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a b s t r a c t

Enzyme mediated phosphoinositide signaling plays important regulatory roles in diverse cellular
processes and has close implication in human diseases. However, detection of phosphoinositide enzymes
remains a challenge because of the difficulty in discriminating the phosphorylation patterns of
phosphoinositide. Here we develop a novel enzyme-activated gold nanoparticles (AuNPs) assembly
strategy as a homogeneous colorimetric biosensor for activity detection of phosphoinositide kinases and
phosphatases. This strategy utilizes a biomimetic mechanism of phosphoinositide signaling, in which
AuNP supported phospholipid membranes are constructed to mimic the cellular membrane substrate,
and AuNPs modified with the pleckstrin homology (PH) domain of cytosolic proteins are designed for
specific, multivalent recognition of phosphorylated phosphoinositides. This biomimetic strategy enables
efficient enzymatic reactions of the substrate and highly selective detection of target enzyme. The
biosensor is demonstrated for the detection of phosphoinositide 3-kinase (PI3K) and phosphatase with
tensin homology (PTEN). The results revealed that it allows sensitive, rapid visual detection of the
enzymes with pM detection limits and four-decade wide dynamic ranges, and is capable of detecting
enzyme activities in complex cell lysate samples. This biosensor might provide a general biosensor
platform for high-throughput detection of phosphoinositide enzymes with high sensitivity and
selectivity in biomedical research and clinical diagnostics.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

A phosphoinositide signaling system, regulated by reversible
phosphorylation of the inositol headgroup by phosphoinositide
kinases and phosphatases (Bartel, 2004), plays important roles in
diverse fundamental cellular processes (Bunney and Katan, 2010).
Dysfunction of these enzymes is known to have close implication
in tumors, diabetes and other diseases (Wymann and Schneiter,
2008). Robust detection of the phosphoinositide enzymes repre-
sents a significant approach to understanding the molecular
mechanisms and developing theranostic tools. Activity assay of
phosphoinositide enzymes is typically performed by monitoring
the transfer of phosphate from or to phosphoinositides using
radiometric methods (Knight et al., 2007; Taniguchi et al., 2006).
Fluorescence based techniques such as fluorescence resonance
6.
g),
energy transfer have recently attracted great interest in such
assays (Wei et al., 2013; Yuan et al., 2009; Tzenaki et al., 2012).
These techniques, however, have a limitation in requiring fluores-
cence labels for phosphoinositides and their binding proteins or a
hazardous radioactive co-substrate. They also show limited sensi-
tivity and dynamic ranges because of the use of competitive assay
format.

Phospholipids can provide a biocompatible coating for various
nanomaterials including carbon nanotubes, graphene, silica nano-
particles, and luminescent quantum dots or upconversion nano-
particles (Nie et al., 2009; Liu et al., 2012; Wang et al., 2010; Zheng
et al., 2014; Li et al., 2012a). The phospholipid-coated gold
nanoparticles (AuNPs) have also been successful synthesized as
an efficient carrier for drug delivery (Pornpattananangkul et al.,
2011), or as a sensitive label for surface enhanced Raman scatter-
ing detection (Qian et al., 2008). Nevertheless, the use of
phospholipid-coated AuNPs for colorimetric biosensors, to our
knowledge, has not been reported. It is known that assembly of
AuNPs can generate strong plasmonic coupling between adjacent
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nanoparticles with a concomitant visual color change (Saha et al.,
2012; Giljohann et al., 2010). This creates a useful platform for
developing colorimetric biosensor for different targets such as
DNA (Zhang et al., 2012), proteins (Li et al., 2012b), small
molecules (Chen et al., 2014), and metal ions (Guo et al., 2011).
Because of the vast versatility and the high performance of this
platform, it is expected that phospholipid-coated AuNPs can also
be used for the development of a sensitive and convenient
colorimetric biosensor for phosphoinositide signaling detection.

