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Rapid on-site detection of airborne asbestos fibers and
potentially hazardous nanomaterials using fluorescence

microscopy-based biosensing
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Alarge number of peptides with binding affinity to various inorganic materials have been identified
and used as linkers, catalysts, and building blocks in nanotechnology and nanobiotechnology.
However, there have been few applications of material-binding peptides in the fluorescence
microscopy-based biosensing (FM method) of environmental pollutants. A notable exception is
the application of the FM method for the detection of asbestos, a dangerous industrial toxin that
is still widely used in many developing countries. This review details the selection and isolation of
asbestos-binding proteins and peptides with sufficient specificity to distinguish asbestos from a
large variety of safer fibrous materials used as asbestos substitutes. High sensitivity to nanoscale
asbestos fibers (3035 nm in diameter) invisible under conventional phase contrast microscopy
can be achieved. The FM method is the basis for developing an automated system for asbestos
biosensing that can be used for on-site testing with a portable fluorescence microscope. In the
future, the FM method could also become a useful tool for detecting other potentially hazardous
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nanomaterials in the environment.
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1 Introduction

Over the past two decades, a large number of peptides
binding to various inorganic materials such as metals,
metal oxides, metal compounds, carbon materials, and
semiconductors have been selected using combinatorial
display systems [1-8]. These binding peptides have been
used as molecular linkers to control the assembly of pro-
teins on inorganic material surfaces [1-3], catalysts to
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synthesize nanoparticles [4, 5], and building blocks or
templates to assist the co-assembly of different materials
for nanotechnology applications [6-8]. Fluorescent labe-
ling of material-binding peptides should make it possible
to apply fluorescence microscopy (FM) for the detection
and measurement of nanomaterials. FM is an extremely
selective and sensitive technique that has numerous
advantages over other types of optical and even electron
microscopy [9]. The key advantage of FM in the field of
environmental biosensing is the ability to distinguish and
selectively visualize target materials. At present, there are
relatively few examples of successful application of mate-
rial-binding peptides in the field of biosensing.

This review therefore focuses on a rare success story
— the application of material-binding proteins and pep-
tides for the detection of asbestos, a dangerous industrial
toxin that is still widely used in many developing coun-
tries [10, 11]. Compared with testing for other industrial
pollutants, common analytical methods for airborne
asbestos fibers suffer from several major shortcomings.
First, asbestos analysis requires a careful examination of
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Figure 1. Simplified scheme of asbestos detection using fluorescent
probes. Airborne asbestos fibers are trapped on a filter membrane by filter-
ing ambient air. After prewetting the membrane, an assay buffer contain-
ing fluorescent-labeled asbestos-binding proteins [27, 45] is applied, fol-
lowed by washing with a washing buffer. The samples are observed under
a fluorescence microscope (Primo Star iLED, Carl Zeiss Microscopy,
Oberkochen, Germany) equipped with an AxioCam ICm1 CCD (Carl Zeiss
Microscopy). Automated fiber counting is conducted using asbestos
counting software [49] installed on a notebook computer running the
Windows 7 operating system.

a filter membrane under optical microscopy to count fib-
ers and/or electron microscopy and X-ray analysis to
identify and distinguish asbestos from a large variety of
safer fibrous materials used as asbestos substitutes. The
analysis is extremely labor intensive because the toxicity
of airborne asbestos fibers depends not on the total
amount (weight) of the inhaled asbestos but on the num-
ber of fibers with specific dimensions, which must be
manually identified and counted. Second, optical micros-
copy methods cannot detect the thinnest (nanoscale)
asbestos fibers, which are highly toxic. Third, subjective
errors are common during asbestos identification and
counting, which relies on a complicated set of counting
rules. Human error can result in considerable variability
between test results obtained by different analysts or
laboratories [12]. Finally, due to the lack of portable instru-
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mentation, airborne dust samples that are collected in the
field frequently need to be sent to remote laboratories,
resulting in long testing times. There are likely few ana-
lytical methods that, despite such shortcomings, have
remained largely unchanged over the past few decades.
Can asbestos testing be made faster, more reliable and
less demanding in terms of analysts’ effort and skill? We
believe that it can, thanks to the development of a novel
FM-based biosensing method (FM method, Fig. 1) using
fluorescent-labeled binding peptides with sufficient spec-
ificity to distinguish asbestos from non-asbestos fibers
and high sensitivity for nanoscale asbestos fibers. Because
the fluorescent probes do not stain non-asbestos fibers,
the FM method can simplify automated counting of
asbestos fibers by image analysis software. With the auto-
mated fiber counting, asbestos testing would no longer
require any special skills beyond basic microscope opera-
tion. Furthermore, the development of portable fluores-
cence microscopes would allow for rapid on-site testing
[13] instead of sending samples to specialized asbestos
laboratories. This paper reviews the steps towards devel-
oping a rapid on-site testing system for asbestos fibers. It
focuses on two aspects of asbestos detection that will
likely prove crucial for future biosensing applications in
the field of nanotechnology: the selection of material-
binding peptides and their application in the FM method.

2 Asbestos and asbestos analytical methods
2.1 Asbestos problems

Asbestos fibers possess a number of useful properties,
such as high ultimate tensile strength, low thermal con-
duction and relative resistance to chemical attack.
Asbestos has been widely used in construction materials,
including insulation board, asbestos cement, floor tiles
and water supply lines, as well as in a number of other
products such as fire blankets, clutches, gaskets, brake
linings and brake pads for automobiles (http://www.who.
int/mediacentre/factsheets/fs343/en/). Because asbestos
is composed of microscopic bundles of silicate fibers,
asbestos fibers can become airborne when asbestos-
containing materials are damaged or disturbed. Exposure
to airborne asbestos fibers causes lung cancer and pleural
mesothelioma [14, 15]. According to a recent WHO report,
approximately 125 million people are exposed to asbestos
in the workplace, and at least 107000 people die each
year from asbestos-related disease (http://www.who.int/
mediacentre/factsheets/fs343/en/). Although the use of
asbestos is now prohibited in most developed countries,
large amounts of asbestos-containing materials still
remain in many older buildings. In Japan, the amount
of such materials is estimated to be approximately 40 mil-
lion tons (http://worldasbestosreport.org/articles/killing_
future/great_hanshin.php). Renovation or demolition of
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older buildings can frequently trigger the release of air-
borne asbestos fibers into the environment. Asbestos
contamination therefore remains a major problem, with
many countries reporting a rising incidence of asbestos-
linked lung cancers and pleural mesothelioma [11, 14, 15].

