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Abstract We have been developing a new label-free nanobio imaging platform using non-linear optics such as

Coherent Anti-Stokes Raman Spectroscopy (CARS) and ion beam techniques based on sputtering and scattering such

as Secondary Ion Mass Spectrometry (SIMS) and Medium Energy Ion Scattering Spectroscopy (MEIS), which have

been widely used for atomic and molecular level analysis of semiconductors and nanomaterials. To apply techniques

developed for semiconductors and nanomaterials for biomedical applications, the convergence of nano-analysis and

biology were tried. Our activities on label-free nanobio imaging during the last decade are summarized in this review

about non-linear optical 3D imaging, ellipsometric interface imaging, SIMS imaging, and TOF-MEIS nano analysis for

cardiovascular tissues, collagen thin films, peptides on microarray, nanoparticles, and cell adhesion studies and finally

the present snapshot of nanobio imaging and the future prospect are described.
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I. Introduction

Bioimaging of cells and tissues has been traditionally,

performed by examining them under light microscope,

which have been sectioned and stained. These days,

immunostaining is widely used in histology, cell biology,

and molecular biology to detect a specific protein in a

sample with a fluorescence dye tagged antibody [1,2].

However, fluorescence measurement techniques suffers

from photo bleaching problems, which makes the technique

less quantitative. Due to the toxicity of fluorescence dyes,

in-vivo medical applications are limited. Additional

drawback, which may be more critical is that the original

biology is disturbed by fluorescence tagging. Label-free

nanobio imaging does not require fluorescence tagging so

that live cells and tissues can be imaged for dynamic

studies.

We have been developing a new label-free nanobio

imaging platform using non-linear optics such as Coherent

Anti-Stokes Raman Spectroscopy (CARS) [3] and ion

beam techniques based on sputtering and scattering such as

Secondary Ion Mass Spectrometry (SIMS) [4] and Medium

Energy Ion Scattering Spectroscopy (MEIS) [5]. These

techniques have been widely used for atomic and molecular

level analysis of semiconductors and nanomaterials. The

methods developed for semiconductors and nanomaterials

cannot be applied directly to bio specimen such as cells

and tissues. Innovative techniques should be investigated

for new analysis procedures and sample handing protocols

for the convergence of nano-analysis tools and needs from

biology.

Our activities on label-free nanobio imaging during the

last decade are summarized in this review about non-linear

optical 3D imaging, ellipsometric interface imaging, SIMS

imaging, and TOF-MEIS nano analysis for cardiovascular

tissues, collagen thin films, peptides on microarray, nano-

particles, and cell adhesion studies and finally the present

snapshot of nanobio imaging and the future prospect will

be stated.

II. Non-linear & Ellipsometric Optical Imaging

Nonlinear spectroscopic imaging modalities have the

potential to visualize cellular organelles and tissue architecture

with molecular specificity. The technique encompasses a

range of optical phenomena, including coherent anti-Stokes

Raman scattering (CARS), sum frequency generation (SFG),

second harmonic generation (SHG), and two photon excited

fluorescence (TPEF). The main features of non-linear

optical imaging includes chemical specificity, high optical

spatial and temporal resolution, nondestructive and non-

contact analysis, no requirement for labels, and the

compatibility with imaging in aqueous and biological

environments. In this review, I will summarize development

of a CARS imaging system for cardiovascular systems.

Ellipsometry is an optical technique for investigating the

dielectric properties (complex refractive index or dielectric

function) of thin films. Ellipsometry can be used to

characterize composition, roughness, thickness (depth),
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crystalline nature, doping concentration, electrical conductivity

and other material properties. It is very sensitive to the

change in the optical response of incident radiation that

interacts with the material being investigated. With these

special features, ellipsometry is nowadays the most widely

used optical metrology technique in semiconductor industry.

In this review, I will summarize how we developed surface

plasmon resonance imaging ellipsometry (SPRIE) to selectively

image cell-matrix adhesion dynamics with improved spatial

resolution.

CARS microscopy has been used in a full-scale biological

study of lipid metabolism in a living organism after direct

evidence of the undesirable bias associated with fluorescence

labeling techniques was demonstrated [6,7]. Because of the

nonlinear nature of the CARS process, rapid scanning of

the tight focal spot over the specimen permitted real-time

acquisition of vibrational contrast images with 3D submicron

resolution, which is not possible with conventional Raman

microscopes. CARS microscopy is particularly ideal for

selective imaging of lipids because of the abundance of

carbon-hydrogen (CH) bonds that exist in lipids as compared

to the surrounding tissues. Lipids exhibit strong and

distinct vibrational signatures in CARS spectra from 2700

to 3100 cm−1. Because of these unique characteristics,

CARS microscopy is a suitable tool for atherosclerosis

which is one of lipid-related diseases.