Herein we report a novel homogeneous colorimetric biosensor
strategy for activity detection of phosphoinositide kinases and
phosphatases, for the first time, based on enzyme-activated
assembly of phospholipid-coated AuNPs or AuNP supported phos-
pholipid membranes. This strategy relies on a biomimetic mechan-
ism of phosphoinositide signaling that is achieved via binding of
their enzyme-modified head groups to the pleckstrin homology
(PH) domain of cytosolic proteins or cytosolic domains of mem-
brane proteins (Lemmon, 2008; Bethoney et al., 2009). A cellular-
membrane-mimicking nanostructure is designed using AuNP
supported phospholipid membranes, in which the phosphoinosi-
tides are incorporated. The supported phospholipid membranes
provide a biomimetic substrate enabling efficient enzymatic
reactions on the surfaces. To directly transduce the enzymatic
reactions, AuNPs decorated with PH domains of phosphoinositide-
binding proteins are constructed to mimic a specific, multivalent
biological receptor of the enzymatically modified phosphoinosi-
tides. In the presence of target phosphoinositide modification, the
AuNP supported phospholipid membranes can form cross-linked
assembly with the AuNPs decorated with PH domains, delivering a
visual signal because of the plasmonic coupling of AuNPs (Saha
et al., 2012; Giljohann et al., 2010). Hence, the developed biosensor
strategy can be configured into a potentially high-throughput
homogeneous format that allows sensitive, rapid, and convenient
colorimetric detection of phosphoinositide enzymes without the
need of particular labeling reagents. To demonstrate the feasibility
of this strategy, we choose phosphoinositide 3-kinase (PI3K) and
phosphatase with tensin homology (PTEN) as the model systems.
PI3K and PTEN are phosphoinositide-modifying enzymes among
the most frequently mutated proteins in cancer. These two
enzymes reversibly regulate the levels of phosphatidylinositol-
3,4,5-trisphosphate (PtdIns(3,4,5)P3) and have attracted the most
interest in phosphoinositide signaling researches (Cantley, 2002;
Cully et al., 2006).
2. Experimental

2.1. Reagents and apparatus

Phosphatidylinositol 4,5-bisphosphate (PIP2), phosphatidylino-
sitol-3,4, 5-trisphosphate (PIP3), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1-myristoyl-2-hydroxy-snglycero-3-
phosphocholine (MHPC) were purchased from Avanti Polar Lipids
(Alabaster, USA). Phosphoinositide 3 kinase (PI3K) was obtained
from US Biological (Swampscott, USA). PIP3 binding PH domain
and phosphatase with tensin homology (PTEN) were from Cayman
Chemical Company (Michigan, USA). PI3K inhibitor LY294002
(Martelli et al., 2006) and PTEN inhibitor SF1670 (Li et al., 2011)
were purchased from Selleckchem (Houston, USA). The three
human cancer cell lines (MCF-7, Hela and MDA-MB-231) were
purchased from XiangYa Central Experiment Laboratory (Chang-
sha, China). PI3K activity was evaluated with a PI3 kinase ELISA kit
(Echelon Biosciences, K-1000s). Trisodium citrate, HAuCl4 �3H2O,
ascorbic acid, bovine serum and albumin (BSA) were from Sigma-
Aldrich (Missouri, USA). All other chemicals were of analytical
grade and obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). All solutions were prepared using ultrapure
water, which was obtained through a Millipore Milli-Q water
purification system (Billerica, MA, USA) and had an electric
resistance 418.3 MΩ.

2.2. Preparation of phospholipid-coated AuNPs

Phospholipid-coated AuNPs were synthesized according to a
modified procedure for the liposome synthesis. A mixture of
DMPC, MHPC and PIP2 or PIP3 (6 M:6 M:0.1 M) was prepared
using 3 mL 6:1 chloroform/methanol as a solvent in a flask (Tam
et al., 2012). Slowing evaporation of the mixture using a rotating
apparatus at 20 °C enabled the formation of a phospholipid bilayer
on the inner wall of the flask. Then, AuNPs (1 mL, 8 nM) were
added to the flask and stirred followed by gradual heating up to
50 °C. The mixture was allowed to continue swelling for 1 h to
obtain the synthesized phospholipid-coated AuNPs. Purification of
the phospholipid-coated AuNPs was achieved through three
rounds of centrifugation at 30,000g for 15 min and re-suspending
the sediments in 1 mL phosphate buffer (PB, 0.1 mM, pH 7.4) to
sufficiently remove all excessive free liposomes or lipids. The
obtained phospholipid-coated AuNPs, with PIP2 or PIP3 incorpo-
rated in the membranes, were suspended in 1 mL PB (0.1 mM, pH
7.4) containing 1 μM BSA and stored at 4 °C for future use. The final
concentration of the phospholipid-coated AuNPs was �8 nM,
assuming that the loss of AuNPs could be overlooked during the
preparation process.

