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Fig. 4. Cancer-specific signal increase and even distribution of signals
in imaging mass spectrometry (IMS) of digested formalin-fixed
paraffin-embedded (FFPE) tissue microarrays (TMA). (a) Significantly
strong peak intensity was detected at m/z 1103.4. (b) No significant
difference was observed between cancer and normal tissues at an m/z
of 990.4. Values are represented as mean = SD (n = 3). *P < 0.05.
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Fig. 5. Histological type-specific signal increase in imaging mass
spectrometry (iMS) of digested formalin-fixed paraffin-embedded
(FFPE) tissue microarrays (TMA). (a) lon imaging revealed a peak with
significantly  strong  signal  intensity in  well-differentiated
adenocarcinoma at an m/z of 1554.6. (b) lon imaging revealed a peak
with significantly strong signal intensity in moderately differentiated
adenocarcinoma at an m/z of 692.2. (c) lon imaging revealed a peak
with significantly strong signal intensity in poorly differentiated
adenocarcinoma at m/z 1475.8. Values are represented as mean z SD
(n = 3). *P < 0.05, 1P < 0.05.

quantified the signal intensity using Scion image software. In
agreement with our visual inspection, poorly differentiated
carcinoma showed significantly higher value compared to well-
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Fig. 6. MS/MS analysis of digested peptide and protein

identification. (a) The biomolecule of an m/z 1325.6 was identified as
histone H4. DNIQGITKPAIR: abbreviation of the amino-acid sequence
aspartic acid-asparagine-isoleucine~glutamine-glycine-isoleucine-
threonine-lysine-proline-alanine-isoleucine-arginine. y4, y5, y8, y10,
y11 represent each fragment ion, which includes the C-terminal
domain. b5, b6, b7 represent each fragment ion, which includes the
N-terminal domain. (b) The biomolecule with an m/z 976.4 was
identified as actin. AGFAGDDAPR: abbreviation for the amino-acid
sequence alanine—glycine-phenylalanine-alanine—glycine-aspartic acid-
aspartic acid-alanine-proline-arginine. y2, y3, y4, y7, y8 refer to each
fragment ion, which includes the C-terminal domain.

differentiated or moderately differentiated carcinomas. There
was no significant difference between well- and moderately
differentiated carcinoma (Fig. 7¢).

Discussion

In this report, we presented a simple and easy-to-use method for
the detection and identification of cancer-specific proteins, i.e.
strong candidates for biomarkers or drug targets, with high reli-
ability in an experimental trial (Fig. 1). We succeeded in detect-
ing cancer-specific signals with 75% (40 per 54) reliability in
two independent experiments (Fig. 3, Fig. 4). Furthermore,
we detected signals that were specific for each status of cancer
differentiation (Fig. 5). Finally, we successfully identified one
of the signals that was specifically increased in the poorly differ-
entiated cancer tissue as histone H4 (Fig. 6).

We analyzed 12 different tissue samples within | h. The
TMA-IMS technique has prominent advantages when compared
to existing proteomic techniques. This technique enables the
analysis of multiple proteins in multiple tissue samples in just
one experiment. The existing proteomic techniques lack either
multiprocessing property with respect to the analysis of samples
or detection of proteins. Proteomic techniques employing 2D
electrophoresis-MS or protein microarrays can analyze only sin-
gle or double samples in one experiment; however, they can
detect and identify multiple proteins in one experiment. In con-
trast, the limitation of TMA is that it enables that analysis of
only one or two proteins in one experiment; however, it enables
simultaneous analysis of multiple tissue samples. Thus, the
TMA-IMS technique has two advantages compared to existing
techniques. Moreover, the TMA-IMS technique does not require
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Fig. 7. Immunohistochemical (IHC) staining for histone H4. (a)
Representative photomicrograph of IHC for histone H4 protein, x400.
Scale bar, 50 um. (b) Evaluation of IHC according to four ranks (0,
negative; 1, slightly positive; 2, positive; 3, strongly positive). The 169
gastric carcinomas comprised 42 well-differentiated carcinomas, 38
moderately differentiated carcinomas, 83 poorly differentiated
carcinomas. *P < 0.05 by Steel-Dwass’ test. (¢) Quantitative analysis of
IHC signal intensity. The 170 gastric carcinomas comprised 43 well-
differentiated carcinomas, 40 moderately differentiated carcinomas,
and 87 poorly differentiated carcinomas. Values are represented as
mean = SD. si/p, signal intensity per pixel. #P < 0.01.

the complicated sample-preparation steps which are required in
2-DE-MS-based proteomics.

The high-intensity signals detected from cancer tissues
account for approximately two-thirds (54 of 72) of all signals
detected. We failed to detect signals specific to normal tissues.
This could be explained by the heterogeneity underlying normal
tissues. The adjacent normal tissues consisted of varied types
of tissues, such as mucosa, fatty tissue, and muscle. Acquired
signal intensities in nommal tissues were the average of whole
spectrum derived from each of the tissues. Hence, tissue type-
specific peaks were totally obscured, resulting in the failure to
detect adjacent normal tissue-specific peaks.

We detected 17 histological type-specific peaks in two inde-
pendent experiments. (Fig. 3) The reproducibility of signal
detection from normal tissues was lower (4 per 17; 24%) than
that of signal-detection from cancer tissues (75%). This could be
explained by our experimental paradigm under which we per-
formed two-step screening. The high severity of the first screen-
ing step excluded 9 of 13 peaks in either trial due to high
variance among cancer tissues. In this technique, the two-step
screening is essential as we cannot rule out the possibility of
detecting false positive signals that are specific merely for cer-
tain patients. This problem could be addressed by spotting more
samples under a variety of cancer tissue conditions in a TMA
and performing muitiple direct comparisons.