In the present study, we developed a multiplex CARS

imaging system to image atherosclerotic lipids and to

concomitantly analyze their chemical profiles. This system

was used to characterize 4 types of atherosclerotic lipids

using en face microscopic imaging and to identify their

distinct chemical compositions. To determine the applicability

as a promising method of studying atherosclerotic lipids,

the results obtained by CARS were compared to results

obtained with oil red O staining, which is currently the

most conventional histological method used to study these

lipids. The structural cellular components of the plaques

were validated by comparative whole-mount immuno-

histochemistry. We further investigated the effect of statins

on increasing plaque stability by analyzing changes in the

chemical compositions of lipid crystals that occurred after

statin treatment using multiplex CARS, which could be

used in the future as a novel preclinical drug screening

methodology [8].

1. Four distinct morphologies of atherosclerotic lipids 

imaged by CARS

We developed a multiplex CARS spectroscopic imaging

system that could be readily switched between a lipid

selective imaging mode for fast tissue examination and a

wideband multiplex spectroscopic analyzing mode for

detailed chemical profiling of points of interest. Previous

approaches used Raman shift fixed around 2845 cm−1 to

image only CH2 symmetrical vibrational mode. However,

in our study, the probing bandwidth was expanded to the

range of 2650 to 3050 cm−1 to allow imaging of the entire

CH vibrational region, because atherosclerotic lipids

undergo biochemical modifications during the progression

of atherosclerosis.

To determine whether CARS could be applied to the

study of atherosclerotic lipids, we performed ex vivo

CARS imaging of atherosclerotic aortas from ApoE/mice

fed a high-fat diet for 16 weeks. Figure 1A shows the en

face CARS images, which represent the typical features of

atherosclerotic lipids. The bright yellow color identifies

CH-rich regions of lipids. The typical micro anatomical

components of the lesions were visualized and subsequently

categorized into 4 appearances: lipid-laden foam cells,

extracellular lipid deposits, needle-shaped lipid crystals,

and plate shaped lipid crystals.

2. Intact volumetric visualization of atherosclerotic 

plaques by En Face 3D CARS

To characterize individual atherosclerotic plaques, we

performed en face 3D chemical imaging of mouse athero-

sclerotic plaques using multiplex CARS. After longitudinal

incision of harvested whole aortas from atherosclerotic

ApoE/mice, the lumen side of the lesser curvature of the

aorta was serially imaged by CARS toward the deep

intima. Figure 1B shows the 3D reconstructed z-stack CARS

images, representing the typical features of atherosclerotic

plaques by lesion depth. In the superficial layers (5 to 10 m

in depth from the lumen), foam cells containing intracellular

lipid droplets were clearly imaged, whereas needle-/plate-

shaped lipid crystals were observed usually in the deep

intima region (20 m in depth). These crystallized lipids had

a structure conserved appearance.

3. Study of cell-matrix adhesion dynamics using surface 

plasmon resonance imaging ellipsometry

The interaction of cells with extracellular matrix, termed

cell-matrix adhesions, importantly governs multiple cellular

phenomena. Knowledge of the functional dynamics of cell-

matrix adhesion could provide critical clues for understanding

biological phenomena [9,10]. We developed surface plasmon

resonance imaging ellipsometry (SPRIE) to provide high

contrast images of the cell-matrix interface in unlabeled

living cells [11].

To improve the contrast and sensitivity, the null-type

imaging ellipsometry technique was integrated with an

attenuated total reflection coupler. We verified that the

imaged area of SPRIE was indeed a cell-matrix adhesion

area by confocal microscopy imaging. Using SPRIE, we

demonstrated that three different cell types exhibit distinct

features of adhesion. SPRIE was applied to diverse biological

systems, including during cell division, cell migration, and

cell-cell communication. We imaged the cell-matrix anchorage

of mitotic cells, providing the first label-free imaging of

this interaction to our knowledge. We found that cell-cell

communication can alter cell-matrix adhesion, possibly
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providing direct experimental evidence for cell-cell

communication-mediated changes in cell adhesion. We

also investigated shear-stress-induced adhesion dynamics

in real time. Based on these data, we expect that SPRIE

will be a useful methodology for studying the role of cell-

matrix adhesion in important biological phenomena To

determine the applicability of SPRIE to investigate cell

matrix adhesion, we characterized the adhesion properties

of three cell types, human endothelial cells (HUVECs) and

two types of smooth muscle cells (CASMCs and A10)

from different species (human and rat).