2.3. Preparation of PIP3 binding PH domain modified AuNPs

PIP3 binding PH domain modified AuNPs were prepared
according to the following procedure. Briefly, 10 μL solution con-
taining 25 μg PIP3 binding PH domain was added dropwise (�1 μL
each drop) into 300 μL 8 nM AuNPs in PB (0.1 mM, pH 8.0) under
stirring for 30 min followed by aging for overnight at 4 °C.
Excessive PIP3 binding PH domain was removed via centrifugation
at 20,000g for 5 min followed by re-suspending the sediment in
1 mL ultrapure water. These steps were repeated twice to suffi-
ciently remove all excessive proteins. The obtained PIP3 binding
PH domain modified AuNPs were suspended in 1 mL 1 μM BSA
solution and stored at 4 °C for future use. The final concentration
of PIP3 binding PH domain modified AuNPs was �8 nM, assuming
that the loss of AuNPs could be neglected during the preparation
process. For the preparation of BSA modified AuNPs, we used the
same procedures by replacing PIP3 binding PH domain by BSA.

2.4. Activity assay of PI3K

In a 20 μL aliquot of 4 nM PIP3-incorporated phospholipids-
coated AuNPs solution, 2.5 μL PI3K solution of varying concentra-
tions (final concentration ranging from 0 to 50 nM) containing
Tris–HCl buffer (40 mM Tris–HCl, 100 μM ATP, 20 mM MgCl2, pH
7.5) was added. The mixture was incubated at 30 °C for 10 min.
Then, 10 μL 8 nM PIP3 binding PH domain modified AuNPs were
added to the mixture. The resulting mixture was incubated at 30 °
C for 10 min followed by spectral measurements and other
characterization. Samples were diluted 2-fold in water just prior
to analysis.

2.5. Activity assay of PTEN

In a 20 μL 4 nM PIP3-incorporated phospholipids-coated AuNPs
solution, 2.5 μL PTEN solution of varying concentrations (final
concentration ranging from 0 to 18 nM) containing reaction buffer
(25 mM Tris–HCl, 140 mM NaCl and 2.7 Mm KCl, 10 mM DTT, pH
7.4) was added. The mixture was incubated at 30 °C for 10 min
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followed by the addition of 10 μL 8 nM PIP3 binding PH domain
modified AuNPs. The resulting mixture was incubated at 30 °C for
10 min followed by spectral measurements and other character-
ization. Samples were diluted 2-fold in water just prior to analysis.
Scheme 2. Illustration of PI3K catalyzes the phosphorylation of the D-3 position of
the inositol ring in PIP2 to yield PIP3 in the presence of the co-substrate ATP.
3. Results and discussion