272

We identified from IMS screening histone H4 as a protein that
is specifically increased in poorly differentiated adenocarcinoma
(Fig. 6a). To validate the IMS result, we performed IHC for his-
tone H4 protein using large amount of archival TMA specimens
composed of various cellular density. In both visual inspection
and quantitative analysis of IHC, histone H4 was strongly
detected in poorly differentiated carcinoma (Fig. 7b,c). Similar
strong detection of histone H4 in a cancer tissue has been
reported by a rccent study on a mouse model of brain tumor ana-
lyzed by MS @ Dynamic chromatin remodeling such as DNA
methylation, histone variants, covalent histone modifications,
and ATP—dcpcndent chromdtm remodeling play important roles
in carcinogenesis. ) Indeed, poorly differentiated gastric ade-
nocarcinoma is reported to lose Brm, a subunit of ATP-depen-
dent chromatin-remodeling complex.(27 It can be assumed that
these epigenetic changes lead to the chromatin-unfolding state
and allow ready access to core histone protein. It might be also
plausible that the higher cellular density of the poorly differenti-
ated cancer tissues compared to other tissues explains the reason
underlying the successful detection of a vast majority of histo-
logical type-specific signals from IMS. Conversely, signals
specific to well- or moderately differentiated adenocarcinoma
reflect the more-significant changes among the three histological
types.

IMS technique was originally applied for the analysis of fro-
zen tissue sections. FFPE samples are unsuitable for performing

IMS due to the presence of cross-linkage between proteins and
the inefficiency of enzyme digestion. Thus, few studies have
reported the performance of IMS on FFPE samples.®*>? Fur-
ther, our study was hampered due to the disadvantage of FFPE.
Due to the low S/N ratio, the identification of cancer- or histo-
logical type-specific proteins was rendered difficult.

MA was originally used for IHC or in situ hybridiza-
tion." 3" While this study was being conducted, another group
reported the IMS of lung tumor biopsy in FFPE-TMA sam-
ples.®® Thus, the FFPE-TMA-IMS has now emerged as the
newest imaging technique. Other researchers have used this
technique as an imaging tool to detect signals showing charac-
teristic distribution in a particular tissue spot.”” In contrast,
we used the technique as a scanner for multiprocessing proteo-
mics to readily detect cancer-specific signals. Two studies
along these lines have reported highly different approaches. In
this work, we loaded 12 tissue spots with 3-mm diameter in a
TMA. Due to improvements in IMS resolution, the tissue spot
size can now be reduced to submillimeter scales, enabling the
loading of hundreds of tissue samples in one TMA. Thus,
this technique can be applied for the analysis of a greater
number of samples for high-throughput analysis of cancer
characteristics.

Once a patient develops cancer, he or she should be subjected
to medical treatments, including surgical operation and/or che-
motherapy. To enable early detection of cancers, specific and
sensitive biomarkers are desired. Using 2-DE based on MALDI
mass spectrometry, potential proteins related to carcinogenesis
have been discovered. Further, in cases of far advanced or
recurrent gastric carcinoma, chemotherapy prolongs the survival
of the patient at a certain rate.”” Proteomic analysis yielded an
antidrug resistance agent,” while multidrug resistances were
observed in certain cases. For retrospective evaluation and
prospective  searches of chemotherapy-related markers,
high-throughput pathological evalvation methods are essential.
IMS using TMA in FFPE, as we show here, will be one of the
most promising gadgets in the surgical pathology laboratory.

In conclusion, we performed IMS of FFPE-TMA samples of
gastric carcinoma, and successfully identified histone H4 as a
signal specific to poorly differentiated cancer tissues. Moreover,
the IMS-based finding was confirmed by IHC analyses of a large
amount of TMAs. IMS of FFPE samples is a currently emerging

doi: 10.1111/1.1349-7006.2009.01384.x
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technique and our experience represents an important step in the
early phase of development. IMS of FFPE-TMA can offer fast
and easy screening of cancer or tissue type-specific signals from
a large amount of samples. The results of IMS-based screening
can be readily verified by IHC analysis with other sets of
FFPE-TMA samples. Combined with THC confirmation, IMS of
FFPE-TMA samples may be a further powerful tool in cancer
proteomics.
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ARTICLE INFO ABSTRACT

Article history: Amethod to detect an enzymaticreaction in a single living cell using an atomic force microscope equipped
Received 25 March 2009 with an ultra-thin needle (a nanoneedle) and a fluorescent probe molecule was developed. The nanonee-
Received in revised form 22 May 2009 dle enables the low-invasive delivery of molecules attached onto its surface directly into a single cell.
Accepted 28 May 2009

We hypothesized that an enzymatic reaction in a cell could be profiled by monitoring a probe immo-

Available online 6 june 2009 bilized on a nanoneedle introduced into the cell. In this study, 2 new probe substrate (NHGcas546) for

Keywards: caspase-3 activity based on fluorescent resonance energy transfer (FRET) was constructed and fixed on a
Nanoneeéle nanoneedle. The NHGcas546-modified nanoneedle was inserted into apoptotic cells, in which caspase-3
AFM is activated after apoptosis induction, and a change in the emission spectrum of the immobilized probe
Single cell could be observed on the surface of the nanoneedle. Thus, we have developed a successful practical
FRET method for detecting a biological phenomenon in a single cell. We call the method MOlecular MEter with
Caspase-3 activity Nanoneedle Technology (MOMENT).

MOMENT

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The direct manipulation and delivery of molecules into a single
living cell would provide a novel technology that could be useful
in biology, biotechnology, and medicine (Lamontagne et al., 2008;
Voldman, 2006). There are two main applications of such molecular
manipulation techniques:; One is to regulate cell states (e.g., cell
differentiation, cell reprogramming), and the other is to reveal the
state ar.the type of a cell; the latter can be currently accomplished
by investigating the operation of biological activities by analysing
gene expression levels in the cell, For the advancement of these
applications, molecular handling techniques with more spatial and
temporal precision are required.

We have developed a novel molecular handling technique for a
single cell using the atomic force microscope (AFM), which accu-
rately measures the displacement and force exerted on a cantilever,
and an ultra-thin needle (nanoneedle) to penetrate the cell mem-

* Corresponding author at: Research Institute of Cell Engineering, National Insti-
tute of Advanced Industrial Scence and Technology, Central 4, 1-1-1 Higashi,
Tsukuba, Ibaraki 305-8562, Japan. TeL: +81 29 861 2445; fax: +81 29 861 3049.

E-mail address: chikashi-nakamura@aist.go.jp (C. Nakamura).