2.2 Shortcomings of asbestos analytical methods

Managing the risks associated with exposure to asbestos
should involve the measurement of airborne asbestos. To
measure the concentration of airborne asbestos fibers,
ambient air is filtered through a membrane filter. After the
filter is cleared with acetone vapor, fibers that satisfy the
standard definition by WHO (fibers longer than 5 pm and
thinner than 3 pm and with aspect ratios larger than 3:1)
are counted under optical phase contrast microscopy
(PCM) (Asbestos and other fibers by PCM: Method 7400,
in: National Institute of Occupational Safety and Health
[NIOSH] Manual of Analytical Methods, 2nd issue, Wash-
ington, DC 1994). While simple and cheap, PCM has a
number of limitations. It is nearly impossible to detect
very thin asbestos fibers (less than 0.25 um in diameter),
which are abundant in chrysotile asbestos, due to the dif-
fraction limit [12]. In practice, the detection limit may be
even higher because of sample contamination (particu-
larly the presence of dust particles). Epidemiological stud-
ies have suggested that both lung cancer and asbestosis
are most strongly associated with exposure to thin fibers
(<0.25 pm) [16], whereas mesothelioma is associated with
exposure to fibers thinner than approximately 0.1 pm [17].
PCM analysis may therefore seriously underestimate
asbestos-related risks. Furthermore, the use of non-asbes-
tos fibers in the construction industry as safer substitutes
for asbestos has complicated the asbestos analysis
because PCM test cannot distinguish these fibers from
asbestos fibers. In Japan, all PCM fiber counts above 1 /L
require re-testing using scanning electron microscopy
(SEM) or transmission electron microscopy (TEM) with
energy dispersive X-ray spectroscopy (EDX) to identify
asbestos fibers ((Asbestos monitoring manual [in Japa-
nese|, Ministry of the Environment of Japan, 2010,
http://www.env.go.jp/press/files/jp/15810.pdf). In the US,
the TEM-based method is recommended “if serious con-
tamination from non-asbestos fibers occurs in samples”
(Asbestos and other fibers by PCM: Method 7400, in:
National Institute of Occupational Safety and Health
[NIOSH] Manual of Analytical Methods, 2nd issue, Wash-
ington, DC 1994). However, wider use of electron micros-
copy would sharply increase the cost and duration of
asbestos analysis, making comprehensive asbestos mon-
itoring impractical in many occupational settings. A
rather limited alternative to electron microscopy is polar-
ized light microscopy, which may be used to identify and
eliminate interfering non-crystalline fibers with diameters
>1 um (Asbestos and other fibers by PCM: Method 7400,
in: National Institute of Occupational Safety and Health
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[NIOSH] Manual of Analytical Methods, 2nd issue, Wash-
ington, DC 1994). The NIOSH has made the development
of improved analytical methods for asbestos fibers a stra-
tegic research goal [12].

2.3 A new approach to asbestos detection using
material-binding peptides

FM is one of the most important analytical tools used in
modern life science, with sufficient sensitivity for detect-
ing single molecules [9]. An immunofluorescence tech-
nique using a fluorescent-labeled antibody allows for the
visualization of the distribution and interaction of specific
biomolecules within a cell. In one of the pioneering stud-
ies on the application of FM to inorganic materials, Wha-
ley et al. demonstrated the visualization of very thin gal-
lium arsenide (GaAs) lines on a GaAs/SiO,-patterned
substrate under FM using a GaAs-binding peptide probe
[18]. The preferential attachment of fluorescent-labeled
material-binding peptides to a surface with a specific
chemical and structural composition enables the selec-
tive visualization of a target material under FM. By apply-
ing FM to the detection of asbestos, it should be possible
to overcome the shortcomings of the conventional PCM
method, such as the inability to distinguish asbestos from
non-asbestos fibers, which is currently compensated for
by electron microscopy and EDX analysis, and low sensi-
tivity to very thin fibers. The successful application of FM
requires the development of a probe that has (i) sufficient
binding affinity to visualize extremely thin asbestos fibers
under FM and (ii) high specificity to distinguish non-
asbestos fibers, particularly those widely used for con-
struction, from asbestos fibers.

3 Material-binding peptides
3.1 Screening of material-binding peptides

The selection of material-binding peptides was first dem-
onstrated using a cell-surface display method [19, 20].
Since then, random peptide libraries of the more con-
venient phage display method have been utilized for the
selection of binding peptides for a number of inorganic
materials. To date, a large number of peptides binding to
metals, metal oxides, metal compounds, polymers, car-
bon materials, and semiconductors have been identified
[1-8]. Furthermore, advances in antibody engineering
have enabled the fabrication of a number of antibodies
specific to nonbiological organic molecules [21], metal
ions [22], and the surfaces of organic materials [23]. Wata-
nabe and coworkers identified an antibody fragment that
preferentially binds to gold over platinum, palladium, and
silver from a phage-displayed library of the variable
region of heavy and light Fv chains of human antibodies
[24].
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Although phage display is the most popular method
for selecting material-binding peptides, it has several
limitations. For example, this method does not guarantee
the affinity of the selected peptides to the target materi-
als. In some cases, a peptide selected by phage display
fails to bind to its target when detached from the phage.
A synergistic effect on the affinity mediated by the inter-
action between the peptide and phage body can some-
times contribute to the binding [25]. Another shortcoming
of the method is that some of the phage proteins may have
intrinsic affinity to certain inorganic materials, leading to
nonspecific binding of random phages during the selec-
tion process and, therefore, failure to select specific bind-
ing peptides.

As an alternative method that is free of the above
mentioned shortcomings, we [26-28] and another group
[3, 29-31] used cellular protein libraries to select material-
binding proteins. In this method, a target material was
first mixed with a protein mixture of bacterial cell lysate.
Proteins that preferentially adsorbed onto the target
material were co-precipitated and identified by a peptide-
mass-fingerprinting method. Minimal binding domains or
peptide sequences responsible for the material-binding
properties were identified using a deletion mutant library
of the binding protein [26]. In another study, binding pep-
tides were directly selected from a peptide library pre-
pared by trypsin digestion of the binding protein [3].
Kumada et al. successfully isolated peptides binding to
the surface of hydrophilic polystyrene [29], polycarbonate
[30], poly(methylmethacrylate) [30], and silicon nitride
(SiN) [31] from the amino acid sequences of E. coli pro-
teins.

Although most material-binding proteins and pep-
tides have been selected for a particular purpose, some
have been used in a number of applications. A good
example is E. coli ribosomal protein L2, which was identi-
fied as a silicon-binding protein (Si-tag) using silicon
particles as a target material [26]. Because the surface of
silicon particles is oxidized, Si-tag presumably binds to
silicon dioxide [32]. Si-tagged protein A was used for ori-
ented immobilization of antibodies on the surface of a
silicon wafer [33] and recently on a silicon ring resonator
to develop an immuno-biosensor [34, 35]. Si-tag could also
be used as a protein tag for affinity purification using sili-
ca particles [36, 37].

3.2 Binding specificity of peptides to inorganic
materials

In many biosensing applications, including asbestos
detection, there is a need to distinguish toxic substances
from similar but harmless materials. This task requires
high binding specificity, yet whether such specificity
could be obtained for most inorganic materials is still
unclear because inorganic materials have simpler and
rather homogeneous atomic structures compared with
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those of bio-macromolecules. However, high binding
selectivity has been reported for several peptides. Whaley
et al. selected peptides that bind to GaAs but not to SiO,,
from phage display libraries [18]. Interestingly, one of the
clones preferentially binds to GaAs(100), which was used
for its selection, over the different crystalline faces of
GaAs, (111)A (gallium terminated) or (111)B (arsenic ter-
minated). The gold-binding peptide GBP1, which was
originally selected from a cell-surface-display library, spe-
cifically binds to gold over platinum and silicon dioxide
[6]. A phage expressing titanium-binding peptide TBP-1
was found to bind to silver and silicon, although it did not
bind to gold, chrome, platinum, tin, zinc, copper or iron
[38]. In our experience, the selected peptides can gener-
ally bind to several inorganic materials but can sometimes
be made to distinguish a particular material under care-
fully chosen buffer conditions.

Both the affinity and specificity of binding peptides
stem from chemical (hydrogen, hydrophobic and electro-
static bonding) and structural (size and morphology) rec-
ognition mechanisms that ultimately depend on peptide
sequence. The sequences of many types of material-
binding peptides have been listed in previous reviews [1,
4, 6]. Similar tetrapeptide repeats (SEKL and GASL) have
been observed in the peptides that control the morphol-
ogy of gold crystals [1]. Amino acids commonly found in
material-binding peptide sequences, which might play
an important role in the binding, have been reported [1].

Analysis of molecular structures of material-binding
peptides is important to understand the mechanism of
specific binding. To date, several NMR studies have been
performed to understand the molecular basis of peptide
binding to inorganic surfaces [39-43]. These studies have
examined the adsorption of salivary proteins on hydroxy-
apatite [39, 40], calcium carbonate-bound polypeptides
from mollusk shells [41], and a gold-binding peptide
selected from a combinatorial library [42]. Recently, Mirau
et al. determined the structure of three related peptides
bound to silica and titania nanoparticles using the solu-
tion NMR method [43]. These peptides have been found
to have a similar structure, suggesting that a common
structural motif is involved in their ability to recognize
silica and titania surfaces [43].

