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ABSTRACT: Developing a detailed understanding of enzyme
function in the context of an intracellular signal transduction
pathway requires minimally invasive methods for probing
enzyme activity in situ. Here, we describe a new method for
monitoring enzyme activity in living cells by sandwiching live
cells between two vertical silicon nanowire (NW) arrays.
Speciﬁcally, we use the ﬁrst NW array to immobilize the cells
and then present enzymatic substrates intracellularly via the
second NW array by utilizing the NWs’ ability to penetrate
cellular membranes without aﬀecting cells’ viability or function.
This strategy, when coupled with ﬂuorescence microscopy and
mass spectrometry, enables intracellular examination of protease, phosphatase, and protein kinase activities, demonstrating the
assay’s potential in uncovering the physiological roles of various enzymes.
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to-cell variations in the expression levels of genetically encoded
probe molecules, as well as the background signal from the
unpaired probes, have presented problems in these studies.20,28
Moreover, simultaneous monitoring of multiple enzyme
activities in the same cell has been diﬃcult, although recent
studies demonstrated the use of two FRET pairs for observing
two diﬀerent enzyme activities at the same time.29,30
Nanomaterials with well-deﬁned morphologies are emerging
as a promising platform for interfacing with biological
systems.31−42 In particular, vertical silicon nanowires (NWs),
when used as a culture substrate, have been demonstrated to
provide direct physical access to the cells’ interior without
aﬀecting their viability or function (Figure 1a). The same NW
platform has also been utilized to eﬃciently introduce a variety
of foreign biomolecules into living cells.31,36,43 While our NW
platform permits cell membrane penetration, thereby mediating
delivery of foreign molecules, prolonged culturing of cells on
nanopillars has resulted in cell membrane wrapping,37,40
implying the dependence of behaviors of cells interfaced with
nanostructures on their physical properties as well as contact
duration.