0956-5663/§ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/].bi0s.2009.05.036

brane with minimal cell damage. Penetration with nanoneedles
smaller than 400 nm in'diameter does not cause lethal damage to
the plasma membrane; because of their low invasiveness, the nee-
dles can be maintained inside the cell for more than 1 h for analysis
(Han et al., 2005). Insertion of a nanoneedle through the plasma
membrane can be monitored by determining the force exerted on
the nanoneedle (Obataya et al., 2005¢). This procedure allows us
to deliver molecules that are attached onto the nanoneedle surface
into the cell (Han et al., 2005; Obataya et al.,, 2005a).

Many kinds of fluorescent probes have been used to detect
enzymatic activity (Miyawaki, 2003; Tsien, 2005), The sensing
mechanism of such probes is usually based on fluorescent reso-
nance energy transfer (FRET) between green fluorescent protein
(GFP) and its colour variants for applications in the fields of cell
biology, molecular biology, and developmental biology (Miyawaki,
2003; Pollok and Heim, 1999). In many cases, this system requires
a construct such that an enzyme sensitive sequence is placed
between two fluorescent proteins. Recently, a FRET-based sys-
tem using an engineered GFP with a chemical FRET partner was
reported, This chimeric FRET-based system aims to place the chem-
ical fluorophore considerably close to and suitably oriented to
GFP for efficient FRET using a site-directed mutagenesis approach
(Suzuki et al., 2003, 2004).
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Fig. 1. Structure of the NHGcas546 probe. (A) Schematic diagram of the new biosensor for intracellular enzyme assay. A nanoneed|e carrying immobilized probe molecules is
inserted into a cell and the probe on the nanoneedle reacts with the enzyme inside the cell. The immobilized NHGcas546 probe emits at 572 nm upon excitation at 488 nm;
after digestion with caspase-3 in an apoptotic cell, the immobilized NHGcas546 emits at 510 nm. (B) Primary structure of NHGcas. NHGcas was constructed using mutated
GFP, a caspase-3 recognizable sequence (DEVD), and a Cys modified with Alexa Fluor 546. NHGcas has a (His)g tag at its N-terminus. (C) Emission spectra of NHGcas546 during
digestion with recombinant caspase-3. NHGcas546 was incubated with caspase-3 for 120 min in solution. Excitation was at 488 nm. The fluorescence emission spectrum of
the probe changed in caspase-3 solution and the intramolecular FRET signal was abolished in a time-dependent manner.

For the procedure, these fluorescent probes need to be expressed
or introduced into the cells after fabrication by chemical or physio-~
logical methods. However, those introduction strategies have some
restrictions on applicable cell types and growth conditions, and suf-
fer from reduced viability after invasive damage. It is often difficult
to employ these techniques in primary cultured cells or normal
human cells. We have developed a molecular manipulation tech-
nique for a single cell that might have the potential to deliver
many types of molecule into various cell types, including normal
human cells, without invasive damage (Han et al., 2008). To com-
bine this technique with the use of fluorescent chimeric probes, it
is necessary to adapt the probes to function on the surface of the
nanoneedle inside the cell. This combination scheme is based on
the concept of a biosensor for real-time monitoring of biological
phenomena in a single living cell (Fig. 1A),

In this study, a FRET-based probe (NHGcas546) functioning on
a nanoneedle surface was developed to quantify the activity of
caspase-3, a key enzyme of apoptosis. NHGcas546 consists of an
engineered GFP with an N-terminal (His)s tag, a sequence (Asp-
Glu-Val-Asp) recognizable by caspase-3 (Thornberry et al,, 1997),
and a cysteine for site-directed modification with an Alexa Fluor
546 dye at its C-terminus (Fig. 1B). The NHGcas546 was attached
to the surface of the silicon cantilever by chelate bonding of the
(His)e tag. This probe on an AFM cantilever was demonstrated
to change its FRET signal as a result of cleavage by recombinant
caspase-3. The NHGcas546 immabilized on a nanoneedle was then

inserted into a single apoptotic cell assumed to express caspase-3
and a change in the emission spectrum was observed, Thus, the
development of a new device like a micro-biosensor to investi-
gate enzymatic activity in a single cell has been accomplished.
We named the new method MOlecular MEter with Nanoneedle
Technology (MOMENT), MOMENT allows the measurement of the
activity of a desired molecule in a cell at that moment,

2. Materials and methods
2.1. Materials

AFM silicon cantilevers (CONT and ATEC-CONT) were pur-
chased from Nanosensors (Neuchatel, Switzerland). The BCA
protein assay kit and Halt EDTA-free protease inhibitor cock-
tail were purchased from Pierce Biotechnology (Rockford,
IL). 2-Methacryloyloxyethyl phosphorylcholine (MPC) and p-
nitrophenyloxycarbonyl poly(ethylene glycol) methacrylate
(MEONP) were synthesized using previously reported methods
(Ishihara et al., 1991; Konno et al., 2004), 3-Methacryloxypropyl
triethoxysilane (MTES) was purchased from Shin-Etsu Chemical Co.
Ltd. (Tokyo, Japan). Alexa Fluor 546 C5 maleimide was purchased
from Invitrogen (Carlsbad, CA). TALON Metal Affinity Resin and
Escherichia coli BL21(DE3)pLysS were purchased from Takara Bio
Inc, (Shiga, Japan). NAP-10 desalting columns were purchased
from GE Healthcare Life Sciences (Buckinghamshire, England).
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Active human caspase-3 was purchased from Medical & Biological
Laboratories Co. Ltd. (Nagoya, Japan). AB-NTA was purchased from
Dojindo laboratories (Kumamoto, Japan). Other reagents were
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan)

or Sigma-Aldrich (St. Louis, MO),

2.2. Plasmid construction

The protein part of the probe, called NHGcas, was derived from
the GFP variant UV5casS02tag (Suzuki et al., 2005). The construc-
tion detail is described in Supplementary methods, The resulting
construct was named pNHGcas,

