed of both functionalized positively and neg-
atively charged (poly(aspartic acid), PAA) polyelectrolytes
by the means of electrostatic interactions.[20] The resulting
monodisperse, essentially spherical PIC nanoparticles with a
diameter of approximately 50 nm have been proven to be cell-
permeable and biocompatible.[16]

PKA is one of the best studied and most
important kinases in single-cell studies. With this
new assay the NIR fluorescence of the phosphor-
ylation-responsive PIC nanoparticles was mea-
sured to visualize protein kinase activities in
single living Chinese hamster ovary cells over-
expressing PKA (CHO-K1). As a result of the
short distance between Cy5.5 molecules in the
PIC nanoparticles (quenched state), they showed
minimal NIR fluorescence intensity. Upon pep-
tide phosphorylation, the PKA-specific substrate
kemptide in the PIC nanoparticles becomes
phosphorylated, and the negatively charged phos-
phate groups are incorporated into the serine
residue of kemptide (Figure 1). The additional
negatively charged phosphate groups cause a
charge-unbalanced state, resulting in dissolution
of the PIC nanoparticle. As a consequence, the
distance of between the Cy5.5 fluorochromes
increases, leading to diminished quenching effi-
ciency. Thus, the intensity of the NIR fluorescence
intensity increases significantly and reaches levels
approximately 8 times greater than those of cells
without the PIC nanoparticles (Figure 2). In
contrast, PKA-responsive PIC nanoparticles in
CHO-K1 cells did not show any significant NIR
fluorescence signal in the presence of 10 nm PKA
inhibitor (Figure 2).[16] Thus, this technology en-
ables extremely sensitive and quantitative analysis
of PKA activity in cultured cells.

Research and pharmaceutical laboratories
require advanced cell-based screening and analy-
sis technologies in order to understand complex

disease mechanisms, as well as to develop the next generation
of clinical drugs and therapies. This new nanotechnological
cell-based assay employing PIC nanoparticles and the NIR
fluorescence technology continuously reflects protein kinase
activity. The homogeneous assay does not require labeling or
washing steps, and there is no need for cells genetically
equipped with fluorescent protein reporters. Furthermore, it
also reduces the cost associated with expensive antibody and
peptide labeling, as well as the cost associated with antibody
development and procurement.

Figure 1. The the imaging of protein kinase activity with polymeric nanoparticles.
The nanoparticles are prepared by self-assembly of a polyion-induced complex (PIC)
composed of a functionalized positively charged polymer (Cy5.53–PEI–kemptide25)
and a negatively charged polymer (PAA). A Cy5.53–PEI–kemptide25 molecule
contains 25 substrate peptides (kemptides) and three NIR fluorochrome units
(Cy5.5). In PIC nanoparticles the NIR fluorescence intensity is minimized
(quenched) because of the short distance between the NIR fluorochrome molecules.
Upon protein phosphorylation, the negatively charged phosphate groups are
incorporated into the serine moieties of kemptide. The polymeric nanoparticles
dissolve owing to charge imbalance, thus resulting in a strong increase of the NIR
fluorescence. Ex=excitation wavelength, Em=emission wavelength.

Figure 2. NIR fluorescence microscopic image of PIC nanoparticles
(10 mgmL�1) in CHO-K1 cells overexpressing protein kinase A incubat-
ed for one hour without (left) or with (right) PKA inhibitor.
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However, the ability to entrap native full-length proteins
in PIC nanoparticles should be investigated, particularly as
some kinases may fail to demonstrate measurable activity
unless a full-length protein substrate is provided. Neverthe-
less, the present PIC nanoparticle-based assay provides a
comprehensive solution to kinase inhibitor screening, com-
pound profiling, and substrate identification in single living
cells and thus, constitutes an interesting example for nano-
medicine and cancer nanotechnology. In summary, the PIC
nanoparticle-based technique is a highly versatile and sensi-
tive assay platform for the investigation of a variety of protein
kinase activities in various single living cells and may be
applied for high-throughput cell-based drug screening seeking
for drugs targeting protein kinases.
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