Figure 2 shows representative SPRIE images (left), in

which the white regions indicate cell-matrix adhesion, their

corresponding topographical images of the intensity (middle),

and the X-Z surface map of interest (the black line in the

topography image, right). In the HUVECs shown in Fig. 2

A, each cell shows a finely and flat structured adhesion

pattern with a close z distance to the surface, whereas the

CASMCs display a concentrated adhesion area at one end

(white arrow in Fig. 2B). Considering the typical morphological

shape of migrating cells, it is reasonable to conjecture that

this concentrated adhesion area could be a leading edge. In

the X-Z surface map, this region is shown to be the region

closest to the surface (indicated by the black arrow). The

polarization of z-depth along the line between the leading

edge and tailing region was shown as well. This result is

also in agreement with a previous study that showed that

the cell-fibronectin adhesion region becomes the leading

edge by inducing local proteolysis of fibronectin. Rat

smooth muscle cells (A10, Fig. 2C) primarily exhibit a

fibril-structured adhesion pattern. This feature was also

clearly shown in the X-Z surface map. We quantitatively

analyzed the proportion of adhesion normalized by the area

of a single cell (Fig. 2D). The adhesion patterns of the three

cell types were significantly distinct (p<0.001, n=15 for

each cell type).

3. TOF-SIMS Bio-imaging

Secondary ion mass spectrometry (SIMS) was developed

initially as a surface chemical reaction investigations but its

dominant applications has been to semiconductor dopant

profiling and impurity analysis. These days, SIMS is a

mandatory tool in semiconductor industries which means

SIMS is a routine analysis tool. Currently, researches of

SIMS is focused to bioimaging for molecular histology

applications and various polymers and biomaterials analysis.

For bio-organic analysis, time-of-flight secondary ion mass

spectrometry (TOF-SIMS) is generally used. TOF-SIMS is

a surface analysis technique capable of producing high

resolution chemical images and is a well-suited platform

for the analysis of lipids directly from the surface of

biological materials. With this technique the sample

surface is bombarded with a focused high energy primary

ion beam (1-40 keV), causing desorption of secondary

ions. A mass spectrometry-based image is then produced

by rastering the ion beam across the sample surface. The

high lateral resolution and sensitivity attributed to SIMS

allows for the detection of lipid molecules at the nanometer

scale and at atto-molar concentrations. The TOF detection

scheme also offers parallel detection of multiple lipid species,

ideal for the analysis of complex biological samples [12].

In this review, I will summarize TOF-SIMS applications

for tissue, biomaterials, and biochip analysis.

Figure 1. Label-free, lipid-selective CARS imaging of atherosclerotic lipids. Atherosclerotic lesions were en face imaged by CARS.
(A) Four representative groups were classified by morphologies of atherosclerotic lipids. The arrows indicate each type of
atherosclerotic lipid. The bright yellow color indicates CH bond-rich lipids. (B) Consecutive en face CARS image slices of
atherosclerotic lipids were 3D reconstructed. The left panel is the schematic diagram of 3D reconstruction of a single
atherosclerotic plaque shown in the right panel.
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1. The regional ratio of cholesteryl palmitate to 

cholesteryl oleate as a key parameter of atherosclerosis

The abnormal accumulation of lipids is considered a major

risk factor for atherosclerosis. As atherosclerosis progresses,

both the composition and distribution of lipids in the

plaque change, affecting the functions of adjacent vascular

cells. Lipids in the initial stages of atherosclerosis (type

I~II, according to the histological classification endorsed

by the American Heart Association) lead to the differentiation

of macrophages into foam cells to form fatty streak lesions.

The aortic plaques at the intermediate stages of atherosclerosis

(type III~IV) are characterized by a necrotic core, which is

a mixture of apoptotic and necrotic cells with extracellular

lipids composed mainly of free cholesterol, cholesterol

esters, triglycerides, phospholipids, and FAs. At advanced

stages (type V~VI), lipid cores that are more complicated,

often including cholesterol crystals, calcification, and

intrahemorrhages, can form in the deep intima, eventually

destabilizing the plaque. Therefore, systemic studies of the

changes in the lipid contents and functions during the

progression of atherosclerosis are important to better elucidate

the mechanism of plaque development. Changes in cholesterol

ester (CE) content regulate the progression of atherosclerosis.

However, the spatial dynamics of CE subsets and their

quantitative changes during lesion progression are not well

understood due to a lack of appropriate imaging techniques.

In this study, we developed an imaging based analysis

method to map the distribution of CE subsets using time-

of-flight secondary ion mass spectrometry (ToF-SIMS).