2.3. Purification of NHGcas

E. coli BL21(DE3)plysS was transformed with pNHGcas.
LB medium supplemented with 34pg/mL chloramphenicol,
100 pg/mL ampicillin, and 0.5-mM IPTG was inoculated with trans-
formed E. coli in the growth phase and cultured at 26°C for 3 h,
The cells were harvested by centrifugation at 8000 x g for 15 min
and resuspended in PBS. The cell suspension was suspended and
vortexed with lysis buffer: PBS containing 10% glycerol, 0.5% Triton-
X-100, and an EDTA-free protease inhibitor cocktail. The resulting
lysate was sonicated and centrifuged at 8000 x g for 15 min. The
supernatant was applied to a TALON Metal Affinity resin column,
After serial washing with lysis buffer and modified lysis buffer sup-
plemented with 2-mM imidazole, the NHGcas bound to the resin
through its (His)s tag was eluted with lysis buffer containing 100-
mM imidazole, The eluted protein was desalted on a NAP-10 gel
permeation column. The desalted NHGcas was collected to deter-
mine its concentration with the BCA kit, Purified and quantified
NHGcas was analyzed by 10% SDS-PAGE. The schematic structure
of NHGcas is shown in Fig. 1B,

2.4. Preparation of the caspase-3 activity sensor probe

The caspase-3 sensor probe, NHGcas546, was prepared from
NHGcas by chemical medification with Alexa Fluor 546. An aliquot
of purified NHGcas dissolved in PBS containing 10% glycerol, 0.5%
Triton-X-100, and 1-mM DTT was kept at room temperature for
15 min; thereafter, the remaining DTT was removed using a NAP-10
gel permeation column equilibrated with PBS. An aliquot of elu-
ate was immediately mixed with 10 equivalent amounts of Alexa
Fluor 546 C5 maleimide solution and incubated at 37°C for 3 h.
Excess fluorescent dye was removed by dialysis against PBS, The
concentration of prepared NHGcas546 was determined using the
BCA kit

2.5, Preparation of nanoneedle

The nanoneedle was prepared by focused ion beam (SMI3050,
St Nanotechnology Co. Ltd,, Chiba, Japan) etching as described
previously (Obataya et al,, 2005b). The pyramidal silicon AFM tip
(ATEC-CONT, spring constant is about 0.2 N/m) was fabricated to a
needle shape of approximately 400nm in diameter and 10 um in
length with a flat-ended cylindrical edge.

2.6, Detection of caspase-3 activity in a single apoptotic cell

Hela cells were maintained in DMEM containing 10% FBS, and
antibiotics (100 units/mL penicillin G, 100 pg/mL streptomycin sul-
phate). Apoptosis was induced with 10 ug/mL cycloheximide and
100 ng/mL TNF-o. We performed Annexin V assays to confirm
the induction of apoptosis {data not shown), Apoptatic Hela cells
were manipulated using a combination of confocal laser scanning
microscopy (CLSM)(IX81/FV1000, Olympus, Tokyo, Japan) and AFM

(Nanowizard I, JPK Instruments AG, Berlin, Germany). The NHG-
cas546 immobilized nanoneedle was inserted into an apoptotic
cell aimed toward the centre of the cell by manual operation. The
nanoneedle was maintained inside the cell for 60 min and then
retracted. The fluorescence of NHGcas546 cn the nanoneedle was
examined by CLSM before and after the nanoneedle insertion, The
images obtained were analyzed using Image] software (National
Institutes of Health, Bethesda, MD, USA). The Young's modulus of
the cell was calculated in accordance with the Hertz model (Obataya
et al., 2005¢). The force-distance curve (z-scan speed of 6 pm/s) at
the region of indentation was fitted to the Hertz madel. The follow-
ingequationis used in the Hertz model of indentation for cylindrical
material;

2aE
(1-v2)
where F=force, I=depth of indentation, a=radius of nancneedle,
v=Poisson's ratio (0.5), and E=Young's modulus.

All other methods used in this work are described in
Supplementary methods,

F= I,

3. Results and discussion

3.1. Design of a FRET-based probe for measuring caspase-3
activity on a silicon surface

A highly sensitive fluorescent probe that can function on a
nanoneedle should be a powerful tool for in situ characterization of
enzymatic activity in a single living cell. Since the nanoneedle was
prepared from a single silicon AFM cantilever, the fluorescent probe
should have a solid surface binding site and an enzyme-sensitive
site, Thus, a new FRET-based probe composed of fluorescent pro-
tein and dye to measure caspase-3 activity was devised in this study
(Fig. 1A).

This probe was attached to the nanoneedle via the N-terminus
of the protein part to detect the activity of caspase-3 as a change in
the emission spectrum of the probe; the protease sensitive site was
located at the C-terminus of the protein part (Fig. 1B). We used GFP
as the protein part and Alexa Fluor 546 as the fluorescent dye, as
shown in Fig. 1B, This probe contained the DEVD sequence between
GFP and Alexa Fluor 546, which is mainly cleaved by caspase-3
(Thornberry et al., 1997).

Fig. 1C shows the changes in emission profile of NHGcas546
digested with caspase-3 in solution. The ermission around 510 nm
from GFP clearly increased and the emission around 570 nm from
Alexa Fluor 546 simultaneously decreased in a time-dependent
manner (Fig. 1C). This suggests that NHGcas546 was cleaved by
caspase-3 to abolish intrarnolecular FRET. The ratio of the fluores-
cence intensities at 572 and 510 nm was 1.83 at Omin and 0.247
after 120 min after caspase-3 action, This gave a 7.4-fold alteration
of the ratio by caspase-3 digestion. The alteration of the corre-
sponding ratio on UV5casS22tag modified with Alexa Fluor 532 was
6.4 (Suzuki et al.,, 2005), Alexa Fluor 532 can be weakly excited at
488 nm, producing an unfavourable background for this analysis,
but Alexa Fluor 546 is scarcely excited at this wavelength. Thus,
NHGcas546 is a very effective probe of caspase-3 activity for further
study.