4 Fluorescence imaging of asbestos fibers

4.1 Development of asbestos-binding fluorescent
probes

Asbestos consists of two mineral groups, serpentine and
amphibole, which differ in their crystal structure and tox-
icity [12]. Chrysotile (Mg,Si,0,,[OH]g), which accounts for
90% of world asbestos production, is the only type of
asbestos that belongs to the serpentine group [12]. The
surface of these fibers is magnesium-rich and positively
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charged under physiological conditions. Amphibole
group is composed of five types of asbestos, amosite ([Fe,
Mgl,Sig0,,(OH),), crocidolite (Na,[Fe®*]),[Fe?*],Si,0,,[OH],),
tremolite  (Ca,Mg.Si,0,,[0H],), actinolite (Ca,[Mg,
Fe].Si,0,,[0H],), and anthophyllite (Mg, Fel., 8i,0,,[0H],).
The surface of amphibole fibers is predominantly com-
posed of crystalline silica (long ribbons of silicon tetrahe-
dra) and is negatively charged.

Because of the different properties of chrysotile and
amphibole asbestos, at least two different probes were
necessary to detect all types of asbestos. The first asbes-
tos probe, DksA, was selected as a binding protein with
high affinity to chrysotile asbestos from the E. coli cellular
protein library [27]. The dissociation constant (K ;) of DksA
to chrysotile was determined to be approximately 3.5 nM
by Scatchard analysis [27]. To evaluate the specificity of
fluorescent-labeled DksA, binding tests were performed
for chrysotile and all the remaining types of asbestos, as
well as ten types of common non-asbestos fibrous materi-
als provided by the Japan Fibrous Material Research
Association [44]. The non-asbestos materials tested
included nearly all asbestos substitutes commonly used
in the construction industry as well as several fiber types
used in other industries. The fluorescent-labeled DksA
bound to chrysotile but neither to amphibole asbestos nor
to other non-asbestos fibers, indicating highly selective
binding of the probe to chrysotile asbestos.

Because the five types of amphibole asbestos share a
similar crystal structure [12], amosite asbestos was used
for screening and for the development of a cross-reactive
amphibole asbestos probe. Proteins (GatZ, H-NS) were
selected from the E. coli cellular protein library as amosite-
binding proteins. However, these proteins also bound to
asbestos substitutes such as the natural fibrous mineral
wollastonite (CaSiO,) [28, 45]. A minimal binding peptide
(31 amino acids) responsible for the amosite-binding
property was identified using the H-NS protein deletion
library [45]. The amosite-binding peptide showed a high-
er specificity than that of the original H-NS protein but
unfortunately a lower affinity, suggesting the presence of
multiple binding sequences with affinity to various types
of fibers. It has been reported that the repetition of mate-
rial-binding sites (peptide sequence) can increase bind-
ing affinity [1, 20, 24], and the multiple display of a binding
peptide on a ferritin was observed to notably increase the
affinity compared with that of the single peptide [25]. In
our research, a commercially available fluorescent-labeled
streptavidin tetramer was used as a scaffold to display
four molecules of the biotin-labeled amosite-binding pep-
tide [45]. The affinity of the streptavidin tetramer complex
was approximately 250-fold higher than that of the single
amosite-binding peptide [45]. The K of the complex for
amosite was 1.0 nM [45]. An alanine-scanning experi-
ment indicated that three lysine residues in the peptide
were primarily responsible for the binding to amosite,
suggesting that the probable binding mechanism is elec-
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50.0 um

Figure 2. Fluorescence image of asbestos using multiple fluorescent labe-
ling. DksA-Cy3 (red) [27] and GatZ-fluorescein (green) [28] proteins were
used for fluorescence staining of chrysotile and amosite, respectively.

The fluorescence image was obtained using a fluorescence microscope
(Olympus BX60, Tokyo, Japan) with an Omega XF52 double pass filter
(Ex: 490-550 nm, Em: 520-580 nm) and a 40x objective lens (Olympus
UplanFl N 40x/0.75 NA Ph2).

trostatic interaction [45]. The streptavidin tetramer com-
plex had sufficient affinity and specificity for detecting all
five types of asbestos in the amphibole group and could
be used to distinguish them from ten types of commonly
used non-asbestos fibrous materials, including wollas-
tonite [45]. The multiple fluorescent labeling of different
probes can be used to identify chrysotile and amphibole
asbestos simultaneously in a single sample (Fig. 2).

4.2 FM method offers comparable sensitivity
to SEM

At present, because the commonly used PCM method
cannot reliably detect the most toxic fibers (with diame-
ters < 0.25 yum for lung cancer and asbestosis and <0.1 pym
for mesothelioma) [16], either SEM or TEM analysis would
be necessary to estimate the number of thin fibers. We
expected that the FM method would offer higher sensitiv-
ity than the PCM method. Very thin chrysotile fibers were
examined under PCM and FM in the same field of view
(Fig. 3A and 3B). The FM image was clearer than that
obtained under PCM, and some of the fluorescent fibers
were invisible under PCM. Fig. 3C and 3D as well as
Fig. 3E and 3F compare the same region observed under
FM and SEM using correlative microscopy. The correla-
tive microscopy relies on a specially designed sample
holder that is shared under FM and SEM, a motorized
stage, and automated alignment in order to examine the
same field of view under FM and SEM platforms [46]. The
apparent diameter of the thinnest fibers visible under FM
was approximately 30-35 nm as estimated by SEM
(Fig. 3F), which is similar to the reported dimensions of
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single chrysotile fibrils [47]. This result indicates that the
sensitivity of FM is sufficient to detect single chrysotile
fibrils.

The FM method offers the superior fiber visibility at
400x to b00x magnification, which is traditionally used in
asbestos analysis. On the other hand, it was difficult to
detect the thinnest chrysotile fibers under SEM at 1700x
magnification because of the granular background of the
membrane filter (Fig. 3D). In our experience, SEM at mag-
nification levels above 4000x is necessary for reliable
identification of the thinnest chrysotile fibers, suggesting
that 100 SEM micrographs are required to cover a single
FM field of view. Moreover, SEM analysis requires EDX for
the differentiation of asbestos from non-asbestos fibers.
The EDX analysis is extremely labor intensive if several
hundred fibers are subject to identification. FM only
counts fluorescent asbestos fibers, reducing the testing
time and cost. However, it should be noted that because
the resolution of FM is limited by optical diffraction, thin
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Figure 3. Comparison of fiber visibility
on PCM, FM, and SEM micrographs.
The PCM and FM micrographs were cap-
tured at 500x magnification. The digitally
magnified PCM (A) and FM (B) micro-
graphs are compared for the same field
of view. The digitally magnified FM (C)
and SEM micrographs captured at 1700x
magnification (D) are compared for the
same field of view. The rectangular area
in (C) is digitally magnified (E) to adjust
to the corresponding regions of the SEM
images at 28 800x magnification (F).
Micrographs (C to F) are reproduced
from the reference [47]. Image size and
resolution were adjusted in Adobe
Photoshop.

fibers appear thicker under FM than under SEM (Fig. 3E
and 3F). Despite this shortcoming, the FM method ena-
bles rapid, selective, and sensitive counting of asbestos
fibers at a fraction of the cost of SEM.

4.3 Development of an automated asbestos
counting system

The counting of asbestos fibers must follow a complicated
set of counting rules, and there is a need to carefully
examine at least 100 fields of view, or to count at least
200 fibers. A large variability between asbestos counts
obtained by different analysts and laboratories would be
expected because of differences in analyst skill and the
degree of adherence to the counting rules (Asbestos and
other fibers by PCM: Method 7400, in: National Institute
of Occupational Safety and Health [NIOSH] Manual of
Analytical Methods, 2nd issue, Washington, DC 1994).
Measures taken to improve the reliability of asbestos test-
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ing, such as additional training or participation in inter-
laboratory quality control programs, can also contribute to
the high cost of asbestos testing. All the currently used
methods of asbestos analysis, including FM, suffer from
this shortcoming.