3.1. Design of phospholipid-coated AuNPs as a biomimetic biosensor
for phosphoinositide signaling detection

Scheme 1 illustrates the principle of the colorimetric biosensor
for PI3K based on enzyme-activated assembly of AuNP supported
phospholipid membranes and AuNP labeled binding PH domains.
PI3K catalyzes the phosphorylation of the D-3 position of the
inositol ring in PIP2 to yield PIP3 in the presence of the co-
substrate ATP (Scheme 2). To construct the colorimetric sensor, we
utilize the inherent amphiphilic property of phospholipids and
their ability to self-assemble into organized structures. It is
demonstrated that various phospholipids can be self-assembled
as a membrane on the AuNPs' surfaces (Thaxton et al., 2009; Tam
et al., 2010). This motivated us to engineer an artificial cell
membrane by using such AuNP supported phospholipid mem-
branes to mimic the cellular surrounding for enzymatic reactions
(Scheme 1A). The supported phospholipid membranes consisted
of three phospholipids components including DMPC, MHPC and
the substrate PIP2. The use of MHPC was necessary for the
assembly of phospholipid membranes on AuNP. It was reported
that a mix of single and double-chain phospholipids was likely to
generate a tighter curvature and result in closer interaction of
positively-charged choline headgroups with negatively-charged
AuNP surfaces (Tam et al., 2010). The substrate phosphoinositide
PIP2 were incorporated in the phospholipid membrane via hydro-
phobic interaction, while exposing their hydrophilic head groups
outside the membrane for enzymatic reactions. After constructing
the AuNP supported phospholipid membranes and the AuNPs
modified with the PH domains specifically binding to PIP3, the
colorimetric assay of PI3K activity could be performed immedi-
ately (Scheme 1B). In the presence of kinase PI3K and ATP, the
substrate PIP2 anchored onto the AuNP supported phospholipid
membranes was phosphorylated and converted into PIP3. The
phosphorylated product PIP3 could then specifically bind to the PH
domains decorated on the AuNPs, triggering a cross-linked assem-
bly of the phospholipid membrane-coated AuNPs with the PH
domain-modified AuNPs. This assembly delivered a colorimetric
signal that was quantitatively correlated to PI3K activity. In
contrast, in the case when there was no PI3K activity in the
system, no PIP3 was produced on the AuNP supported phospho-
lipid membranes, which could not bind to the PH domains
Scheme 1. Illustration of the biosensor strategy for PI3K. (A) Synthesis of AuNP
supported PIP2-incorporated phospholipid membranes; (B) PI3K assay via enzy-
matic activated assembly of AuNP supported phospholipid membranes with PIP3
binding PH domain modified AuNPs.
decorated on AuNPs, and thus no colorimetric change would be
obtained.

3.2. Enzyme-activated Colorimetric Biosensing Strategy for PI3K
assay

Fig. 1A depicts typical absorption spectra responses obtained in
biosensor construction and PI3K assay. The AuNP supported
phospholipid membranes were prepared readily according to a
modified procedure for the liposome synthesis (Hill and Mirkin,
2006; Tam et al., 2012). The citrate-protected AuNPs were well
dispersed in aqueous solution, displaying a red color with a single
surface plasmon absorption peak centered at 522 nm (Fig. 1A,
curve a). After decorated with phospholipid membranes, AuNPs
exhibited a slight red-shift of the absorption peak to 526 nm
(Fig. 1A, curve b), which implied a surface chemistry changed of
AuNPs (Ip et al., 2011) and evidenced a close decoration of the
phospholipid membranes on AuNPs. Subsequent reactions of the
AuNP supported phospholipid membranes with 50 nM PI3K for
10 min did not cause an appreciable change of the absorption
spectrum (Fig. 1A, curve c), implying that the enzymatic modifica-
tion had little effect on the stability and the surface chemistry of
the AuNPs. After AuNPs modified with the PIP3-specific PH
domains added, the solution showed a rapid color fading and
became almost colorless in 10 min with the absorption peak
decreased by �78% (Fig. 1A, curve e), a typical response of the
network-like assembly of AuNPs (Saha et al., 2012; Giljohann et al.,
2010). In contrast, with the PH domain modified AuNPs added in
the solution containing phospholipid membranes coated AuNPs
without the addition of PI3K, the solution remained a red color
and merely showed a slight intensity change due to the mixing of
two solutions (Fig. 1A, curve d). Compared the latest two experi-
ments, we could infer that the formation of cross-linked assembly
of the PH domain-modified AuNPs with the phospholipid mem-
brane-coated AuNPs was originated from PI3K. Based on the high
specificity of the PH domain against PIP3, we then concluded that
PI3K mediated efficient phosphorylation of PIP2 into PIP3 on the
AuNP supported phospholipid membranes.

