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Viable microbial cells distributed in a 130 zm thick surface layer of cotton fabrics were
stained with a fluorescent glucose, 2- [N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino] -2-deoxy-D-
glucose (2-NBDG), and automatically mapped with an uitra-deep focusing range microscope
(UDF) system. The software of the UDF system was upgraded and the number of Candida
albicans cells could be counted at a higher precision than before. Bacterial cells of
Pseudomonas fluorescens, Serratia marcescens, and Citrobacter freundii, which were smaller
than 1-2 u m, were successfully mapped for the first time. These results Indicate the practical
importance of the present method in the evaluation of the antibacterial properties of fabrics

and the efflcacy of washing.

Key words : Ultra-deep focusing range (UDF) fluorescent microscope/A fluorescent glucose/
Viable cell imaging/Cell deposition on fabrics.

Visualization in situ of viable microbial cells on the
surface of fabrics is of practical importance and has
been important for the evaluation of antibaterial prop-
erties of fabrics (JIS L1902, 2002; Borkow and
Gabbay, 2004; Cen et al., 2004) and the efficacy of
washing (Petrocci and Clarke, 1969; JIS L0844,
1997: ASTM E2274-03, 2004). One of the key chal-
lenges in conducting such an evaluation is {o deal
with the topology of fabric surfaces which is not flat at
the micrometer scale but composed of many fibers to
form a complex structure. Microbial cells are depos-
ited on thin fibers or entrapped deeply between fi-
bers. To detect these cells within a deep focusing
range simultaneously, confocal microscopy (Roldan
et al., 2004; Staudt et al., 2004), decomvolution mi-
croscopy (McNally et al., 1999), and other methods
(Burton, 2003; Buda et al., 2005) have been pro-
posed and in fact some models based on these prin-
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ciples are commercially available. However it was dif-
ficult 1o modify available models at a reasonable cost
to fit our specific resolutional purpose. Thus we de-
veloped a novel microscopic system with an UDF
system (Fujioka et al., 2006). In combination with the
staining of viable cells with a fluorescent glucose de-
rivative, 2-NBDG (Yoshioka et al., 1996; Matsuoka et
al., 2003), the UDF system was found to be useful for
the rapid evaluation of the efficacy of microbial cell
removal (EMR) from fabrics in the specific case of
Candida albicans microbes greater than 5 um.

From a practical viewpoint, however, it is essential
to establish a spatial resolution as high as 1-2 pm. In
this study, we have critically revised the principal im-
age processing software. As described below, the
mapping of C. albicans has been successfully per-
formed with much higher resolution. The mappings of
bacterial cells smaller than 1-2 um are also demon-
strated.

Seed cultures of C, albicans ATCC10231, the envi-
ronmental isolates of Pseudomonas fluorescens,
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Serratia marcescens, and Citrobacter freundii were
prepared from respective frozen stocks with
MICROBANK kit (Pro-lab Diagnostics, Toronto,
Canada) and cultured in 1/10 strength Trypticase
Soy Broth (1/10 TSB) to approximately 10% cfu/ml.
Fabric samples used were Kanakin 3 (JIS L0803,
1998), Cotton knit without a brightener, and Cotton
100 denim. These are differently knitted io form
unique textures and certified by the Japan Spinners'
Association. The fabric swatches were prepared as
1.0 cm X 1.0 cm squares, wrapped with aluminum
foil, autoclaved at 121°C for 15 min, and dried up un-
der sterilized conditions. The synthesis of 2-NBDG
was performed following the protocol described else-
where (Yoshioka et al., 1996).

A 50 u | inoculum of the seed culture containing
. about 5X 10- cells of C. albicans was inoculated onto

each swalch, and the swatch was placed on
Trypticase Soy Agar (TSA) plates. After the incuba-
tion at 33°C for 16 h, each swatch was soaked in 9ml
saline and vortexed for 5 min to remove most of the
microbial cells from the each swatch. Thus we pre-
pared swatch samples on which only small numbers
of microbial cells remained. Each swatch was cut into
2 pieces (0.5 cmx 1.0 cm each). One piece (1) was
used for the visualization experiment after being
stained with 2-NBDG. The other piece () was used
for the colony count assay only in the case of bacte-
rial cells.