A possible solution to these problems is to automate
fiber identification and counting using image analysis
software. This approach would drastically reduce the cost
while increasing the reliability of asbestos testing. The
first largely FM-based automated fiber counting system
was reported in 2013 by Cho and coworkers [48]. This
system relies on a dual-mode high-throughput microsco-
py (DM-HTM) device that is capable of automated image
acquisition. The system was tested using artificially pre-
pared dust-free samples of chrysotile asbestos and
showed a good correlation between manual and auto-
mated counts. However, Cho and coworkers did not pub-
lish any test results for field samples, and the counting
software they used (ImageJ freeware) did not implement
the rules for counting splayed or crossed fibers. Counting
fibers on the field samples is a much more difficult task for
any software because the presence of autofluorescent
dust particles could considerably reduce the accuracy of
fiber identification.

To enable automated fiber counting on field samples,
we developed dedicated asbestos counting software with
algorithms for counting crossed as well as splayed fibers
according to the counting rules [49]. In field samples, long
fibers often appear to be split into shorter fragments by
overlapping dust particles. To avoid counting these frag-
ments as separate fibers, the software measures the angle
between fibers that are adjacent to the same particle and
counts them as a single fiber when this angle is within the
range of 160 to 200 degrees. Figure 1 shows the software-
assisted asbestos counting system composed of an LED
fluorescence microscope connected to a notebook com-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Biotechnol. ). 2016, 11, 757-767

BlO:tec
&7 visions

www.biotecvisions.com

Figure 4. Development of portable fluo-
rescence microscope for on-site detec-
tion of asbestos. The compact and port-
able fluorescence microscope was
designed by a Hiroshima University
spin-off venture Siliconbio Inc. (Higashi-
Hiroshima, Japan) in collaboration with
Opto Science Inc. (Tokyo, Japan). The
microscope contains a blue LED excita-
tion light source (470 nm, 200 mW)
with a constant current output driver,

a 470-nm narrow band excitation filter
(470QM40, Omega), a dichroic mirror
with cutoff at 505 nm (505DRLP, Ome-
ga), and a 20x objective lens (NA = 0.40,
f=3.32 mm) with a 510 nm long-pass
fluorescence filter (5T0QMLP, Omega).
The device does not have a dedicated
CCD unit, relying instead on an iPad
camera module. A demonstration video
is available at the following website:
http://siliconbio.co.jp.

puter with a Windows operating system [49]. The identi-
fied asbestos fibers are automatically highlighted and
numbered by the software. The dimensions of the identi-
fied fibers are shown in a separate window during testing
and automatically recorded for possible use in epidemio-
logical research. The automated counts afforded by the
developed software showed good correlation with manual
counts for the field samples with medium to high concen-
trations of fibers [49]. The counts were, however, less
accurate at low fiber concentrations, possibly because of
the interfering autofluorescent dust particles. To improve
the accuracy of fiber identification and enable quality
control, we also implemented a correction mode that
could be used by professional asbestos analysts.

4.4 Development of a compact, robust
and portable fluorescence microscope

Laboratory-grade fluorescence microscopes are not
designed for operation under harsh environmental condi-
tions generally observed at demolition sites and many
other locations where there is a danger of asbestos fiber
release. A more compact, light-weight and portable, bat-
tery-operated microscope is needed to enable on-site
asbestos detection. Such a microscope should also be
robust enough to tolerate outdoor use yet inexpensive to
facilitate the adoption of the FM method. The combina-
tion of an advanced optical interface with computational
power, data connectivity, large memory volume and low
cost make smartphones and tablets an ideal platform for
imaging [13]. Indeed, fluorescence microscopes have
been developed with additive manufacturing and inte-
grated onto the existing camera module of a smartphone
[50-53]. Using a blue LED as a source of excitation light,
we developed a microscope that integrates objective and
eyepiece lenses, excitation/emission filters and dichroic
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Tablel. Potential peptide and protein aptamers against harmful nanomaterials
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Materials Plausible toxicity mechanism 2 Binding peptides or proteins
Fibers

Chrysotile asbestos Macrophage cell disruption [27]

Amphibole asbestos Macrophage cell disruption [28, 45]

Carbon nanotube Macrophage cell disruption [65, 66]
Particles

Ag Generation of ROS and membrane disruption [38, 67, 68]

Pt ROS production [69]

Al,O, ROS production [70]

SiO, ROS production [26, 71-74]

Tio, Extensive disruption of alveolar septa [38, 73, 75-78]

ZnO ROS production, release of toxic cations with damage to cell membrane [76, 79-82]
Fullerenes ROS production, oxidant injury to cellular membranes [27, 83]
Polystyrene ROS production [29]

2 Reported by Sharifi et al. (2012) [84]

mirror with an iPad camera (Fig. 4). With iPad connectiv-
ity, the sample images can be accessed from a remote
asbestos laboratory in real time. The calculated spatial
resolution of the portable fluorescence microscope was
approximately 0.7 pm. During the initial tests, thin chry-
sotile fibers were clearly visible under the portable micro-
scope. The performance of the portable microscope is
sufficient for rapid on-site asbestos detection.

The FM method has been introduced in the “Asbestos
Monitoring Manual” published by the Japan's Ministry of
the Environment. The probes for the FM method are com-
mercially available and have been purchased by several
companies for asbestos monitoring. The formal validation
of the FM method is currently underway in Japan. This
effort involves a comparison with the existing methods,
as well as cross-testing of the same samples by different
labs to estimate the method's variability. The full valida-
tion data would be available for the future validation of the
FM method by NIOSH.

5 Future applications of FM method
to nanotoxicological studies

Nanotechnology is an emerging technology with a num-
ber of potential applications in the medical, optical, and
electronic fields. However, several types of nanoparticles
(particles <100 nm diameter) may adversely affect the
environment and human health [54, 55]. Some research-
ers have predicted the emergence of a new type of pollu-
tion if nanoparticles are released into the environment [54,
55]. In animal experiments, exposure to multiwall carbon
nanotubes has been shown to cause lung cancer and
mesothelioma, showing the same effect as asbestos [56].
Nanoparticles generally have high surface redox reactiv-
ity, leading to potential toxicity effects for living cells that
are not observed with larger particles [57]. An additional
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risk is the translocation of some nanoparticles from their
site of deposition (usually the lungs) to the blood and even
the brain [68]. Toxicologists have already begun to study
the effects of nanoparticles on the brain and central nerv-
ous system [59, 60].

Given these risks, rigorous and effective regulation
must be established for the manufacturing, safe handling
and disposal of nanomaterials [61]. Over the past decade,
guidelines for using nanomaterials at work have been
developed by government agencies, academia, and occu-
pational health organizations [61]. However, the develop-
ment of measurement methods for nanomaterials remains
a key research need because current detection methods
generally rely on expensive and complex analytical instru-
mentation, such as TEM. To address these issues, some
researchers have developed simple colorimetric detection
assays based on the surface reactivity of nanoparticles
[57].