To further confirm the decorated of AuNPs with phospholipids
and the PI3K-mediated reaction, electrospray ionization mass
spectrometry (ESI-MS) was used in the positive ion mode for
directly analyzing the organic compounds coated on the AuNPs
(Fig. 1B). For the freshly-prepared AuNPs obtained by the citrate-
reduction method, we do not obtain any characteristic mass peak
of phospholipids (Fig. 1B, a). But, for AuNPs coated with phospho-
lipid membranes, three remarkable ion peaks (468.2617, 678.4712,
and 1075.4055 Da) were obtained (Fig. 1B, b), which could be



Fig. 1. (A) Typical absorption spectral responses obtained in phospholipid-coated AuNPs synthesis and PI3K assay. (a) Citrate-protected AuNPs; (b) PIP2-incorporated
phospholipid-coated AuNPs; (c) PIP2-incorporated phospholipid-coated AuNPs reacting with 50 nM PI3K; (d) PIP2-incorporated phospholipid-coated AuNPs mixed with PH
domain modified AuNPs; (e) PIP2-incorporated phospholipids-coated AuNPs reacting with 50 nM PI3K followed by addition of PH domain modified AuNPs. Inset:
photograph of the corresponding solutions. (B) ESI-MS spectra obtained from (a) citrate-protected AuNPs; (b) PIP2-incorporated phospholipid-coated AuNPs; (c) PIP2-
incorporated phospholipid-coated AuNPs reacting with PI3K. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

Fig. 2. TEM images in the synthesis of AuNPs coated with phospholipid mem-
branes and in the assay of PI3K. (a) Citrate-protected AuNPs; (b) PIP2-incorporated
phospholipid-coated AuNPs; (c) PIP2-incorporated phospholipid-coated AuNPs
mixed with PH domain modified AuNPs; (d) PIP2-incorporated phospholipids-
coated AuNPs reacting with 50 nM PI3K followed by addition of PH domain
modified AuNPs.
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ascribed to the mother ions of [MHPC H]þ , [DMPC H]þ and [PIP2
3NH4 H]þ (calculated 468.278, 678.640, and 1075.461 Da). These
data gave clear evidence for the successful decoration of AuNPs
with phospholipid membranes. After the AuNPs supported phos-
pholipid membranes reacting with PI3K, a new mass peak
appeared at 1172.2952 Da accompanying with a diminished peak
at 1075.4055 Da (Fig. 1B, c). This observation implied a high-yield
conversion of PIP2 into PIP3 (calculated 1172.169 Da), verifying the
effectiveness of PI3K-mediated reaction on the AuNP supported
phospholipid membranes. The synthesis of the AuNPs coated with
phospholipid membranes and the formation of cross-linked AuNPs
aggregates were further verified by dynamic light scattering (DLS)
(Fig. S1). The citrate-protected AuNPs gave an average hydr-
odynamic diameter of �32 nm, while the AuNPs coated with
phospholipids membranes gave an average hydrodynamic dia-
meter of �48 nm. After the phospholipid-coated AuNPs reacting
with 50 nM PI3K, the average hydrodynamic diameter displayed a
slight increase to �53 nm. After the addition of the PH domain-
modified AuNPs, a substantial increase in the average hydrody-
namic diameter (�1238 nm) was observed, suggesting the assem-
bly of the AuNPs into large aggregates.

In addition, as revealed by transmission electron microscopy
(TEM) images, the citrate-protected AuNPs, the phospholipid-
coated AuNPs, and the mixture of the phospholipid-coated AuNPs
and the PH domain-modified AuNPs were all well monodispersed
(Fig. 2a–c). Large aggregates was only obtained in the case where
the phospholipid-coated AuNPs were firstly subjected to the
reaction with PI3K followed by the addition of the PH domain-
modified AuNPs (Fig. 2d). These DLS and TEM data were in good
consistence with those obtained with the absorption spectral
measurements, testifying the successful modifications of the
AuNPs and the assembly of AuNPs into large aggregates in
response to PI3K signaling.