3.2, Modification of a silicon surface with NHGcas546

Many points must be considered when building a probe on a
nanoneedle surface to function in the interior of a cell. One con-
sideration is the activity of the molecular probe on the nanoneedle
surface for effectively sensing enzymatic activity. Another consid-
eration is nonspecific adsorption onto the nanoneedle surface that
would be an obstacle to molecular sensing. To overcome these
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issues, a MPC polymer was used to modify the silicon surface
(Kihara et al., 2007). The surface of MPC polymers has abundant
free water molecules (Ishihara et al,, 1998; Kitano et al., 2003).
Thus, proteins are exposed to circumstances similar to a solution,
meaning that their conformation does not change on the MPC poly-
mer surface, Moreover, the surface of the MPC polymer has low
protein adsorption. MPC is often used as a surface-modification
polymer for various materials that come in contact with tissue or
blood (Gada et al., 2006; Moro et al., 2004), For this study, because
silicon surface bonding groups and active ester groups for immobi-
lizing biomolecules were required in the polymer chain, MPC, MTES,
and MEONP were copolymerized (Supplementary Fig. 1). MTES is
a monomer for silane coupling and MEONP is a monomer with a
reactive ester group (Konno et al., 2004),

First, the silicon AFM cantilever was modified with the MPC
polymer by silane coupling. Thereafter, the p-nitrophenyl ester
group was reacted with the amino group of AB-NTA to produce NTA
groups on the surface, NTA is one of the most useful matrices for
immobilized metal-affinity chromatography. A Ni2* was chelated to
the NTA group. The Ni2*-NTA group can tightly bind a (His)s tagged
protein, NHGcas546 was then supposed to attach to the Ni2*-NTA
group on the silicon AFM cantilever.

The silicon cantilever modified with NHGcas was observed
by CLSM, and successful binding of the protein was confirmed
(Supplementary Fig. 2). The amount of attached NHGcas was about
3 x 104 molecules/pm?, or approximately 3 per 10-nm square, The
diameter of the GFP barrel structure is about 24 A(Ormo et al,, 1996;
Yangetal., 1996). Thus, it is estimated there could be approximately
20 closely packed molecules in each 10-nm square; the occupied
fraction of NHGcas was about 15%. The surface area of the nanonee-
dlewas 13 wm? at 400 nm diameter. Hence, about 4 x 10° molecules

"of NHGcas546 could be on the surface of the nanoneedle,

3.3. Cleavage of NHGcas546 with caspase-3 on the silicon surface

To evaluate the performance of the attached NHGcas546 probe
on the silicon surface, the NHGcas546-modified silicon cantilever
was treated with recombinant caspase-3 and was then observed by
CLSM (LSM510-META) at 488 nm laser excitation and 511-599nm
emission.

The emission spectrum of NHGcas546 on the cantilever surface
showed two distinct peaks: one from fluorescent protein and one
from Alexa Fluor dye (Fig. 2a). The NHGcas546 on the surface of the
cantilever clearly showed an intramolecular FRET spectrum pat-
tern, When the probe was incubated with buffer alone, the emission
spectrum of the NHGcas546 probe did not demonstrate signifi-
cant change, However, the intensity of the fluorescence gradually
decreased by sequential abservation every 5 min (Fig. 2a). This sug-
gests that the structure of NHGcas546 might be maintained on the
MPC polymer-modified solid surface but its fluorescence would be
bleached by continuous excitation,

Upon treatment with 1unit of caspase-3 at room temper-
ature, the emission of the NHGcas546 on the silicon surface
clearly decreased around 570nm (Fig. 2b). This indicated that
the NHGcas546 was digested by caspase-3, thereby cancelling the
intramolecular FRET signal.

Fig. 2c shows the time-dependent changes in the ratio of
emission intensities of Alexa Fluor 546 (577-599 nm)/fluorescent
protein (513-534nm) on the silicon cantilever, The emission ratio
was normalized by defining the baseline ratio at 0 min of caspase-3
treatment. The rate constant of 1 unit caspase-3 action on the NHG-
cas546 attached to the silicon cantilever was 5.4 x 10~4/s, The ratio
of the fluorescence intensity of Alexa Fluor 546/fluorescent pro-
tein after treatment with caspase-3 was 0.59. This gave a 1.7-fold
alteration of the ratio by caspase-3 digestion.
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Fig. 2. Time course of caspase-3 digestion of NHGcas546 immobilized on the silicon
surface. The fluorescence spectra of the immobilized NHGcas546 are overlaid (a, b).
immobilized NHGcas546 was incubated with (b)or without(a) 1 unit of recombinant
caspase-3 for 60 min at room temperature on the silicon surface in 100-p.L reaction
solution. The fluorescence intensity of the immobilized NHGcas546 decreased in
buffer solution alone (a). In contrast, the fluorescence intensity of Alexa Fluor 546
decreased in a time-dependent manner in caspase-3 solution (b). (c) First-order
kinetic plot of the data from (a) and (b). The normalized ratio of the emission inten-
sities for Alexa Fluor 546 (577-599nm) and fluorescent protein (513-534nm) is
plotted. The points represent experimental data and the line shows the theoretical
reaction kinetics determined by nonlinear least-squares regression fit to a first-order
kinetic equation. Grey triangles indicate the ratio of the immobilized NHGcas546
in buffer solation, and the closed drcles and black line indicate the ratio of the
immobilized NHGcas546 treated with caspase-3 on the silicon surface.

The alteration of the ratio by caspase-3 digestion was larger
when the NHGcas546 was free in solution (Fig. 1C, 7.4-fold) than
when it was immobilized on the solid surface (Fig. 2¢, 1.7-fold).
One possible reason may be dysfunction of the NHGcas546 on the
siticon surface caused by some denaturation during binding, which
would decrease donor protein emission and consequently the effi-
ciency of intramolecular FRET. A second possible reason may be
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bleaching of the donor fluorescent protein by long-term continu-
ous laser radiation of the target held on the solid surface, which
could have a different effect than irradiation of the target in solu-
tion by the same laser. If we knew the critical point to detect some
enzymatic reaction in the cell cycle or after some stimulation of the
cell under study, we could avoid repeated visualization of the fluo-
rescent probe. A third possible reason might be restricted access
of caspase-3 to the immobilized NHGcas546 substrate by steric
hindrance,

Next, we investigated the effect of caspase-3 concentration on
the digestion of NHGcas546 on the silicon surface by changes in
the ratio of donor and acceptor fluorescence emission as a routine
indicator, The NHGcas546-modified silicon cantilever was treated
with various amounts of caspase-3 in the reaction buffer for 30 min
at 30°C and observed by CLSM {LSM510-META) at 488 nm excita-
tion and 513-599 nm emission. The normalized ratios of emission
intensity of Alexa Fluor 546 (577-599 nm) to fluorescent protein
(513-534 nm)were plotted against caspase-3 concentration (Fig. 3).
The results suggested that the decay in the ratio of donor and accep-
tor emission intensities in response to enzyme concentration would
be an adequate sensing systern,

3.4. Detection of caspase-3 activity in a single apoptotic cell

Hela cells were treated with cycloheximide and TNF-a to induce
apoptosis. After 2-3 h, the shape of the treated cells changed from
oval to round, and apoptosis was initiated in the cells. The apoptotic
cells were observed using CLSM (IX81/FV-1000) and the nanonee-
dle was moved toward an apoptatic cell using AFM (Fig. 4A).