To examine the changes in the lipid composition of the

lesion layers during he progression of atherosclerosis,

atherosclerotic lesions were evaluated in apoE/mice fed a

Figure 2. Cell-matrix interfaces imaged by SPRIE. (A-C) Cell-matrix interfaces were imaged for human umbilical vein
endothelial cells (HUVECs), human coronary artery smooth muscle cells (CASMCs) and a rat vascular smooth muscle cell line
(A10). SPRIE images (left), corresponding three-dimensional intensity topography (middle frame), and X-Z surface map of the
black line in topography (right) were compared at identical sites. The leading edge of the migratory cells is indicated by the
arrow in B. The fibrillar structure is indicated by a dotted oval in C. Scale bar = 50 mm. (D) Quantification of the adhesion area
of three cell types imaged by SPRIE. The adhesion area was quantified at the single cell level after normalization by cell area.
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high-fat diet for 12~20 weeks, corresponding to initial (12

weeks), intermediate (16 weeks), and advanced (20 weeks)

atherosclerosis, respectively [13]. We also analyzed the

levels of plasma lipids. The aortic sinuses were freeze-dried

and cross sectioned. To minimize artificial contaminants,

OCT compound (Sakura Finetek Europe, Netherlands) was

used only to adhere the specimen to the cutting block; i.e.,

the tissue was not embedded in OCT. To determine the

sites of interest for atherosclerotic lesions, cross-sectioned

aortic sinuses were first stained with oil-red O. The lipid-

rich regions in the oil-red O image were selected, and then

an unstained serial section was examined by ToF-SIMS

with a unit area of 400×400 mm2.

At the initial stage, lesions were small and primarily

composed of neointima that featured the accumulation of

neutral lipids, as revealed by oil-red O staining (Fig. 3A).

Fatty acids (FAs), CEs and cholesterol [M H] all showed

similar distributions in the neointima (Fig. 3B). cholesteryl

oleate (Ch-OA) was the most predominant CE and showed

a regional distribution similar to that of cholesterol.

Cholesterol [M+H] at the early stage generally showed a

distribution similar to that of OA but also showed a unique

dot-like pattern of high signal intensity in the neointima.

However, cholesterol was rarely detected in the medial

region, whereas FAs were detected with low signal intensity

in the medial region. Calcium ions were not detected at the

early stage. The neointimal distribution of Vitamin E, an

antioxidant supplement, was anti-correlated with that of

cholesterol and FAs. The predominant finding at 20 weeks

was the enlargement of a deep intima that was separate

from the neointima (Fig. 3C).

This histological separation also occurs in type III~IV

lesions, and the deep intima is the region in which the

necrotic core forms. Cholesterol [M+H] at the advanced

stage was primarily located in the deep intima (Fig. 3D).

The level of cholesteryl palmitate (Ch-PA) was notably

increased and exhibited a dot-like pattern with high signal

intensity in the deep intima. Interestingly, this pattern was

not coincident with cholesterols or other FAs. The

phosphocholine (PC) head group still lined the medial

region. Calcium gave a weak signal in the neointima.

We found that the ratio of Ch-PA to Ch-OA increased by

Figure 3. The local distributions of several lipid groups in mouse atherosclerotic lesions can be determined by ToF-SIMS. All
measurement area was 400×400 mm2. (A) Oil-red O staining (left) and schematic diagram (right) of a cross-sectional aortic sinus
in the early stage (12 weeks). (B) ToF-SIMS ion images matching the oil-red O-stained section (A): Negative ion images (Ch-PA,
Ch-OA, PA, OA, and cholesterol) and positive ion images (PC head group, calcium, and vitamin E). (C) Oil-red O staining (left)
and schematic diagram (right) of a cross sectional aortic sinus in advanced stage (20 weeks). (D) ToF-SIMS ion images matching
the oil-red O-stained section (C). M, media; D, deep intima; N, neointima; L, lumen. (E) Two-color overlay ToF-SIMS images of
Ch-PA (red) and Ch-OA (green) from negative ion mode were reconstructed at 12 weeks (left), 16 weeks (center) and 20 weeks
(right).
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approximately 99% (p=0.02) as atherosclerosis progressed,

whereas the ratios of cholesteryl linoleate (p=0.09) and

cholesteryl stearate (p=0.22) to Ch-OA did not change

significantly as shown in Fig. 4. In advanced athero-

sclerotic plaques, in situ and in-vitro cell death assays

showed that local Ch-PA densities were highly correlated

with an increase in the number of apoptotic cells. These

results suggest that increased Ch-PA may contribute to the

formation of a necrotic core by increasing cell death. Our

results indicate that the regional ratio of CEs as measured

by ToF-SIMS might be a valuable new marker of

atherosclerotic progression.