Further control experiments were performed to verify that the
assembly of AuNPs was specific to PI3K signaling, as shown in
Fig. 3. In the control where the substrate PIP2 was not incorpo-
rated in the AuNP supported phospholipids membranes, no
appreciable spectral variation was obtained after the reaction of
the phospholipids membranes with PI3K followed in the presence
of ATP by adding the PH domain modified AuNPs (Fig. 3, curve a).
This control implied that the reaction of substrate PIP2 with
PI3K was necessary for the assembly of AuNPs in our assay.
Alternatively, after the AuNP supported phospholipids membranes
reacted with PI3K in the presence of ATP, there was also no
positive colorimetric response to the addition in the reaction
mixture with bovine serum albumin (BSA) modified AuNPs rather
than the PH domain modified AuNPs (Fig. 3, curve b). This control
evidenced that the assembly of AuNPs in our assay specifically
arose from the interaction between the PH domain and the
product PIP3 from the kinase reaction. Additionally, we performed
control experiments in which the PIP2-incorporated phospholipid-
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coated AuNPs was incubated with PI3K in the presence of its
inhibitor LY294002 (100 μM) or in the absence of the co-substrate
ATP followed by the addition of the PH domain modified AuNPs.
As anticipated, no remarkable color change was observed in the
case where ATP was absent (Fig. 3, curve c). Only a slight decrease
of the absorption peak was obtained for the case when the PI3K
inhibitor was included in the kinase reaction, which was attrib-
uted to incomplete inhibition of the PI3K activity in the presence
of 100 μM LY294002 (Fig. 3, curve d). The observations from these
two controls suggested that an active reaction of PI3K was
required for the assembly of AuNPs. To further validate that the
assembly of AuNPs was specific to the interaction between the
phosphorylated product PIP3 and the PH domain modified AuNPs,
we prepared AuNP supported phospholipids membranes incorpor-
ating PIP3 instead of PIP2. After the PH domain modified AuNPs
added, the supported phospholipids membranes solution dis-
played a rapid color fading and turned almost colorless (Fig. 3,
curve e). This observation clearly manifested that the specific
interaction between PIP3 and its binding PH domain was the
driving force for the assembly of AuNPs in our assay. Taking
together, the colorimetric responses in our assay were highly
specific to the PI3K-catalyzed phosphorylation of PIP2 into PIP3,
implying our biosensing strategy provided a highly selective and
visual analytical platform for detection of PI3K signaling.
Fig. 3. Absorption spectral responses of the biosensor in the assay of PI3K. (a) PIP2-
free phospholipid-coated AuNPsþ50 nM PI3KþATPþPH domain modified AuNPs;
(b) PIP2-incorporated phospholipid-coated AuNPsþ50 nM PI3KþATPþBSA-mod-
ified AuNPs; (c) PIP2-incorporated phospholipid-coated AuNPsþ50 nM PI3KþPH
domain modified AuNPs; (d) PIP2-incorporated phospholipid-coated AuNPsþ
50 nM PI3KþATPþ inhibitor LY294002 (100 μM)þPH domain modified AuNPs;
(e) PIP3-incorporated phospholipid-coated AuNPsþPH domain modified AuNPs.
Inset: photograph of the corresponding solutions.

Fig. 4. (A) Typical absorption spectral responses of the biosensor to PI3K of varying con
intensities at 526 nm obtained by the biosensor versus PI3K concentrations. Error bars
color in this figure, the reader is referred to the web version of this article.)
3.3. Quantitative activity screening of PI3K using the Biosensing
Strategy