The conditions of 2-NBDG staining were as follows.
A 400 u| aliquot of 12 uM 2-NBDG was placed on the
fabric swatch piece (I). After incubation at 33°C for
10 min, the remaining aqueous liquid was removed by
Ultrafree-MC centrifuging treatment (6000 rpm X
30s). After that, a 100 ul of 30% formaldehyde
(HCHO) solution was added with a pipette on the
swatch and incubated at 33°C for 1 min in order to fix
the microbial cells. Immediately after that, the swatch
was soaked in 8 ml saline for 5 min and centrifuged
(6000 rpm X 30 s) to remove extraceliular 2-NBDG.
This washing with saline was repeated 2 times and
microscopic observation with the UDF system was
performed.

Previously we often encountered the image of a C.
albicans cell indicated by an arrow in Fig. 1. In such
a case, the single-cell emitted intense fluorescence at
both ends and consequently was recognized as 2
cells in the automatic mapping. Such an image was
due to a farge vacuole that could hardly be stained by
2-NBDG. The increase in the spatial resolution, how-
ever, has enabled the recognition of such a case as
a single-cell. Typical cases are observed at 4 posi-
tions in Fig. 2-Aa. These spots could be successfully
registered as single-cells, respectively, as No. 1, 2, 5,

FIG. 1. Typical fluorescent pattern observed in C
albicans stained with 2-NBDG. (A) Fluorescent image,
(B) Bright field image. Scale bar: 10 um. The arrow indi-
cales a lypical image pattern of both ends emitting in-
tense fluorescence. Observed with VC 100 X oil objective
lens through BV-2A filter.

FIG. 2. Mapping of C. albicans in the surface layer of dif-
ferent cotton materials. (A) Kanakin3, (B) Cotion Knit
without brightener, (C) Cotton 100 Denim. Scale bar: 10
©um,

and 8 in Fig. 2-Ab. A similar case is also observed in
Fig. 2-Ba and registered as No. 5.
As may be observed in the Figs. 2-Ab, 2-Bb, and 2-

-240 -



(A)

£
Els <> 4 3 6 =
\v4
(B) € 2 3 6
£l o o v s )
4
e N 2P
(C)
£
e
I AU T S ...
(D) " Objective
lens 3
WD 1 1
. .- v
FD 59995553 =3

FIG. 3. Estimated depth of each cell from the fabric sur-
face. Numbered cells in (A), (B), and (C) correspond to
the numbered cells in (A), (B), and (C) of Fig.2, respec-
tively. (D) Focusing range that can be observed simulta-
neously by the UDF system. V: Fabric surface, - - - in
(AY~(C): Deepest cell level observed in respective
cases, WD: Working distance (130 um), FD: In-focus
depth (a few um), FR: Focusing Range (max 130 um).

Cb, it is noticed that every fluorescent spot looks
equally clear in outline and similar in size, though
every cell does not necessarily exist in the same
depth. The UDF system can integrate microscopic im-
ages from the surface to 130 xm depth at maximum
(Fig. 3-D). Therefore the mapping data include the in-
formation of the depth of each cell. Based on these
data, approximate positions of respective celis are
shown in Figs. 3-A, 3-B, and 3-C. Such data are use-
ful to estimate the degree of cell invasion into fabric
matrices of different physical properties as well as
their removal by washing.