2. Nanoscale characterization of acid and thermally 

treated collagen fibrils

Type I collagen is a major extracellular matrix component

and its hierarchical structure plays an essential role in the

regulation of cellular behavior. Here, we have analyzed the

changes in the morphological, chemical, and mechanical

properties of collagen fibrils induced by acidic and thermal

treatments and the influence on the cellular response of

MC3T3-E1 cells. Morphological changes induced by the

disintegration of the fibrillar structure of collagen were

observed using atomic force microscopy. The changes in

the surface chemistry due to the disassembly of native

collagen fibrils were observed using ToF-SIMS. ToF-SIMS

spectra were very sensitive to changes in the molecular

configuration of the collagen fibrils induced by acidic and

thermal treatments due to the extreme surface specificity as

shown in Fig. 5.

In addition, ToF-SIMS showed clear and reproducible

changes in the surface amino acid composition corresponding

to the acidic and thermal treatments of collagen fibrils. To

quantitatively interpret the differences between the native

and acid/thermally treated collagen samples from ToF-

SIMS spectra, we applied principal component analysis

(PCA). PCA reduces complex sets of ToF-SIMS spectra to

score and loading plots by creating a new set of variables

(principal components, PCs). PCs are linear combinations

of all of the original variables (spectral peaks), and

determine the directions of greatest variation between data

sets. Among PCs, PC 1 captures the largest variation in the

data. In PCA, the scores represent the relationship or

spread of the samples and the loadings describe which

spectral peaks are responsible for the difference between

samples [14].

Figure 6a presents the scores and loadings of PC 1 for

the acidic treatment of native collagen fibrils. The native

collagen fibrils were separated from the acid-treated collagen

(pH 3, 1 h), which accounted for 91% of the statistical

separation of the total variance. This result means that 91%

of the total difference in ToF-SIMS spectra between the

native collagen fibril and acid treated collagen is explained

by the scores and loadings in the PC 1 axis. When the acid-

stabilized collagen monomers spin-coated onto the substrate

were analyzed using ToF-SIMS, the ToF-SIMS spectra

were significantly different from the acid-treated collagen

(pH 3, 1 h). Hence, we believe that the acid-stabilized

collagen monomers are collagen molecules without self-

assembly. Most of the native collagen fibrils are not

completely disintegrated into the collagen molecules by

acidic treatment but are partially disintegrated from the

collagen fibrillar structure and randomly agglomerated. In

our study, the native collagen fibrils initially adsorbed onto

the substrate, but most of the disassembled collagen

fragments desorbed from the substrate into the solution

after long exposure times (>2 h). Therefore, we could not

observe the structural disintegration or the chemical

composition changes of collagen fibrils to the final

collagen molecule level. Compared to the acidic treatment,

a more distinct separation among samples was observed in

the thermal treatment of native collagen fibrils at 60oC, as

shown in Fig. 5b. Therefore, based on the PCA results,

ToF-SIMS could monitor the clear and reproducible

difference in the surface chemical composition between the

native collagen fibrils and the acid/thermally treated

collagen. Compared to treatment at 60oC for 105 min,

similar PCA results were observed from the treatment of

native collagen fibrils at 100oC for 5 min, as shown in Fig.

6c.

Figure 4. Regional and quantitative analysis of lipids in
atherosclerotic lesions during high-fat feeding (12e20 weeks).
(A) Quantitative analysis of the atherosclerotic lesion area
using oil-red O staining. The oil-red O positive areas in aortic
sinus cross-sections (n=4~6/group) were quantified using
Image-Pro Plus software. (B) The relative ratios of Ch-PA to
Ch-OA and PA to OA in total plaque areas. Five ratios were
analyzed per group (*p<0.05).
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3. Protein kinase assay on peptide-conjugated gold 

nanoparticles by using secondary-ion mass 

spectrometric imaging

Kinases serve as key regulatory components that mediate

signaling pathways with respect to various cellular functions,

and they are considered one of the major targets for drug

discovery. Significant efforts have been made to assay

these enzymes and their inhibitors for the development of

potent therapeutic reagents against many human diseases,

but most studies have relied on labor-intensive radioactivity-

or fluorescence-based techniques. As a label-free approach,

matrix assisted laser desorption/ionization (MALDI) mass

spectrometry (MS) has been employed to determine the

kinase activity and to screen inhibitors. Recently, time-of-

flight secondary-ion (TOF) mass spectrometry, as an

alternative to MALDI-TOF MS, has been drawing much

attention due to its potential for the label-free analysis of

biomolecule modifications with high sensitivity and chemical

specificity.