The ability of the Biosensing Strategy for quantitative activity
screening of PI3K was then investigated. A series of samples
containing the PI3K of different concentrations were incubated
with the phospholipid-coated AuNPs followed by the addition of
the PH domain modified AuNPs. Fig. 4 displays the corresponding
absorption spectral responses in the assays. It was observed that
the red color of the reaction mixtures was gradually attenuated
with increasing PI3K concentration, suggesting that the AuNPs
were assembled into larger aggregates in greater extent in the
presence of higher PI3K concentration. These visual observations
were consistent with the absorption spectral measurements.
Actually, the absorption peaks were found to show gradual
decrease with increasing PI3K concentration with a slight con-
comitant red-shift from 526 nm to 560 nm. A plot of the absor-
bance readings at 526 nm versus the PI3K concentrations revealed
a dynamic correlation between the peak absorbances and the PI3K
concentrations in the range from 5 pM to 50 nM. A linear correla-
tion was obtained for the peak responses versus the logarithmic
PI3K concentrations over the four-decade range with a detection
limit of 1 pM, implying a wide linear range and high sensitivity of
this biosensor (Fig. S2). This detection limit was over 10-fold better
than existing methods for PI3K assays (Wei et al., 2013; Yuan et al.,
2009). The linear equation was fitted as y¼�0.1681� lg(x)þ
0.4277 (x: nM) with a correlation coefficients of 0.9883. Further-
more, the colorimetric biosensor was found to show very desirable
reproducibility due to its homogeneous assay format. The relative
standard deviations (RSDs) of peak absorbance readings were 1.5%,
2.3%, 1.0%, 1.1% and 2.1% in four repetitive assays of 5 pM, 15 pM,
80 pM, 2 nM, and 25 nM PI3K. Therefore, we might conclude that
the developed method held great potential for quantitative activity
assay of PI3K with desirable sensitivity and reproducibility.

3.4. Assay activity screening of PI3K in cells using the Biosensing
Strategy

The feasibility of the developed biosensor in assay of real
complex biological samples was explored. We measured the PI3K
activity in different cell extracts including the human breast
cancer cell lines (MCF-7), cervical cancer cell lines (Hela), and
breast cancer cell lines (MDA-MB-231). The expression levels of
PI3K in these three cell lysates were determined using the
proposed biosensing method with reference to a commercial
PI3K assay kit. The data indicated that the developed method
gave comparable results with the commercialized kit (Fig. S3).
These results suggested that the proposed method held the
promise for sensitive detection of PI3K in real complex samples.
centrations. Inset: photograph of the corresponding solutions. (B) Absorption peak
indicated SDs across four repetitive assays. (For interpretation of the references to
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3.5. Enzyme-activated Colorimetric Biosensing Strategy for PTEN
assay

To demonstrate the utility of the strategy for detecting other
phosphoinositide enzymes, we investigated the implementation of
the biosensor for PTEN-mediated signaling assay. PTEN regulates
the PIP3 level in cell membrane by reversing the action of PI3K. To
construct the biosensor for PTEN, we utilized DMPC, MHPC and
PIP3 to engineer the AuNP supported artificial cell memb-
ranes, and still used the AuNPs modified with PIP3 binding PH
domains for PTEN-inactivated assembly of AuNPs, as illustrated in
Scheme 3. In the absence of PTEN, the PH domain modified AuNPs
could bind to PIP3 that incorporated in the phospholipid mem-
branes on the surface of AuNPs, and thus induce a cross-linked
assembly of AuNPs. In the presence of PTEN, the phosphate group
at the D-3 position of the inositol ring of PIP3 was removed by
PTEN to generate PIP2. Since the interaction of the PH domain is
specific to PIP3, the cross-linked assembly of AuNPs between the
PH domain modified AuNPs and the phospholipid membrane
coated AuNPs was inactivated. Hence, the inactivated assembly
of AuNPs gave a quantitative measure for the detection of the
PTEN-catalyzed dephosphorylation activity.

Typical absorption spectral responses and photographs in the
PTEN assay were shown in Fig. 5A. After the addition of PIP3
binding PH domain modified AuNPs in a solution containing AuNP
supported phospholipids membranes not incorporating PIP3, the
mixture displayed a red color with a remarkable absorption peak
to 526 nm (Fig. 5A, curve a). In contrast, after the addition of PIP3
binding PH domain modified AuNPs, the solution of PIP3-incopo-
rated phospholipid-coated AuNPs gave a substantially decreased
absorption peak with the absorption peak shifted to 550 nm
(Fig. 5A, curve d). These observations implied that the aggregation
of the phospholipid-coated AuNPs with the PH domain modified
Scheme 3. Illustration of biosensor strategy for PTEN via enzymatic inactivated
assembly of AuNP supported PIP3-incorporated phospholipid membranes with
PIP3 binding PH domain modified AuNPs.