nzymes mediate a wide range of cellular processes, and
dynamic control over their activities is crucial for proper
signal transduction. Traditionally, enzyme activity has been
studied in vitro in tissue homogenates or with puriﬁed
proteins1,2 using spectrophotometric, calorimetric, chromatographic, radiometric, or mass spectroscopic detection (see refs
3−5 for review papers). While these methods provide powerful
tools for characterizing enzymes, sometimes down to the single
molecule level,6−10 they do so by separating the enzymes from
their actual biological contexts. In reality, enzymatic behavior
may be diﬀerent in the cellular context because multiple cellular
components and extracellular stimuli, absent in vitro, may
modulate endogenous enzyme activity.11 Clearly, cell-based
assays that can accurately monitor enzyme behavior would be
highly beneﬁcial in uncovering the true physiological functions
of enzymes.
To date, most of cell-based assays have been based upon
ﬂuorescence measurements.11−20 For instance, ﬂuorogenesis
from substrate−quencher conjugates21−23 as well as ﬂuorescence enhancement due to conformational changes24 have been
widely employed to visualize and quantify molecular processes.
Employing strategies based on ﬂuorescence resonance energy
transfer (FRET), a variety of serine/threonine and tyrosine
kinases and small GTPases have been monitored in living cells
with high spatiotemporal resolution.25−27 Unfortunately, cell© 2012 American Chemical Society
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tools, such as ﬂuorescence microscopy and mass spectrometry.
We show that this strategy enables activity measurements of
several endogenous enzymes in living cells, demonstrating the
assay’s potential for probing enzyme function in situ.
We ﬁrst characterized the feasibility of this strategy and
optimized its implementation. We used the sandwich assay
format in which the NW cell holder was placed on top of the
probe NWs (Figure 1b) because the inverse conﬁguration was
found to lead to ineﬃcient cellular impalement by the
substrate-presenting NWs. To conﬁrm that the weight of the
NW cell holder (22 mg, 5 × 5 mm, 8.6 Pa, 1.4 × 10−4 Pa/cell)
did not destroy the cells underneath, we examined cell viability
and membrane integrity using carboxyﬂuorescein diacetate
(CFDA) and propidium iodide (PI). CFDA becomes
ﬂuorescent carboxylates inside cells through the action of
active cellular esterase and gets trapped within live cells.44 The
PI molecule, on the other hand, stains the cell nuclei only when
the cell membranes are damaged.44 HeLa cells on NWs,
whether sandwiched or not, showed positive CFDA ﬂuorescence with no nuclear PI staining (see Supporting
Information Figure S1), indicating that sandwiching aﬀected
neither cell viability nor membrane integrity. In addition, we
have performed the quantitative real-time polymerase chain
reaction (PCR) analyses of for sandwiched HeLa cells for 4 h,
and the transcript levels of ﬁve common housekeeping genes
were similar to those in cells cultured on NWs without
sandwich incubation (Figure S2). Moreover, when cells on
NWs after the sandwich incubation for 4 h and disassembly
were cultured for additional 3 days, they appeared to grow at a
rate similar to nonsandwiched cells on NWs (data not shown),
indicating that sandwiched cells can proliferate normally.
Next, we optimized the NW surface modiﬁcation protocol to
ensure that the enzyme substrates (typically peptides) tethered
to the probe NWs were neither removed nor damaged during
sandwiching. When we attached ﬂuorescein-labeled peptides to
the probe NWs via weak electrostatic binding, HeLa cells
exhibited bright intracellular ﬂuorescence after overnight
incubation inside a NW−cell sandwich (Figure 1c, upper),
indicating the intracellular release of these peptides, as
previously observed.36 To prevent such release, we covalently
attached ﬂuorescein-labeled peptides to probe NWs using
cysteine−maleimide chemistry (see Supporting Information for
details). In this case, even after overnight incubation, HeLa cells
did not show any signiﬁcant cellular ﬂuorescence after sandwich
disassembly (Figure 1c, bottom). This observation proves that
covalently attached peptides were both ﬁrmly anchored during
our sandwich incubation and not degraded randomly by cellular
enzymes. The integrity of the peptide incubated in a sandwich
was further conﬁrmed by mass spectrometric analysis (data not
shown). Intriguingly, when we explored surface modiﬁcation
more closely by employing gold nanoparticles (AuNPs) that
can be visualized by SEM, we found that a majority of AuNPs
bound to NWs, particularly to their upper parts (Figure S3),
indicating preferential modiﬁcation of the NW tops. This result
implies that the top parts of the NWs might be more oxidized,
leading to diﬀerential surface reactivity.
We also developed experimental protocols for preventing
transfer of cells from our NW cell holder to probe NWs. First,
we co-coated our NW cell holder with both 3-aminopropyltrimethoxysilane (APTMS) and ﬁbronectin to improve
cellular adhesion (see Supporting Information). Second, we
increased the length of both of the cell-holding NWs and the
probe NWs from 1−2 μm to 3−5 μm (typical height of HeLa

Figure 1. (a) Confocal microscope images of membrane-labeled HeLa
cells (green) on ﬂuorescently labeled NWs (magenta). Removing the
top half of the cell on NWs (left panel), as indicated by the light blue
plane (middle panel), reveals NWs that reside inside the cell (right
panel). Scale bar: 10 μm. (b) Schematic of the NW−cell sandwich
assembly. (c) Covalent tethering of peptides to NWs prevents errant
release. Fluorescein-labeled peptide molecules were either electrostatically tethered (top) or covalently attached (bottom) to probe NWs,
and the degree of their release into sandwiched cells was assessed after
an overnight sandwich incubation. Electrostatically bound peptides
were readily delivered into the cytoplasm of cells on the NW cell
holder while covalently bound peptides were not transferred. Scale bar:
50 μm. (d) Validation of cell immobilization on a NW cell holder.
HeLa cells, seeded in excess on the NW cell holder, were either
untreated (left) or treated brieﬂy with a TrypLE Express solution
(right). After overnight sandwich incubation and disassembly, both
samples were treated with CFDA for cell visualization. Weakly bound,
multilayered cells were transferred from the NW cell holder to probe
NWs (upper left), whereas all cells stayed on the NW cell holder in the
TrypLE Express-treated sample (note absence of cells, upper right).
Scale bar: 50 μm.