Fluorescent labeling of material-binding peptides
makes it possible to apply FM to the detection and meas-
urement of nanomaterials. The key advantage of FM in
the field of environmental biosensing is its ability to
distinguish and selectively visualize target materials.
Although the conventional FM methods cannot provide a
spatial resolution below the diffraction limit (200-250 nm
for visible light), the detection of fluorescent molecules
below such limits is readily achieved. Indeed, the sensi-
tivity of FM is sufficient for the detection of single chryso-
tile fibrils (30-35 nm in diameter) that are invisible under
PCM (Fig. 3). Binding peptides for harmful or potentially
harmful nanomaterials (carbon nanotube, silver, plati-
num, aluminum oxide, silica, titanium dioxide, zinc oxide,
fullerenes, and polystyrene) have already been reported
and are readily available for the simple counting of these
particles/fibers (Table 1). However, most published
research is not particularly concerned with specificity,
focusing instead on the binding affinity to target materi-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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als. It is therefore unknown how many of the identified
material-binding peptides are highly specific to their tar-
gets and could be used to detect different inorganic mate-
rials. We have succeeded in visualizing titanium dioxide
nanoparticles and carbon nanotubes using binding pep-
tides (unpublished data). Although we still need to
improve the specificity of the binding peptides, these
results suggest that the FM method could be applied for
the detection of environmental inorganic nanomaterials.
It should also be noted that the resolution of the conven-
tional FM is limited by optical diffraction, making it diffi-
cult to distinguish particles separated by less than sev-
eral hundreds of nanometers. On the other hand, several
super-resolution FM methods can already provide highly
resolved optical images beyond the diffraction limit,
allowing for the observation of even smaller nanoscale
phenomena [62-64]. These methods will likely prove
indispensable for nanotoxicological studies and should
lead to novel applications of FM for the detection of nano-
materials.

This work was supported by the Environment Research
and Technology Development Fund (C-1101, 5-1401) of
the Ministry of the Environment, Japan, the Development
of Systems and Technology for Advanced Measurement
and Analysis Program of the Japan Science and Technol-
ogy Agency, and the Grant-in-Aid for Scientific Research
(A) from Japan Society for the Promotion of Science KAK-
ENHI (grant number 25249117).

AK is an inventor on a patent (W0/2007/055243) issued
to Hiroshima University that covers several asbestos-
binding proteins. The patent does not alter the authors’
ability to adhere to all Biotechnology Journal policies on
sharing data and materials. AK and TN are board mem-
bers of Siliconbio Inc. (Higashi-Hiroshima, Japan), which
developed the portable microscope described in this
review.

6 References

[1] Sarikaya, M., Tamerler, C., Jen, A. K., Schulten, K., Baneyx, F.,
Molecular biomimetics: Nanotechnology through biology. Nat.
Mater. 2003, 2, 577-58b.

Park, T.J., Lee, S. Y., Lee, S. J., Park, J. P. et al,, Protein nanopatterns
and biosensors using gold binding polypeptide as a fusion partner.
Anal. Chem. 2006, 78, 7197-7205.

Kumada, Y., Site-specific immobilization of recombinant antibody

[2

13

fragments through material-binding peptides for the sensitive

detection of antigens in enzyme immunoassays. Biochim. Biophys.

Acta. 2014, 1844, 1960-1969.

Seker, U. O., Demir, H. V., Material binding peptides for nanotech-

nology. Molecules 2011, 16, 1426-1451.

[5] Gungormus, M., Oren, E. E., Horst, J. A., Fong, H. et al., Cemento-
mimetics-constructing a cementum-like biomineralized microlayer
via amelogenin-derived peptides. Int. J. Oral. Sci. 2012, 4, 69-77.

(4

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

&
Biotechnol. J. 2016, 11, 757-767 BIOtecC

&7 visions

www.biotecvisions.com

Akio Kuroda is a Professor at Hiroshi-
ma University, Japan. He earned his
Ph.D. from Osaka University (Depart-
ment of Engineering) in 1993. In 1995,
he was awarded the Human Frontier
Science Program Fellowship and until
1996 worked as a postdoctoral fellow at

Stanford University (Arthur Kornberg

> laboratory). Dr. Kuroda’s current
research focuses on the specific interaction of proteins or peptides
with inorganic surfaces and its application to detection of asbestos
and other harmful nanomaterials. Dr. Kuroda has received several
honors from Ministry of education, culture, sports, science & technol-

ogy in Japan as well as Japanese academic societies.

6

Sarikaya, M., Tamerler, C., Schwartz, D., Baneyx, F., Materials
assembly and formation using engineered polypeptides. Annu. Rev.
Mater. Res. 2004, 34, 373-408.

Kriplani, U., Kay, B. K., Selecting peptides for use in nanoscale mate-

rials using phage-displayed combinatorial peptide libraries. Curr.

Opin. Biotechnol. 2005, 16, 470-475.

dela Rica, R., Matsui, H., Applications of peptide and protein-based

materials in bionanotechnology. Chem. Soc. Rev. 2010, 39, 3499—

3509.

Steinmeyer, R., Noskov, A., Krasel, C., Weber, I. et al., Improved fluo-

rescent proteins for single-molecule research in molecular tracking

and co-localization. J. Fluoresc. 2005, 15, 707-721.

[10] Marbbn, C. A., Asbestos Risk Assessment. J. Undergraduate Biol
Stud. 2009, 1, 12-24.

[11] Kanarek, M. S., Mesothelioma from chrysotile asbestos: Update.
Ann. Epidemiol. 2011, 21, 688-697.

[12] National Institute of Occupational Safety and Health (NIOSH),
NIOSH Current Intelligence. Bulletin 62, in: Asbestos Fibers and
Other Elongate Mineral Particles: State of the Science and Roadmap
for Research, Washington DC 2011.

[13] Ozcan, A., Mobile phones democratize and cultivate next-genera-

[7

8

9

tion imaging, diagnostics and measurement tools. Lab Chip 2014,
14, 3187-3194.

[14] Davis, J. M., Beckett, S. T., Bolton, R. E., Collings, P., Middleton,
A. P., Mass and number of fibres in the pathogenesis of asbestos-
related lung disease in rats. Br. J. Cancer 1978, 37, 673-688.

[15] Theakston, F., Asbestos, in: Theakston, F. (Ed.), Air Quality Guide-
lines for Europe, 2nd Ed., World Health Organization, Regional Office
for Europe, Copenhagen 2000, pp. 128-135.

[16] Stayner, L., Kuempel, E., Gilbert, S., Hein, M., Dement, J., An epide-
miological study of the role of chrysotile asbestos fibre dimensions
in determining respiratory disease risk in exposed workers. Occup.
Environ. Med. 2008, 65, 613-619.

[17] Lippmann, M., Asbestos exposure indices. Environ. Res. 1988, 46,
86-106.

[18] Whaley, S. R., English, D. S., Hu, E. L., Barbara, P. F., Belcher, A. M.,
Selection of peptides with semiconductor binding specificity for
directed nanocrystal assembly. Nature 2000, 405, 665-668.

[19] Brown, S., Engineered iron oxide-adhesion mutants of the Escheri-
chia coli phage lambda receptor. Proc. Natl. Acad. Sci. USA 1992, 89,
8651-8655.

[20] Brown, S., Metal-recognition by repeating polypeptides. Nat. Bio-
technol. 1997, 15, 269-272.

765

85UB017 SUOWIWOD BRI 3dedl|dde 8Ly Aq peusenob ae Sapoiie YO ‘8sN JO Sa|nJ Joj A%iq1T8UlIUO AB]IM UO (SUORIPUOD-PLR-SWLBYW0D A8 | 1M Ale.d1|Bul [UO//:Sdny) SUORIPUOD Pue SLLB | 8L 88S *[£202/20/7T] U0 AiqT8UlUO 8|1 ‘Uotessay [BOIPBIN UedLl}y UINos Ad 8Er00GTOZ 1010/Z00T OT/I0p/W00 A8 1M AReq Ul |uoj/sdny Wwoy pepeojumod ‘9 ‘9T0Z ‘vTEL098T



Biotechnology

Journal

www.biotechnology-journal.com

[21]

(22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

766

Braden, B. C., Goldbaum, F. A., Chen, B. X, Kirschner, A. N. et al.,
X-ray crystal structure of an anti-Buckminster fullerene antibody fab
fragment: Biomolecular recognition of C(60). Proc. Natl Acad. Sci.
U.S.A. 2000, 97, 12193-12197.