Penetration of a cell with the nanoneedle can be monitored
by observing a decrease or relaxation of the exerted force. Just
after the nanoneedle comes in contact with the cell surface, the
force on the nanoneedle increases due to resistance from indenta-
tion of the cell membrane and then suddenly decreases, indicating
passage through the cell surface (Obataya et al, 2005c), After
the nanoneedle travelled several pm, the force exerted on the
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Fig. 3. Concentration-dependent caspase-3 digestion of immobilized NHGcas546
on the silicon surface. Immobilized NHGcas546 was treated with various amounts
of caspase-3 for 30 min at 30°C in 100-LL reaction solution. The normalized ratios
of the emission intensities of Alexa Fluor 546 (577-599 nm) and fluorescent protein
(513-534 nm) are plotted. Each mark indicates an individual experiment, and two
or three experiments were performed for each caspase concentration. The line is
the theoretical exponential curve derived by non-linear least-square regression fit
to the plots.

NHGcas546-modified nanoneedle slightly increased and then flat-
tened in the apoptotic cell (Fig. 4B). The force decreased further by
about 1 nN and then flattened again, This resultindicates that pen-
etration of the probe-modified nanoneedle into an apoptotic cell
was similar to penetration of a normal cell and was successfully
done, The Young's modulus of the apoptotic cell was about 3.6 kPa;
this value was less than the Young's modulus of normal Hela cells
(about 10kPa). The probability of the nanoneedle being inserted
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Fig. 4. Detection of caspase-3 activity in a single apoptotic cell. (A) Transmitted light image of cell manipulation using AFM. A round apoptotic cell was manipulated with
the nanoneedle. (B) Force-distance curve of the nanoneedle during insertion into an apoptotic cell. The mechanical detection point and the point of penetration of the
cell membrane by the nanoneedle are indicated. (C) The fluorescence ratio of NHGcas546 immobilized on the nanoneedie after insertion of the nanoneedle into a normal
or apoptotic cell relative to the ratio before insertion. The NHGcas546-modified nanoneedle was maintained in the cell for 60 min at room temperature. The ratios of the
normalized emission intensities of Alexa Fluor 546 (575-620nm) and fluorescent protein (490-540 nm) are plotted.
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into an apoptotic Hela cell was over 90%. Thus, although the apop-
totic cells became elastic, the probability of nanoneedle insertion
was not affected by apoptosis.

To evaluate the activity of caspase-3 in apoptotic cells, the
NHGcas546-modified nanoneedle was maintained inside an apop-
totic cell for 60 min and the fluorescence ratios of the NHGcas546
on the nanoneedle were compared before and after insertion. The
insertion of a nanoneedle with 400nm diameter for more than
60min does not induce lethal damage to the plasma membrane
(Han et al.,, 2005). The fluorescence ratio decreased when the
nanoneedle was inserted into apoptotic cells, but not normal cells
(Fig. 4C), This result indicates successful detection of caspase-3 acti-
vation by apoptosis in a single cell using NHGcas546 immobilized
on a nanoneedle,

Although we have succeeded in detecting the difference
between normal and apoptotic cells by changes in the ratio, the
decline of the ratio was smaller than in a previous study using
chemically derived Alexa Fluor 532-madified UV5casS22tag incor-
porated into a single apoptotic Hela cell, where they obtained a
value which would be comparable to 0.6 in Fig. 4C (Suzuki et al.,
2005). We need to consider several disadvantages of our immobi-
lized probe system. As described in the previous section, the action
of caspase-3 on the NHGcas546 probe free in solution produced a
larger change in the fluorescence ratio than treatment of the same
probe fixed on the silicon surface. In this study, a protein-based FRET
probe was used because such probes could be highly applicable to
detect many types of biological phenomena, including proteinase,
kinase, or phosphatase action and changes in ion concentrations,
pH, etc (Miyawaki, 2003; Sakaue-Sawano et al,, 2008; Sato, 2006;
Tsien, 2005). We will thus establish immobilization procedures that
do not denature a protein-based probe and overcome bleaching of
probes on the nanoneedle caused by continuous excitation.

The most commonly used methods for detecting apoptotic cells
are the AnnexinV assay and the TUNEL (TdT-mediated dUTP-biotin
Nick End Labeling) assay. These methods can be used to detect
apoptosis but not to continuously trace a single cell over time,.
FRET-based probes specific to caspase have been developed for
detecting specific signal transduction during apoptosis (Takemoto
et al,, 2003; Tyas et al., 2000). These probes allow real-time moni-
toring of the enzyme activity in a single cell. However, the methods
by which they are introduced into cells may cause invasive dam-
age to the cells and cannot be applied to all cell types. Our newly
devised MOMENT method involving the use of a micro-biosensor
can be used for single cell analysis. Further, it can be used to specif-
ically detect many types of biomolecules within various types of
cells without causing invasive damage to the cells. In the future, we
will refine this method so that it applications can be extended to
many types of biomolecules,

4. Conclusions

As the demand for precise single cell manipulation to examine
sequences of signal transduction increases, AFM has been inten-
sively exploited as powerful tool in cellular and molecular biology
(Lamontagne et al., 2008). In particular, AFM has been proposed to
be useful for stimulation and for monitoring cellular homeostasis by
introducing or extracting specific molecular entities from the cyto-
plasm of individual cells (Chen et al,, 2007; Cuerrier et al., 2007;
Han et al,, 2005, 2008; Osada et al., 2003; Uehara et al., 2004).
An AFM equipped with a nanoneedle would be a practical device
to minimize the invasiveness of cell manipulation. This technique
combined with fluorescent probes has great potential to reveal cel-
lular states through investigating various intracellular phenomena.