Here we report a new, minimally invasive method for
monitoring endogenous enzyme activity in living cells by
leveraging the ability of NWs to access the cell cytoplasm. The
essence of our live-cell assay is to use NWs to present
covalently attached enzymatic substrates directly inside living
cells so that these molecules interact with cytoplasmic enzymes.
To facilitate the cell detachment from these “probe NWs”
without cell lysis after a well-deﬁned interaction period, we use
another set of NWs as a “NW cell holder” to immobilize the
cells (Figure 1b). We expose the enzymatic substrates to living
cells by “sandwiching” the cells between the probe NWs and
the NW cell holder. Once the NW cell holder is withdrawn by
disassembling this NW−cell sandwich, changes induced to the
enzyme substrates are examined using conventional analysis
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Figure 2. Assaying caspase-3 activity using a NW−cell sandwich assembly. (a, b) Fluorescence-based caspase-3 assay. (a) Assay schematic. (b)
TAMRA-labeled substrate peptides were covalently attached to the probe NWs and sandwiched onto HeLa cells immobilized on the NW cell holder.
This assembly was then incubated either without (left) or with staurosporine (right), followed by examination for peptide release into the cell
cytoplasm by ﬂuorescence microscopy (top panels: all cells visualized by using autoﬂuorescence due to laser excitation at 488 nm; bottom panels:
TAMRA−peptide fragments visualized by excitation at 532 nm). (c−g) A mass spectrometry-based caspase-3 assay. (c) Assay schematic. Caspase-3
substrate peptide molecules were covalently attached to the probe NWs and treated (d) without or (e) with puriﬁed caspase-3. Bound peptides were
subsequently released with TEV and analyzed by MALDI-TOF (Voyager analyzer). Substrate-containing probe NWs were sandwich-assembled with
HeLa cells on the NW cell holder, which was incubated either (f) without or (g) with staurosporine, and processed for TEV cleavage and MALDITOF analysis.

cells on the NW surface is about 5−8 μm45) to tightly attach
the cells on the NW. It should also be noted that utilized NWs
were slightly tapered with diameters of 200−400 nm at their
bottoms and ∼100 nm at their tops and arrayed at ∼100 NWs
per 400 μm2. In the case of a HeLa cell whose surface area is
approximately 300−400 μm2 on these NWs, 70−100 NWs are
expected to be in contact with each single cell. Finally, and
most importantly, we covered NW cell holders with a densely
packed monolayer of cells by plating 3−4-fold more cells than
those required for 100% conﬂuency in a given area and treated
them with a TrypLE Express solution supplied as 1X to remove
loosely adhered cells. After this treatment, no cell transfer was
observed from the NW cell holder to probe NWs even after an
overnight sandwich incubation (Figure 1d, upper-right column;
the upper-left column in Figure 1d shows the control
experiment without a TrypLE Express solution treatment for
comparison).
Having established the experimental protocols for the
sandwich assay, we used it to measure the activity of
endogenous caspase-3, an apoptotic protease that plays an
essential role in both apoptosis and inﬂammation.46 Since
caspase-3 recognizes the peptide sequence, Asp-Glu-Val-Asp
(DEVD) with cleavage occurring on the second D residue,46,47
we constructed a caspase-3 substrate peptide that contains the
DEVD sequence with a 5-carboxytetramethylrhodamine
(TAMRA: ﬂuorescent label) linked at the N terminus (Figure
2; see Table S1 for the entire sequence). In this assay, active
caspase-3 should result in red ﬂuorescent TAMRA being
released into HeLa cells sandwiched between NWs. To induce
caspase-3 in our samples, we incubated the NW−cell sandwich
in the presence of an apoptosis-inducing reagent staurosporine
for 4 h (see Supporting Information). As expected, when the
NW−cell was disassembled and the cells were examined by
ﬂuorescence microscopy, TAMRA ﬂuorescence was only seen