Barbas, C. F., Rosenblum, J. S., Lerner, R. A., Direct selection of
antibodies that coordinate metals from semisynthetic combinatorial
libraries. Proc. Natl. Acad. Sci. USA 1993, 90, 6385—-6389.

Geva, M., Frolow, F., Eisenstein, M., Addadi, L., Antibody recogni-
tion of chiral surfaces. Enantiomorphous crystals of leucine-leucine-
tyrosine. J Am, Chem, Soc. 2003, 125, 696-704.

Watanabe, H., Nakanishi, T., Umetsu, M., Kumagai, I., Human anti-
gold antibodies: Biofunctionalization of gold nanoparticles and sur-
faces with anti-gold antibodies. J. Biol Chem. 2008, 283, 36031—
36038.

Sano, K., Ajima, K., Iwahori, K., Yudasaka, M. et al., Endowing a
ferritin-like cage protein with high affinity and selectivity for certain
inorganic materials. Small 2005, 1, 826—-832.

Taniguchi, K., Nomura, K., Hata, Y., Nishimura, T. et al., The Si-tag
for immobilizing proteins on a silica surface. Biotechnol Bioeng.
2007, 96, 1023-1029.

Kuroda, A., Nishimura, T., Ishida, T., Hirota, R., Nomura, K., Detec-
tion of chrysotile asbestos by using a chrysotile-binding protein.
Biotechnol. Bioeng. 2008, 99, 285-289.

Ishida, T., Alexandrov, M., Nishimura, T., Minakawa, K. et al., Selec-
tive detection of airborne asbestos fibers using protein-based fluo-
rescent probes. Environ. Sci. Technol. 2010, 44, 755-759.

Kumada, Y., Tokunaga, Y., Imanaka, H., Imamura, K. et al., Screen-
ing and characterization of affinity peptide tags specific to polysty-
rene supports for the orientated immobilization of proteins. Biotech-
nol. Progr. 2006, 22, 401-405.

Kumada, Y., Murata, S., Ishikawa, Y., Nakatsuka, K., Kishimoto, M.,
Screening of PC and PMMA-binding peptides for site-specific
immobilization of proteins. J. Biotechnol. 2012, 160, 222-228.
Kumada, Y., Ootsuka, T., Asada, M., Yoshizuka, S. et al., Identifica-
tion and characterization of peptide fragments for the direct and
site-specific immobilization of functional proteins onto the surface
of silicon nitride. J. Biotechnol. 2014, 184, 103-110.

Ikeda, T., Kuroda, A., Why does the silica-binding protein “Si-tag”
bind strongly to silica surfaces? Implications of conformational
adaptation of the intrinsically disordered polypeptide to solid sur-
faces. Colloids Surf. B 2011, 86, 359-363.

lkeda, T., Hata, Y., Ninomiya, K., Ikura, Y. et al., Oriented immobili-
zation of antibodies on a silicon wafer using Si-tagged protein A.
Anal Biochem. 2009, 385, 132-137.

Fukuyama, M., Amemiya, Y., Abe, Y., Onishi, Y. et al., Sensitivity
improvement of biosensors using Si ring optical resonators. Jpn. J.
Appl Phys. 2011, 50.

Fukuyama, M., Yamatogi, S., Ding, H., Nishida, M. et al., Selective
detection of antigen-antibody reaction using Si ring optical resona-
tors. Jpn. J. Appl. Phys. 2010, 49.

Ikeda, T., Ninomiya, K., Hirota, R., Kuroda, A., Single-step affinity
purification of recombinant proteins using the silica-binding Si-tag
as a fusion partner. Protein Expression Purif. 2010, 71, 91-95.

Ikeda, T., Motomura, K., Agou, Y., Ishida, T, et al., The silica-binding
Si-tag functions as an affinity tag even under denaturing conditions.
Protein Expression Purif. 2011, 77, 173-177.

Sano, K., Sasaki, H., Shiba, K., Specificity and biomineralization
activities of Ti-binding peptide-1 (TBP-1). Langmuir 2005, 21,
3090-3095.

Long, J. R., Shaw, W. J., Stayton, P. S., Drobny, G. P., Structure and
dynamics of hydrated statherin on hydroxyapatite as determined by
solid-state NMR. Biochemistry 2001, 40, 15451-15455.

Li, K., Emani, P. S., Ash, J., Groves, M., Drobny, G. P., A study of
phenylalanine side-chain dynamics in surface-adsorbed peptides

Biotechnol. ). 2016, 11, 757-767

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[60]

[61]

[52]

(53]

[54]

[66]

[56]

[67]

(58]

[69]

BlIOZtec
&7 Uisions

www.biotecvisions.com

using solid-state deuterium NMR and rotamer library statistics. J.
Am. Chem. Soc. 2014, 136, 11402-11411.

Zhang, B., Wustman, B. A., Morse, D., Evans, J. S., Model peptide
studies of sequence regions in the elastomeric biomineralization
protein, Lustrin A. I. The C-domain consensus-PG-, -NVNCT-motif.
Biopolymers 2002, 63, 368-369.

So, C.R., Kulp, J. L., Oren, E. E., Zareie, H. et al., Molecular recogni-
tion and supramolecular self-assembly of a genetically engineered
gold binding peptide on Au{111}. ACS Nano 2009, 3, 1525-1531.
Mirau, P. A., Naik, R. R., Gehring, P., Structure of peptides on metal
oxide surfaces probed by NMR. J Am. Chem. Soc. 2011, 133,
18243-18248.

Kohyama, N., Tanaka, I., Tomita, M., Kudo, M., Shinohara, Y., Prepa-
ration and characteristics of standard reference samples of fibrous
minerals for biological experiments. Ind. Health 1997, 35, 415-432.
Ishida, T., Alexandrov, M., Nishimura, T., Hirota, R. et al., Molecular
engineering of a fluorescent bioprobe for sensitive and selective
detection of amphibole asbestos. PLoS One 2013, 8, 76231.
Robinson, J. M., Takizawa, T., Pombo, A., Cook, P. R., Correlative
fluorescence and electron microscopy on ultrathin cryosections:
Bridging the resolution gap. J. Histochem. Cytochem. 2001, 49,
803-808.

Ishida, T., Alexandrov, M., Nishimura, T., Minakawa, K. et al., Evalu-
ation of sensitivity of fluorescence-based asbestos detection by
correlative microscopy. J. Fluoresc. 2012, 22, 357-363.

Cho, M. O.,Chang, H. M., Lee, D., Yu, Y. G. et al., Selective detection
and automated counting of fluorescently-labeled chrysotile asbestos
using a dual-mode high-throughput microscopy (DM-HTM) meth-
od. Sensors (Basel) 2013, 13, 5686-5699.

Alexandrov, M., Ichida, E., Nishimura, T., Aoki, K. et al., Develop-
ment of an automated asbestos counting software based on fluores-
cence microscopy. Environ. Monit. Assess 2015, 187, 4166.
Breslauer, D. N., Maamari, R. N., Switz, N. A., Lam, W. A, Fletcher,
D. A., Mobile phone based clinical microscopy for global health
applications. PLoS One 2009, 4, e6320.

Zhu, H., Yaglidere, O., Su, T.W., Tseng, D., Ozcan, A., Cost-effective
and compact wide-fleld fluorescent imaging on a cell-phone. Lab
Chip 2011, 11, 3156-322.

Khatua, S., Orrit, M., Toward single-molecule microscopy on a smart
phone. ACS Nano 2013, 7, 8340-8343.

Koydemir, H. C., Gorocs, Z., Tseng, D., Cortazar, B. et al., Rapid
imaging, detection and quantification of Giardia lamblia cysts using
mobile-phone based fluorescent microscopy and machine learning.
Lab Chip 2015, 15, 1284-1293.