We have named this approach ‘MOMENT", To assess the feasibil-
ity of this approach, a new fluorescent probe for caspase-3 activity
suitable for the AFM system was developed and used to detect
caspase-3 activity induced in a single cell model system. Successful
detection of enzymatic activity according to the cellular state sug-
gested that this combination could be expanded to monitor many
types of intracellular phenomena.
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Mechanical properties of cells reflect their unique physiological status, Methods for direct measurement of
these properties and their applications are required for cell therapy and diagnostics. Young's modulus of
the cell and nuclear surfaces of human mesenchymal stem cells (hMSCs) were measured using atomic force
microscopy with a cone-shaped probe, Young's moduli of the cell surface and bare exposed nuclear surface
of hMSCs were 54.3 + 37,37 kPaand 1.11 £ 0.58 kPa, respectively. The height of the bare nucleus was three
times greater than that of an intact cell. Although the normal cell surface showed membrane penetrability

PACS: . . s !
8717.Rt with the cone-shaped probe, the bare nucleus was impenetrable, By de—Polymerlzmg Fhe actin filaments,
Young's modulus of the hMSCs was reduced to 3.05 * 2,77 kPa, and the height of the cell increased such that
Keywords: it was similar to that of the bare nucleus. Disruption of the actin cytoskeleton makes the cell surface impen-
AFM etrable, However, the nuclear structure maintains the penetrability of cell membrane in an actin de-poly-

Young's modulus merized cell. Rigidity and penetrability of the cell membrane are maintained by the actin cytoskeleton, and
Membrane penetration

Nucleus
Actin cytoskeleton

the nuclear structure supports the cell surface under conditions of actin de-polymerization,

© 2009 Elsevier B.V. All rights reserved,

1. Introduction

Analysis of mechanical parameters provides unique or specific
information about a material of interest. In the case of cells, the
mechanical properties of biological components, such as the cell
membrane, cytoskeleton, and cytosol reflect the unique physiolog-
ical status of the cell, Therefore, methods for mechanically mea-
surement cell properties and their application to cell therapy and
diagnostics are required,

Some techniques such as poking with micropipette [1,2] as well
as the use of a laser optical tweezer [3,4] or atomic force microscopy
{AFM)[5] have been adopted to measure cell nechanical properties.
In particular, AFM has been used extensively to study the mechan-
ical properties of a cell. Elastic properties of a living cell can be ana-
lysed using AFM by the probe indentation method [4,6-8], stress
relaxation method [9], and force modulation method {10},

Surface mechanical properties of a cell are mainly defined by the
actin cytoskeleton [1-4,8]. Furthermore, the structures of organ-
elles are very complicated and these will affect mechanical proper-
ties of the cell. In fact, the nucleus of cell plays animportantrole as a
central support for maintaining the cell body and as an anchor for
cell motility [10]. Moreover, analysis of the viscoelastic properties
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of the nucleus revealed that it was significantly stiffer and more vis-
cous than intact chondrocytes [11}]. Nevertheless, it is not known
whether or not the mechanical properties of the cell surface are de-
fined by the physical characteristics of the cell nucleus.

In this study, we investigated influence of the cell nucleus on
the mechanical properties of the cell surface by comparing the
physical properties of a bare exposed nucleus and an actin de-poly-
merized cell,

2. Materials and methods
2.1. Materials

The AFM cone-shaped silicon probe (ATEC-CONT, 0.02-0.75
N/m) was purchased from Nanosensors (Neuchatel, Switzerland).
Human bone marrow derived mesenchymal stem cells (hMSCs;
obtained from a 19-year-old male, #6F4393) were purchased from
Lonza Inc. (Walkersville, MD), Other reagents were purchased from
Wako Pure Chemical Industries Ltd. (Osaka, Japan), Invitrogen
(Carlsbad, CA), or Sigma-Aldrich (St. Louis, MO),

2.2. Cell culture

hMSCs were maintained in alpha-MEM containing 0.5% L-gluta-
mate, 15% FBS, and antibiotics (100 units/mL penicillin G, 100 pg/
mlL streptomycin sulphate, and 25 pg/mL amphotericin B) at 37 °C
in a humidified atmosphere of 5% CO, and 95% air. hMSCs from
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seven passages were used in this study. Actin de-polymerization of
hMSC was induced by treatment with 1 pM cytochalasin D for 1 h,

2.3. Exposure of the nucleus

The cell nucleus was exposed by semi-pressing the cell between
cover glasses in the medium. hMSCs cultured on a cover glass were
semi-pressed with another cover glass, and the surface of the plas-
ma membrane was peeled off by removing the upper cover glass
from the cell. The exposure of the nuclei was confirmed by micro-
scopic observation.

2.4. Measurement of Young's modulus

hMSCs or nuclei on the cover glass were placed on a glass bot-
tom dish containing Opti-MEM and manipulated using AFM
(Nanowizard 1, JPK Instruments AG, Berlin, Germany). The cone-
shaped probe was indented into the material up to 20nN at
10 pm/s, The Young's modulus of the cell and the nucleus was cal-
culated in accordance with the Hertz model. The force-distance
curve at the region of indentation of the material surface was fitted
to the Hertz model. The following equation was used in the Hertz
model of indentation for the cone-shaped indenter:

E 2tano,

e
where, F = force, | = depth of indentation, « = semi-opening angle of
the cone, v = Poisson’s ratio (0.5), and E = Young's modulus,

All examinations were. performed in 10 cells or nuclei at room
temperature,

3. Results and discussion
3.1. Membrane penetration of the cone-shaped AFM probe

hMSCs adhered to and well spread on the cover glass, The cone-
shaped probe was moved towards a cell or nucleus using AFM,
Typical force-distance curves obtained from the indentation of
the surface of the cell or nucleus with the probe are shown in
Fig. 1, Just after the probe came into contact with the cell or nucle-
ar surface, the force on the probe increased due to resistance from
indentation of the cell or nuclear membrane (Fig. 1a). The force fre-
quently decayed by approximately 300 pN and then increased
again (Fig. 1a). This force decay is due to membrane penetration
of the sharp probe tip during indentation {12].