Fig. 5. (A) Absorption spectral responses of the biosensor in the assay of PTEN. (a) PIP3-fr
phospholipid-coated AuNPsþ18 nM PTENþPH domain modified AuNPs; (c) PIP3-incorp
domain modified AuNPs; (d) PIP3-incorporated phospholipid-coated AuNPsþPH domain
spectral responses of the biosensor to PTEN of varying concentrations. Inset: photograph
figure, the reader is referred to the web version of this article).
AuNPs was specific to the interaction between PIP3 and its binding
domain. On the other hand, there was no appreciable spectral
change for the AuNPs solution after the phospholipid-coated
AuNPs incubated with 18 nΜ PTEN followed by the addition of
the PH domain modified AuNPs (Fig. 5A, curve b). This finding
revealed that the reaction of PIP3-incoporated phospholipid-
coated AuNPs with PTEN could prevent their cross-linked assem-
bly with the PIP3 binding PH domain modified AuNPs, suggesting
the PTEN-mediated removal of PIP3 from the phospholipid-coated
AuNPs. In addition, when the phospholipid-coated AuNPs were
incubated with PTEN in the presence of a PTEN inhibitor, SF1670
(100 mΜ), followed by the addition of the PH domain modified
AuNPs, a significant absorption peak decrease was obtained for the
reaction mixture (Fig. 5A, curve c). This finding implied that the
prevention of the assembly of PIP3-incoporated phospholipid-
coated AuNPs and PIP3 binding PH domain modified AuNPs was
specific to an active PTEN reaction. The visual observations of the
color changes were also in good agreement with these spectral
measurements, implying that the biosensor could be used for the
detection of PTEN signaling.

The biosensor was also capable of quantifying the PTEN activity,
as shown in Fig. 5B. In the assays with PTEN of varying concentra-
tions, the absorption peaks were observed to increase in dynamic
correlation to increasing PTEN concentrations in the range from
10 pM to 18 nM with a concomitant blue-shift from 550 nm to
526 nm. The absorbance readings at 526 nm exhibited a linear
correlation to the logarithmic PTEN concentrations in this range
(Fig. S4). The linear equation was fitted as y¼0.1208� lg(x)þ
0.3897 (x: pM) with a correlation coefficients of 0.9872. The
readily achieved detection limit was 2 pM. Such a low detection
limit was much better (at least 10-fold improvement) than existing
methods for PTEN assays (Taniguchi et al., 2006; Tzenaki et al.,
2012), implying the potential of the biosensor for sensitive detec-
tion of PTEN activity.
4. Conclusions

In conclusion, we have developed a novel enzyme-activated
AuNPs assembly strategy as a homogeneous colorimetric bio-
sensor for activity detection of phosphoinositide kinases and
phosphatases. This strategy utilizes a biomimetic mechanism of
phosphoinositide signaling, in which AuNP supported phospholi-
pid membranes were constructed to mimic the cellular membrane
substrate, and AuNP modified binding PH domain was designed
for specific recognition of the phosphorylated phosphoinositides.
The biomimetic strategy enables efficient enzymatic reactions of
the substrate and highly selective detection of the target enzyme
ee phospholipid-coated AuNPsþPH domain modified AuNPs; (b) PIP3-incorporated
orated phospholipid-coated AuNPsþ18 nM PTENþ inhibitor SF1670 (100 μM)þPH
modified AuNPs. Inset: photograph of the corresponding solutions. (B) Absorption
of the corresponding solutions. (For interpretation of the references to color in this
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with minimized interference. The developed biosensor strategy
allows convenient, rapid, sensitive visual detection of phosphoi-
nositide enzymes with a pM detection limit and a four-decade
wide dynamic range. The biosensor is also demonstrated for the
utility for enzyme assay in real cell lysate samples. Moreover, the
biosensor is configured into a homogeneous format that increases
the potential for high-throughput analysis. In view of these
advantages, the developed strategy might create a general bio-
sensor platform for visual detection of phosphoinositide signaling
with high sensitivity and selectivity in biomedical research and
clinical diagnostics.
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