Here we describe a label-free assay of protein kinase on

peptide-conjugated AuNPs by using secondary-ion mass

spectrometric imaging. The AuNPs act as both signal

enhancers and target concentrators (Fig. 7). To endow the

peptide substrate for Abl kinase with surface orientation,

two cysteine-terminated peptides with different lengths

(PAbl, Ac-IYAAPKK(G)4C; PAbls, Ac-IYAAPKKC) were

conjugated to AuNPs that had been attached onto a positive

amine layer on a glass surface. The resulting surface was

treated with a succinimidyl poly(ethylene glycol) (PEG) to

block the remaining amine groups. Fourier transform

infrared (FTIR) spectra support the fact that the functional

groups of the peptides remained intact even after PEG

blocking. By using an atomic primary ion, quasi-molecular

secondary ion signals were most strongly observed for

[MHSHCOOH]+ (m/z 1085.61 for PAbl and m/z 857.52

for PAbls) instead of [MH]+, as shown in Fig. 7 a and b.

This result indicated that the cysteine sulfhydryl group

(SH) was strongly attached onto the surface of the AuNPs

by a thiol bond, and molecular ion signals with the

subtraction of a carboxylic acid group reflect one of the

sputtering features in amino acid analysis with SIMS. The

kinase reaction resulted in a straightforward change in the

mass of the peptide substrates (Fig. 7c and d). Specifically,

the reaction with Abl kinase generated positive ion signals

with the signals of the two peptides (PAbl and PAbls)

shifted by a mass equivalent to that of HPO3 (80 Da),

thereby causing a decrease in the original unphosphorylated

signal intensity. In the positive and negative modes, the

Figure 5. Representative positive ion spectra of the (a) native collagen fibrils, (b) acid-treated collagen (pH 3/1 h), (c) thermally
treated collagen (60oC/105 min), (d) thermally treated collagen (100oC/5 min), (e) thermally denatured tropocollagen (100oC/
180 min), and (f) acid-stabilized collagen monomer. In the mass range over 100, the intensity was multiplied by 15 due to the
relatively low intensity of sputtered secondary ions.
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signals of [TyrCOOH+HPO3]+, [PO2], [PO3], and [H2PO4]

were additionally observed after the kinase reaction. The

phosphorylation efficiency (EP) was determined by SI

ratiometry between the original unphosphorylated signal

and the phosphorylated one within a single spectrum.

When a spacer of (Gly)4 was introduced to the end of

peptide substrate (in PAbl), the EP value was estimated to

be 70%, whereas the EP value for PAbls without a spacer

was only 29%. The use of a peptide substrate without a

cysteine residue at the terminus (that is, Ac-IYAAPKK)

gave rise to a significantly lower EP value, at a level of

about 10% (data not shown). This result strongly implies

that the surface orientation and length of the peptide

substrate are crucial for an efficient kinase reaction on the

AuNPs. The AuNPs are likely to induce a high loading

capacity of peptides and easy accessibility of the enzyme

as a result of their three-dimensional structure when

compared to a flat bare gold surface [15].

To check the utility of SIMS imaging for the kinase

assay in a high-throughput manner, two peptides (PAbl and

Figure 6. Scores plot (left) and corresponding loadings plot (right) of PC 1 from PCA of positive ion spectra of collagen fibrils
with various structures: (a) acidic treatment and (b) thermal treatment of native collagen fibrils at 60oC. Thermal treatment of
(c) native collagen fibrils and (d) acid-stabilized collagen monomers at 100oC. The loadings plots are labeled with the m/z values
of the characteristic amino acid peaks (red: nonpolar amino acids and black: polar amino acids in loadings plot).
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PPKA) were independently spotted onto the AuNP-attached

glass surface by using a microarrayer (spot 1 and spot 2,

Fig. 8a). Kinase solution (Abl or PKA) with or without

inhibitor was loaded onto each spot area. As shown in Fig.

8b, a change in the mass caused in the kinase reaction was

distinctly revealed by SIMS chemical imaging. A control

surface without the kinase reaction yielded no quasi

molecular-ion images in the phosphorylated mass region,

whereas kinase-treated spots (lines 1 and 2) yielded strong

ion mass images (that is, [PAblHHSCOOH+HPO3]+ or

[PPKAHSHCOOH+HPO3]+ as appropriate) with a decrease

in the image intensity at the original peptide-ion mass (that

is, [PAblHHSCOOH]+ and [PPKAHSHCOOH]+, respectively).