Zook, J. M., Maccuspie, R. I, Locascio, L. E., Halter, M. D., Elliott, J.
T., Stable nanoparticle aggregates/agglomerates of different sizes
and the effect of their size on hemolytic cytotoxicity. Nanotoxicology
2011, 5, 517-530.

Magrez, A., Kasas, S., Salicio, V., Pasquier, N. et al., Cellular toxicity
of carbon-based nanomaterials. Nano Lett. 2006, 6, 1121-1125.
Poland, C. A, Duffin, R., Kinloch, I., Maynard, A. et al., Carbon nano-
tubes introduced into the abdominal cavity of mice show asbestos-
like pathogenicity in a pilot study. Nat. Nanotechnol. 2008, 3, 423—
428.

Corredor, C., Borysiak, M. D., Wolfer, J., Westerhoff, P., Posner, J. D.,
Colorimetric detection of catalytic reactivity of nanoparticles in
complex matrices. Environ. Sci. Technol. 2015, 49, 3611-3618.
Geiser, M., Rothen-Rutishauser, B., Kapp, N., Schiirch, S. et al,
Ultrafine particles cross cellular membranes by nonphagocytic
mechanisms in lungs and in cultured cells. Environ. Health Perspect.
2005, 113, 1555-1560.

Oberdoérster, G., Oberdorster, E., Oberdérster, J., Nanotoxicology:
An emerging discipline evolving from studies of ultrafine particles.
Environ. Health Perspect. 2005, 113, 823-839.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

85U20| 7 SUOWILLIOD) BAITER1D 3|edl|dde aLy Aq pausenob afe S9[dIMe YO ‘88N JOS3|nJ 10} A%eiq 1T 8UIIUO A8]IM UO (SUD I IPUOD-PUR-SLUBY W08 1M A1 1BU1|UO//SANU) SUORIPUOD PUe SR | 84} 83S *[£202/20/7T] Uo AfeiqiT8uluO AB]IM ‘Uosessay [eRIpeIN UedLY Uinos Aq 8E700STOZ 1010/200T OT/I0p/LI00 A8 1M Are.q uljuo//Sdiy wouy pepeojumod ‘9 ‘9T0Z ‘¥TEL098T



Biotechnology

Journal

www.biotechnology-journal.com

[60]

(61]

(62]

(63]

[64]

(65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Sayes, C. M., Marchione, A. A., Reed, K. L., Warheit, D. B., Com-
parative pulmonary toxicity assessments of C60 water suspensions
in rats: Few differences in fullerene toxicity in vivo in contrast to in
vitro profiles. Nano Lett. 2007, 7, 2399-2406.

Kuempel, E. D., Geraci, C. L., Schulte, P. A., Risk assessment and risk
management of nanomaterials in the workplace: Translating
research to practice. Ann. Occup. Hyg. 2012, 56, 491-505.

Ji, N., Shroff, H., Zhong, H., Betzig, E., Advances in the speed and
resolution of light microscopy. Curr. Opin. Neurobiol. 2008, 18, 605—
616.

Lord, S.J., Lee, H. L., Moerner, W. E., Single-molecule spectroscopy
and imaging of biomolecules in living cells. Anal. Chem. 2010, 82,
2192-2203.

Egner, A., Hell, S. W., Fluorescence microscopy with super-resolved
optical sections. Trends Cell Biol 2005, 15, 207-215.

Wang, S., Humphreys, E., Chung, S., Delduco, D. et al., Peptides with
selective affinity for carbon nanotubes. Nat. Mater. 2003, 2, 196-200.
Zheng, L., Jain, D., Burke, P., Nanotube-Peptide Interactions on a
Silicon Chip. J. Phys. Chem. C 2009, 113, 3978-3985.

Naik, R. R., Stringer, S. J., Agarwal, G., Jones, S. E., Stone, M. O.,
Biomimetic synthesis and patterning of silver nanoparticles. Nat.
Mater. 2002, 1, 169-172.

Naik, R., Jones, S., Murray, C., McAuliffe, J. et al., Peptide templates
for nanoparticle synthesis derived from polymerase chain reaction-
driven phage display. Adv. Funct. Mater. 2004, 14, 25-30.

Seker, U. O., Wilson, B., Dincer, S., Kim, I. W. et al.,, Adsorption
behavior of linear and cyclic genetically engineered platinum bind-
ing peptides. Langmuir 2007, 23, 7895-7900.

Zuo, R., Ornek, D., Wood, T., Aluminum- and mild steel-binding
peptides from phage display. Appl. Microbiol. Biotechnol. 2005, 68,
505-509.

Naik, R., Brott, L., Clarson, S., Stone, M., Silica-precipitating pep-
tides isolated from a combinatorial phage display peptide library. J.
Nanosci. Nanotechnol. 2002, 2, 95-100.

Eteshola, E., Brillson, L., Lee, S., Selection and characteristics of
peptides that bind thermally grown silicon dioxide films. Biomol.
Eng. 2005, 22, 201-204.

Chen, H., Su, X., Neoh, K., Choe, W., QCM-D analysis of binding
mechanism of phage particles displaying a constrained heptapep-
tide with specific affinity to SiO, and TiO,. Anal. Chem. 2006, 78,
4872-4879.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Biotechnol. ). 2016, 11, 757-767 Bl

[74]

[76]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

(83]

[84]

&
stec
& visions

www.biotecvisions.com

Abdelhamid, M., Motomura, K., Ikeda, T., Ishida, T. et al., Affinity
purification of recombinant proteins using a novel silica-binding
peptide as a fusion tag. Appl Microbiol Biotechnol. 2014, 98,
5677-5684.

Gronewold, T., Baumgartner, A., Weckmann, A., Knekties, J., Egler,
C., Selection process generating peptide aptamers and analysis of
their binding to the TiO, surface of a surface acoustic wave sensor.
Acta Biomater. 2009, 5, 794-800.

Vreuls, C., Zocchi, G., Genin, A., Archambeau, C. et al., Inorganic-
binding peptides as tools for surface quality control. J. Inorg. Bio-
chem. 2010, 104, 1013-1021.

Fang, Y., Poulsen, N., Dickerson, M., Cai, Y. et al., Identification of
peptides capable of inducing the formation of titania but not silica
via a subtractive bacteriophage display approach. J. Mater. Chem.
2008, 18, 3871-3875.

Dickerson, M., Jones, S., Cai, Y., Ahmad, G. et al., Identification and
design of peptides for the rapid, high-yield formation of nanopar-
ticulate TiO, from aqueous solutions at room temperature. Chem.
Mater. 2008, 20, 1578-1584.

Thai, C., Dai, H., Sastry, M., Sarikaya, M. et al., Identification and
characterization of Cu,O- and ZnO-binding polypeptides by Escher-
ichia coli cell surface display: Toward an understanding of metal
oxide binding. Biotechnol. Bioeng. 2004, 87, 129-137.

Kjaergaard, K., Sorensen, J., Schembri, M., Klemm, P., Sequestration
of zinc oxide by fimbrial designer chelators. Appl. Environ. Micro-
biol 2000, 66, 10-14.

Umetsu, M., Mizuta, M., Tsumoto, K., Ohara, S. et al., Bioassisted
room-temperature immobilization and mineralization of zinc oxide
— The structural ordering of ZnO nanoparticles into a flower-type
morphology. Adv. Mater. 2005, 17, 25671-2575.

Tomczak, M., Gupta, M., Drummy, L., Rozenzhak, S., Nalk, R., Mor-
phological control and assembly of zinc oxide using a biotemplate.
Acta Biomater. 2009, 5, 876-882.

Morita, Y., Ohsugi, T., Iwasa, Y., Tamiya, E., A screening of phage
displayed peptides for the recognition of fullerene (C60). J. Mol
Catal B.-Enzym. 2004, 28, 185-190.

Sharifi, S., Behzadi, S., Laurent, S., Forrest, M. L. et al., Toxicity of
nanomaterials. Chem. Soc. Rev. 2012, 41, 2323-2343.