The frequency of penetration of the hMSC membrane with the
probe on the nucleus was 8 of 10 and that with the probe in the
surrounding nuclear area was almost the same (Fig. 1c). In case
of only the bare nucleus, the force-distance curve profile was dif-
ferent from that of normal hMSCs (Fig. 1b). The force slowly in-
creased during indentation of the nuclear surface, and force
decay was not observed (Fig. 1b). Thus, the nuclear membrane
could not be penetrated with the cone-shaped probe. To consider
the contribution of the actin cytoskeleton to cell membrane pene-
tration, actin filaments of the hMSC were de-polymerized by treat-
ment with cytochalasin D. Although the frequency of membrane
penetration in the actin de-polymerized cell measured on the nu-
cleus was 8 of 10, the frequency measured in the surrounding nu-
clear area was only 1 of 10 (Fig. 1c).

The plasma membrane of the hMSCs could be penetrated with
the cone-shaped probe, However, the actin de-polymerized cell
membrane could not be penetrated in the surrounding nuclear
area, Thus, the actin cytoskeleton is fundamental to membrane
penetration with a cone-shaped probe. The bare nuclear mem-
brane, which is originally located under the cell membrane, also
could not be penetrated with the cone-shaped probe, whereas
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=

[9;]
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(b) Bare nucleus
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0 . : ;
0 2 4 6 8
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{c) Frequency of appearance of force decay

" Target material e Frequency

Cell on nucleus 8/10

Cell in the surrounding nucleus area 7110

Bare nucleus 0/10

Actin de-polymerized celi on nucleus 8/10

Actin de-polymerized cell in the
surrounding nuclear area

110

Fig. 1. Typical force-distance curves obtained from the indentation of the surface of
each material with the cone-shaped AFM probe. The probe indents the cell surface on
the nucleus (a) or the surface of the bare nucleus (b). Force-distance curve (graph on
the left) and microscopic image of the target cell or nucleus (right). The force decay
point is indicated. (c) Frequency of appearance of force decay in each target cell or
nucleus.

the cell membrane on the nucleus could be penetrated with this
probe with and without actin de-polymerization treatment,

These results suggest that membrane penetration requires a
structure for membrane-support, Although the lamina structure
is known to bind to chromatin fiber in the nucleus, the nuclear
membrane does not have a supporting structure, but a native nu-
cleus can support an actin de-polymerized cell surface,

3.2. Cell height

In our measurement condition, the measured cell or nuclear
height was not accurate, because the probe was retracted at a
20 nN repulsive force. However, we can roughly estimate the cell
or nuclear height. The cell height of hMSCs was approximately
2.8 pm and the nuclear height was approximately 7.1 pm (Fig. 2A).
The nuclear height of the hMSCs was around three times higher than
that the cell height. Due to the destruction of the cell structure, the
constraints on the nucleus are removed and it expands due to sur-
face tension. Actin de-polymerization induced morphological
change, namely, anincrease in the cell heightto a level similar to that
of the nucleus (Fig. 2A), This suggested that the lamina structure of
the native nucleus supports the cell body even under conditions of
fragmentation of actin filaments,

3.3. Young's moduli of cell and nuclear surfaces

Young's moduli of the cell surface of hMSCs was 54.3 + 37.4 kPa
with the probe on the nucleus and 69.3 + 35.7 kPa with the probe
in the surrounding nuclear area (Fig. 2B). A large standard devia-
tion (above 50%) of Young's modulus indicated that each individual
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Fig. 3. Schematic 'diagrams of the effect of the nucleus and actin cytoskeleton on
the cell surface properties.
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cell of the same cell type has a unique cell stiffness. In each individ-
ual cell, Young's modulus measured on the nucleus was lower than
that measured in the surrounding nuclear area (Fig. 2B). Young's
modulus of the bare nuclear surface was 1,11 £0.58 kPa and it
was significantly lower than that of the native cell surface
(Fig. 2B). When hMSCs were treated with cytochalasin D, Young's
modulus of the cell surface measured on the nucleus and in the
surrounding nuclear area were dramatically reduced to
3.05+2.77 kPa and 2,14 £ 1.84 kPa, respectively (Fig. 2B),

The native cell surface structure is apparently maintained by
the actin cytoskeleton, The Young's modulus of the actin de-poly-
merized cell surface, however, was hardly distinguishable from
that of the nuclear surface, The large Young’s modulus of the actin
de-polymerized cell surface may be due to the influence by the ac-
tin fiber fragments (Fig. 2B).

3.4. Effect of the nucleus and actin cytoskeleton on the cell surface
properties

Schematic diagrams of the effect of the nucleus and actin cyto-
skeleton on the cell surface properties is shown in Fig. 3. The bare
nucleus is very elastic and impenetrable, and the height of nucleus
is large. Actin filaments flatten the cell and nucleus resulting in a
decrease in the height of a normal cell, Due to de-polymerization
of the actin filaments in a cell, the constraints on the nucleus are
removed and it expands due to surface tension and lamina struc-
ture. The nucleus supports the cell surface when the actin cytoskel-
eton is fragmented,

The rigidity and penetrability of the cell membrane is controlled
by the actin cytoskeleton, Disruption of the actin cytoskeleton
changes the physiclogical properties of the cell membrane making
it soft and impenetrable, The nuclear structure, however, main-
tains the penetrability of the cell membrane in the case of an actin
de-polymerized cell. Thus, the nuclear structure supports the cell
surface in an actin de-polymerized cell,

4. Conclusion

Our study aimed at examining the mechanical properties of cell
and nuclear surfaces of hMSCs using AFM equipped with a cone-
shaped probe, The normal cell surface showed a highly Young’s mod-
ulus and membrane penetrability. On the other hand, a very low elas-
tic modulus and impenetrability were obtained in the case of a bare
nucleus. Fragmentation of the actin cytoskeleton changes the physi-
ological propetties of the cell surface making it soft and impenetra-
ble. However, the nuclear structure maintains the penetrability of
the cell membrane and supports the cell surface in an actin de-poly-
merized cell. The rigidity and penetrability of the cell membrane is
maintained by the actin cytoskeleton, and the nuclear structure sup-
ports the cell surface under conditions of actin de-polymerization.
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