Addition of inhibitor dramatically reduced the intensity of

the ion mass images (lines 3 and 4). No cross-reaction

images for kinases against the opposite peptides were

observed. It was also possible to obtain multiplexed SIMS

images by using a mixture of two peptides for the detection

of phosphorylation. This result indicates that SIMS based

chemical imaging enabled kinase assaying with high

specificity in a high-throughput manner because all images

for ions with differing masses could be collectively

extracted from a single measuring image. SIMS is known

to provide a greater resolution sensitivity in chemical

imaging than MALDI MS.

IV. TOF-MEIS Analysis for Quantum Dot (QD) 
Composition Profiling

Medium-energy ion scattering spectroscopy (MEIS) has

been used for quantitative depth profiling with atomic layer

depth resolution by utilizing binary atomic scattering

between medium-energy ions (typically, 100-400 keV H+

or He+) and target atoms with quasi-Coulombic interactions

[5]. The scattering cross sections can be accurately calculated

from the screened interatomic potential, enabling quantitative

compositional analysis. The electronic stopping provides

atomic layer depth resolution with an energy resolution

(ΔE/E) above 5×10−3 based on an angle- and energy-

dispersive electrostatic analyzer11 or a magnetic energy

analyzer. MEIS has been successfully utilized to characterize

nanometer-scale thin films, particularly for gate dielectrics

[16,17]. Nanoparticle (NP) analysis via conventional MEIS

has also been reported. To minimize the ion beam damage

in these cases, the samples were generally scanned over a

large area, thus rendering it difficult to measure the

composition profiles of the NPs, particularly those highly

susceptible to ion beam damage. We have developed a

TOF-MEIS system with enhanced collection efficiency

that is 3 orders of magnitude higher than that of conventional

MEIS. This improved collection efficiency allows us to

minimize ion beam damage without shifting the sample. In

addition, we circumvent the ion neutralization problems

while maintaining the energy resolution using the TOF

measurement mode described in Experimental Section [18].

In this report, the composition and coreshell structures of

35 nm CdSe/ZnS QDs were determined with a 3% composition

uncertainty and a 0.2 nm depth resolution using TOF-

MEIS equipment and an ion scattering simulation program

PowerMEIS20 [19] modified for the TOF-MEIS system.

In addition, the thickness and the surface coverage of the

conjugated perfluorooctanethiol (PFOT) molecules per QD

were quantified [20].

Figure 9 presents the TOF-MEIS spectra of the coreshell

structure QDs acquired using a 100-keV He+ beam with

peaks that correspond to Cd, Se, Zn, S, and F for the three

types of PFOT-conjugated CdSe/ZnS QDs: Lumidot (560

nm), Evidot(530 nm), and Evidot (590 nm). These spectra

Figure 7. Positive TOF-SIMS spectra generated by the Abl kinase reaction for different peptide substrates. (a) PAbl (Ac-
IYAAPKK(G)4C; Mr=1162.58); (b) PAbls (Ac-IYAAPKKC; Mr=934.49); (c) and (d) SIMS spectra from PAbl and PAbls,
respectively, after the kinase reaction.
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were acquired with a 0.8-1.5 μC He+ ion beam rastered

over a 500×750 μm2 area. The peak position, shape, and

intensity in the MEIS spectra are sensitive to the composition,

thickness, radius, and shape of the coreshell QDs. On the

basis of a simple description of the QD MEIS spectra, the

intensity of each peak is linearly proportional to the

quantity of each element for which the scattering cross

section is approximated by the square of the atomic

number;11 therefore, the composition can be determined

from the relative intensity of each peak. The peak width is

primarily determined by the core size and the shell

thickness due to electronic stopping and by the system

resolution. The full width at half-maximum values of the

Cd peaks for the Lumidot (560 nm), Evidot (530 nm), and

Evidot (590 nm) QDs are 1.24, 1.15, and 1.40 keV, respectively.

The peak width increases nonlinearly with the core

diameter due to the spherical shape of the QDs, in contrast

with flat, nanometer-scale thin films. The TOF-MEIS spectra

of the QDs were analyzed using PowerMEIS software as

described in Experimental Section. The simulated spectra

produced using the PowerMEIS program are also provided

in Fig. 9 for comparison. The insets in Fig. 9 depict the

simulated coreshell and conjugated layer structure of a QD

along with composition and thickness information. To

investigate the coreshell structure of the NPs, the simulated

TOF-MEIS spectra of the Evidot (590 nm) QDs for various

coreshell structures were compared with the experimental

TOF-MEIS spectrum displayed, which depicts the simulated

MEIS spectra for the CdSe/ZnS coreshell structured QDs,

Figure 8. (a) Micro spotting of peptides onto an AuNP-attached glass slide for kinase assays. (b) SIMS imaging for the detection
of phosphorylation. Kinase (Abl or PKA) was loaded onto the spot area in the absence and presence of the respective inhibitor
(staurosporine or CMIQ). The concentration of inhibitor was 10 mm. Imaging data for mass regions of interest were extracted
from the total ion image.