767

85U20| 7 SUOWILLIOD) BAITER1D 3|edl|dde aLy Aq pausenob afe S9[dIMe YO ‘88N JOS3|nJ 10} A%eiq 1T 8UIIUO A8]IM UO (SUD I IPUOD-PUR-SLUBY W08 1M A1 1BU1|UO//SANU) SUORIPUOD PUe SR | 84} 83S *[£202/20/7T] Uo AfeiqiT8uluO AB]IM ‘Uosessay [eRIpeIN UedLY Uinos Aq 8E700STOZ 1010/200T OT/I0p/LI00 A8 1M Are.q uljuo//Sdiy wouy pepeojumod ‘9 ‘9T0Z ‘¥TEL098T



5968 S 1 B ] 5 s

Biotechnology
e Journal

6/2016
 Analytical Biotechnology
Nanobiotechnalogy
Biochemical Engineering

Biosensors

Cover illustration

This special issue, in collaboration with the Asian Federation

of Biotechnology and edited by Professors Eiichi Tamiya and Chunhai Fan, covers
advances in biosensors. This issue includes articles on optimization of biosensors
for better sensitivity, exploration of the graphene interface for DNA analysis,
aptamers for developing biosensors, etc. Image: © kentoh — Fotolia.com

Biotechnology Journal — list of articles published in the June 2016 issue.

Editorial
Translating the advances of biosensors from bench to bedside
Chunhai Fan and Eiichi Tamiya

http://dx.doi.org/10.1002/biot.201676010

Forum

ACB2015:

Biotechnology and Bioeconomy for Sustainable Future
Suraini Abd-Aziz and Mohamad Faizal Ibrahim

http://dx.doi.org/10.1002/biot.201600156

Review

Advance in phage display technology for bioanalysis
Yuyu Tan, Tian Tian, Wenli Liu, Zhi Zhu and
Chaoyong J. Yang
http://dx.doi.org/10.1002/biot.201500458

Review

Microtechnology-based organ systems and whole-body models
for drug screening

Seung Hwan Lee, Sang Keun Ha, Inwook Choi, Nakwon Choi,
Tai Hyun Park and Jong Hwan Sung

http://dx.doi.org/10.1002/biot.201500551

Review

Rapid on-site detection of airborne asbestos fibers and
potentially hazardous nanomaterials using fluorescence
microscopy-based biosensing

Akio Kuroda, Maxym Alexandrov, Tomoki Nishimura
and Takenori Ishida

http://dx.doi.org/10.1002/biot.201500438

Research Article

Rapid detection of aflatoxigenic Aspergillus sp. in herbal
specimens by a simple, bendable, paper-based lab-on-a-chip
Piyasak Chaumpluk, Pattra Plubcharoensook

and Sehanat Prasongsuk

http://dx.doi.org/10.1002/biot.201500435

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Research Article
Graphene oxide surface blocking agents can increase the DNA
biosensor sensitivity

Biwu Liu, Po-Jung J. Huang, Erin Y. Kelly and Juewen Liu
http://dx.doi.org/10.1002/biot.201500540

Research Article

A reagentless DNA-based electrochemical silver(l) sensor
for real time detection of Ag(l) — the effect of probe sequence
and orientation on sensor response

Yao Wu and Rebecca Y. Lai

http://dx.doi.org/10.1002/biot.201500428

Research Article

Electrochemical sensing system employing fructosamine
6-kinase enables glycated albumin measurement requiring no
proteolytic digestion

Miho Kameya, Wakako Tsugawa, Mayumi Yamada-Tajima,
Mika Hatada, Keita Suzuki, Akane Sakaguchi-Mikami,
Stefano Ferri, David C. Klonoff and Koji Sode

http://dx.doi.org/10.1002/biot.201500442

Research Article

Bio-nanocapsule-based scaffold improves the sensitivity and
ligand-binding capacity of mammalian receptors on the sensor
chip

Masumi Iijima, Nobuo Yoshimoto, Tomoaki Niimi, Andrés D.
Maturana and Shun’ichi Kuroda

http://dx.doi.org/10.1002/biot.201500443

Research Article

Enzymatic conjugation of multiple proteins on a DNA aptamer
in a tail-specific manner

Mari Takahara, Kounosuke Hayashi, Masahiro Goto and
Noriho Kamiya

http://dx.doi.org/10.1002/biot.201500560

www.biotechnology-journal.com

85UB017 SUOWIWOD BRI 3dedl|dde 8Ly Aq peusenob ae Sapoiie YO ‘8sN JO Sa|nJ Joj A%iq1T8UlIUO AB]IM UO (SUORIPUOD-PLR-SWLBYW0D A8 | 1M Ale.d1|Bul [UO//:Sdny) SUORIPUOD Pue SLLB | 8L 88S *[£202/20/7T] U0 AiqT8UlUO 8|1 ‘Uotessay [BOIPBIN UedLl}y UINos Ad 8Er00GTOZ 1010/Z00T OT/I0p/W00 A8 1M AReq Ul |uoj/sdny Wwoy pepeojumod ‘9 ‘9T0Z ‘vTEL098T


http://dx.doi.org/10.1002/biot.201676010
http://dx.doi.org/10.1002/biot.201600156
http://dx.doi.org/10.1002/biot.201500458
http://dx.doi.org/10.1002/biot.201500551
http://dx.doi.org/10.1002/biot.201500438
http://dx.doi.org/10.1002/biot.201500435
http://dx.doi.org/10.1002/biot.201500540
http://dx.doi.org/10.1002/biot.201500428
http://dx.doi.org/10.1002/biot.201500442
http://dx.doi.org/10.1002/biot.201500443
http://dx.doi.org/10.1002/biot.201500560

Research Article

Quantification of total phosphorothioate in bacterial DNA by a
bromoimane-based fluorescence method

Lu Xiao and Yu Xiang

http://dx.doi.org/10.1002/biot.201500432

Biotech Method

Label-free optical detection of C-reactive protein by nanoimprint
lithography-based 2D-photonic crystal film

Tatsuro Endo, Hiroshi Kajita, Yukio Kawaguchi, Terumasa
Kosaka and Toshiyuki Himi

http://dx.doi.org/10.1002/biot.201500440

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Biotech Method

Imaging of enzyme activity using bio-LSI system enables
simultaneous immunosensing of different analytes in multiple
specimens

Toshiki Hokuto, Tomoyuki Yasukawa, Ryota Kunikata,
Atsushi Suda, Kumi Y. Inoue, Kosuke Ino, Tomokazu Matsue
and Fumio Mizutani

http://dx.doi.org/10.1002/biot.201500559

Rapid Communication

Aptamer-aptamer linkage based aptasensor for highly enhanced
detection of small molecules

Van-Thuan Nguyen, Bang Hyun Lee, Sang Hoon Kim and
Man Bock Gu

http://dx.doi.org/10.1002/biot.201500433

www.biotechnology-journal.com

85UB017 SUOWIWOD BRI 3dedl|dde 8Ly Aq peusenob ae Sapoiie YO ‘8sN JO Sa|nJ Joj A%iq1T8UlIUO AB]IM UO (SUORIPUOD-PLR-SWLBYW0D A8 | 1M Ale.d1|Bul [UO//:Sdny) SUORIPUOD Pue SLLB | 8L 88S *[£202/20/7T] U0 AiqT8UlUO 8|1 ‘Uotessay [BOIPBIN UedLl}y UINos Ad 8Er00GTOZ 1010/Z00T OT/I0p/W00 A8 1M AReq Ul |uoj/sdny Wwoy pepeojumod ‘9 ‘9T0Z ‘vTEL098T


http://dx.doi.org/10.1002/biot.201500432
http://dx.doi.org/10.1002/biot.201500440
http://dx.doi.org/10.1002/biot.201500559
http://dx.doi.org/10.1002/biot.201500433