in HeLa cells cultured in the presence of staurosporine (Figure
2b, bottom-right column). It should be noted that not all
assayed cells exhibited TAMRA ﬂuorescencealthough this
could be the result of individual cells responding diﬀerently to
staurosporin on this short time scale,47 we cannot exclude the
possibility that some cells were not penetrated by NWs.
Importantly, the retention of TAMRA ﬂuorescence indicates
the maintenance of cell membrane integrity under our
sandwich condition and proves that the sandwich assembly
neither aﬀected cell viability nor caused any signiﬁcant
apoptotic behavior.
To complement the ﬂuorescence experiments and extend the
utility of our technique, we then developed an experimental
protocol for mass-spectrometry-based analyses. In these
experiments, once the sandwich culture was completed, we
disassembled the NW−cell sandwich and analyzed the enzyme
substrates attached to probe NWs using a matrix-assisted laser
desorption/ionization (MALDI) time-of-ﬂight (TOF) mass
spectrometer. Speciﬁcally for the caspase-3 sandwich assay, we
modiﬁed the previously reported caspase-3 substrate peptide47
by inserting a tobacco etch virus (TEV) protease recognition
site (Figure 2c; see Table S1 for the entire sequence)this site
is used to remove the covalent linkage between the probe NWs
and enzyme substrates to facilitate the mass spectrometric
analysis. Unreacted caspase-3 substrate, when examined by
mass spectrometry after TEV cleavage, had a mass peak at 1913
Da, with two more peaks arising from cationic adducts at 1935
Da (Na+) and 1961 Da (K+) (Figure 2d). Treatment with
puriﬁed caspase-3 in vitro caused a mass shift to 1313 Da with
cationic adduct peaks at 1335 Da (Na+) and 1351 Da (K+)
(Figure 2e). When we performed a sandwich assay with HeLa
cells, we observed unmodiﬁed substrate mass peaks (Figure 2f)
similar to those obtained in the unreacted sample (Figure 2d).
After the staurosporine treatment for 4 h to activate caspase-3,
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however, we detected decreased molecular mass peaks as
expected (with a small amount of unreacted forms, Figure 2g).
Collectively, these results not only conﬁrmed our ﬂuorescence
studies but also validated the utility of combining mass
spectrometry analysis with our sandwich assay.
Next, we investigated the endogenous activity of protein
tyrosine phosphatases (PTPs) that are always functional in
HeLa cells even in the absence of external stimuli. PTPs
remove phosphate groups from phosphorylated tyrosine
residues on proteins, thereby controlling phosphorylated states
of many important signaling proteins and modulating their
activity.28 Using a general peptide substrate that could be
modiﬁed by any kind of cellular PTP (see Table S1 for the
entire sequence), we performed the same mass-spectrometrybased analysis after an hour-long sandwich assay (Figure 3a).

regulating cellular signal transduction pathways and are
implicated in many human diseases.48 One particular kinase
that we studied is protein kinase A (PKA) which is known to be
activated by cAMP in a spatiotemporal manner.11,49 To study
PKA activity, we attached two peptide substrates to our probe
NWs: one containing a PKA-sensitive sequence (refer to Table
S1 for the entire sequence) that we optimized for maximal
activity in vitro using puriﬁed PKA (data not shown) and a
second containing a prephosphorylated PKA-sensitive sequence
(Table S1 for the entire sequence) that could be dephosphorylated by serine/threonine phosphatases (Figure 4a). We then

Figure 3. (a) Schematic for a PTP activity assay using a NW−cell
sandwich assembly. (b−d) MALDI-TOF spectra for (b) substrate
peptides cleaved by TEV, (c) peptides cleaved from NWs by TEV
after an hour of sandwich assembly with immobilized HeLa cells, and
(d) peptides cleaved by TEV after an hour-long sandwich assay with
the inclusion of the PTP inhibitors, α-bromo-4-hydroxyacetophenone
(80 μM) and sodium orthovanadate (200 μM). Substrate and product
peptides show three distinct mass peaks including two adducts (Na+
and K+), respectively.