Figure 9. TOF-MEIS spectra of CdSe/ZnS QDs. The TOF-MEIS
spectra acquired using a 100-keV He+ ion beam at a scattering
angle of 130o for PFOT-conjugated (a) Lumidot (560 nm), (b)
Evidot (530 nm), and (c) Evidot (590 nm) QDs exhibit peaks that
correspond to Cd, Se, Zn, S, and F. The spectra simulated using
PowerMEIS are also provided. The insets depict the simulated
coreshell and conjugated layer structures of a QD with their
corresponding chemical compositions. The coreshell structures of
(a) Lumidot (560 nm) and (b) Evidot (530 nm) were suggested
based on complementary MEIS and XPS analyses. The spectra
were obtained with an areal ion dose of 1.42.5×1015 ions/cm2 to
minimize the ion beam damage to the F peaks.
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the CdSeZnS uniform alloy QDs, and the CdSe/ZnS

coreshell structured QDs with diffusion of half the CdSe

core to the shell layer. The comparison indicates that the

CdSe/ZnS QDs have well-defined coreshell structures

without significant interdiffusion between the core and the

shell for Evidot (590 nm).

V. Summary and Prospects

For last decade, we tried to converge atomic scale nano-

analysis techniques developed for semiconductor industry

and biological demands on biochemical characterization of

biomaterials, cells, and tissues. The technology we tried

ranges from ambient optical imaging to ion beam based

vacuum technology.

Among optical imaging, CARS is very powerful to

image lipid molecules 3D distribution with subcellular in-

plane resolution of live cells and tissues, especially for

cardiovascular tissues and adipocytes. However, CARS

does not provide molecular specific images required for

understanding life phenomena and disease mechanism.

Multiplex CARS gave quite nice spectral chemical

information but it is not molecular specific. The potential

of CARS for new biomedical applications is on in-vivo

imaging based on endoscope for animal testing and medical

diagnosis, which must be pursued in the near future.

SPRIE is a very interesting technique to image cell-surface

adhesion patterns. The detailed and dynamic imaging of

cell adhesion should be very useful to figure out mechanisms

of cancer metastasis, cell survival, and biofouling.

Regarding to SIMS imaging for biomedical applications,

the major limitation is that SIMS can analyze only lipids.

Even though lipids imaging is good for biological

investigations, most of biological attentions are focused to

proteins. That would be the reason why MALDI is more

used than SIMS in bio community. We are trying to

develop protein imaging with SIMS with significant

progresses such as multiplex protein imaging upto 5 with

simultaneous imaging of lipids, metabolites, and metals

utilizing metal oxide nanoparticles tagged proteins. With

the capability of protein imaging and recently developed

MS/MS capabilities, SIMS will be one of the most widely

used bio-tools in major hospitals and pharmaceutical

companies for molecular histology, personalized medicine,

biomaterials development just like SIMS is a mandatory

tool in semiconductor industries. The intrinsic drawback of

SIMS is that it is a vacuum technique so that specimen

should be dried to be in vacuum. Therefore ambient mass

analysis is not allowed 

Ion scattering techniques can provide atomic scale

information. MEIS has been an excellent analysis tool for

nanometer thin films such as gate oxides and nanoparticles.

For bio applications, liquid analysis would be the first step.

Liquid-surface interface analysis is in progress with TOF-

MEIS, which can be extended to cell membrane analysis.

Another exciting ion beam technique recently developed is

helium ion microscopy (HIM), which has 0.5 nm spatial

resolution without any surface coating. By combining bio-

SIMS and HIM, single protein biology should be possible,

which will be a big step forward for new biology and new

medical science.

A new nanobio imaging platform being established at

DGIST is summarized as a schematic diagram below in

Fig. 10 including optical imaging techniques such as

CARS, two photon fluorescence, and SFG and ion beam

techniques such as bio-SIMS, HIM and TOF-MEIS. The

new nanobio imaging platform provides #1: multiplex

molecular omic imaging including proteins, lipids, metals,

and metabolites, #2: more sensitive than confocal fluorescence

imaging, #3: subcellular lateral resolution & membrane

specific nm depth resolution, and #4: quantitative & single

protein imaging. We are trying to deepen our understanding

on detailed structure and function of neurons in brain and

subsequently neuro disease mechanisms such as Parkinson

disease, Alzheimer disease, obesity, neuro aging with a

focus on synapse imaging.
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