Figure 4. Assaying the time course of PKA activity. (a) Schematic for
the PKA assay based on PKA substrate and phosphatase substrate
peptides. (b−e) A sandwich assembly using PC3 cells was incubated in
the presence of a PKA inducer forskolin, followed by MALDI-TOF
analysis. The time dependence of forskolin’s eﬀect on PKA activation
was monitored at (b) 0, (c) 15, (d) 30, and (e) 60 min post-forskolin
addition. (f) A sandwich assembly using PC3 cells was incubated in the
absence of forskolin for 60 min. A phosphorylated product peak
appeared temporarily but disappeared afterward, suggesting transient
kinase activation.

Unreacted substrates exhibited mass peaks at 1284 Da with two
cationic adduct peaks (1307 and 1323 Da for Na+ and K+
adducts, respectively) (Figure 3b). After the sandwich assay,
however, the mass spectra exhibited three new major peaks
corresponding to the dephosphorylated form of the attached
peptide and its two cationic adducts (1204, 1227, and 1243 Da)
(Figure 3c). We conﬁrmed that this reaction was mediated by
PTPs by pretreating a set of sandwiched cells with two PTP
inhibitors, α-bromo-4-hydroxyacetophenone and sodium orthovanadate (see Supporting Information); in the presence of
these inhibitors, we observed little dephosphorylated peaks
(Figure 3d). We further performed ﬁve independent PTP
sandwich assays with independently prepared NWs and HeLa
cells (Figure S4). The results were highly reproducible, yielding
the average conversion from the substrate to the dephosphorylated product to be 82.7 ± 1.9% (SD). In addition, when we
attempted to measure endogenous protein kinase activity,
PKCδ among various protein kinases was found to show a small
but signiﬁcant activity in unstimulated HeLa cells (Figure S5).
Finally, we used the sandwich assay to probe the timedependent activities of protein kinases that play critical roles in

applied our sandwich assay to PC3 cells by treating them with
forskolin that raises intracellular cAMP levels. Upon addition of
forskolin, sandwiched samples were incubated for various time
periods (0, 15, 30, and 60 min) to monitor the enzyme’s
kinetics. As shown in Figure 4c, after 15 min incubation, the
peptide substrates displayed a molecular mass increase or
decrease of 80 Da, suggesting a phosphorylated or
dephosphorylated peptide product, respectively (conversion
percentages: 36.9% for the PKA substrate and 40.5% for the
phosphatase substrate). Although the same pattern of activity
was observed for a 30 min treatment (Figure 4d), the
phosphorylated peak for the PKA substrate almost vanished
for the 60 min time point (Figure 4e), concomitant with a
dramatic increase of the dephosphorylated peak for the
phosphatase substrate (to the level similar to the forskolin
untreated sample, Figure 4f). Intriguingly, when stimulated by
forskolin, PC3 cells showed elevated cAMP levels by 15 min
that persisted through 60 min (Figure S6). Together, these data
suggest that, despite continuously elevated cAMP levels, the
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interplay between PKA and phosphatases controls the duration
and magnitude of PKA signaling.
Here, we describe a novel strategy for detecting endogenous
enzyme activity in live cells by using NW arrays to both
immobilize cells and introduce exogenous enzymatic substrates.
This sandwich assay is compatible with both ﬂuorescence- and
mass-spectrometry-based readouts. In particular, the use of
mass spectrometry oﬀers many distinct advantages: it overcomes many of the limitations of ﬂuorescence-based methods
(e.g., high background, low dynamic range, transfection
diﬃculties, etc.) and permits massively parallel monitoring of
enzyme activities via the design of multiple peptide substrates
linked to a single set of NWs. Since enzyme kinetics and its
dependence on inducers/inhibitors can be readily probed using
our methodology, we anticipate this sandwich assay to be a
useful tool for screening the eﬀects of drugs on living cells.
Moreover, by integrating NW-assisted biomolecule delivery
with our live-cell enzyme activity assay, perturbations and
observation of cellular signal transduction could be achieved,
enabling unprecedented studies of enzymatic function in situ.
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