Next is the automatic mapping of bacterial cells
smailer than 2-3 w«m. The obijective lens was X 100
APO to zoom into the bacterial cell. In the case of Fig.
4-Aa, many fluorescent spots could be observed with
similar fluorescent intensities. Thus every spot could
be mapped as a light spot of similar size by adjusting
the threshold level for the binarization at an appropri-
ate level (Fig. 4-Ab). In the other two cases, only one
cell was recognized as a light spot (Figs. 4-Ba, 4-
Ca). According to the properly adjusted threshold
level and the criteria for single-cell size, only this spot
could be registered as a bacterial cell (Fig. 4-Bb, 4-

VIABLE CELL MAPPING IN FABRICS 33

FIG. 4. Mapping of bacterial cells in the surface layer of
Kanakin3. (A) P fluorescens, (B) 5. marcescens, (C) C.
freundii. Observed with VC 100 X oil objective lens through
BV-2A filter. Scale bar: 10 um.

Cb).

Practically, it is necessary to confirm the quantita-
tive relation between the cell numbers determined by
the present method and by the conventional colony
count method. However, the challenge of statistics re-
garding sample size still remained. In fact the area
that was analyzed by the present method was (0o
small io be compared to the colony count method.
This problem will be resolved by the future develop-
ment of an automatic scanning system for a fabric
swatch of a much larger area.

Since only one cell is detected in Fig.4-B and 4-C
respectively, it may be necessary to confirm by the
colony count method that bacterial cells were actually
remaining on/in the fabric swatch. The other halves
(swatch piece (1)) used for Fig. 4 were assayed for
viable cells according to the following protocol. The
swatch piece (Il) was immersed in 9 ml of 1/10 TSB
and vortexed for 5 min and then taken out from the
1/10 TSB. A 0.5 ml aliquot of the 1/10 TSB
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(suspension A) was mixed with TSA and poured in a
dish for culturing at 33°C for 72 h. Since the cell con-
centration in the suspension A was thought to be
markedly small, suspension A was also incubated at
33°C for another successive 48 h to increase it. A 1
00 u | aliquot of the resulting suspension (suspension
B) was spread on a TSA plate and incubated at 33
°C for 24 h to count the colony number. As a result,
after the incubation, no colony growth was observed
on the TSA plates of suspension A. On the other
hand, some growth was observed on the plates of
suspension B (Fig.4-B: 44 cfu/plate, Fig.4-C: 55
cfu/plate). This supports the idea that the amounts of
the residual levels of bacteria are very low.

In conslusion, the UDF system has been upgraded
so that it may count automatically the cell number of
C. albicans as well as smaller bacterial cells at a
higher precision than before. The present results sug-
gest the importance of the further development of a
practical version of the UDF sysiem.
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Abstract An ultra-deep focusing range (UDF) fluorescent
microscope system has been combined with a micromanipu-
lation system to develop a viable cell detection-identfication
system applicable to microbes on environmental surfaces
and products. Candida albicans yeast cells on a fabric sam-
ple surface were viably stained with a fluorescent glucose
derivative, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-
2-deoxy glucose (2-NBDG) and detected with a UDF fluo-
rescent microscope. Visualized single-cells of C. albicans
were picked in a glass microcapillary and transferred onto
an agar medium. After the culture, the colony was assayed
for DNA sequence to identify the isolate. This demonstrates
a potential application to the study of unknown environ-
mental microorganisms.

Keywords Ultra-deep focusing range (UDF) fluorescent
microscope - Single-cell manipulation
Fluorescent glucose derivative - Viable cell imaging
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Introduction

Quantitative and qualitative analyses of environmental
microorganisms have been attempted with various methods
and approaches [2, 3, 7, 13, 15]. Where effective, these usu-
ally require days to obtain the results and fail to connect the
visual to microbial species. Currently, urgent needs exist in
the detection of food pathogens in cooking environment
[11, 17] and microbial growth in damp garments after the
laundry washing process [10, 14]. To meet these needs, we
have recently developed a ultra-deep focusing range (UDF)
fluorescent microscope system and applied it successfully
to the evaluation of microbial cell removal from fabrics [4],
and to the automatic mapping of viable microbial cells
being distributed in the surface layer of cotton fabrics [5].
The next step is to isolate those single-cells for their identi-
fication. Once the single-cells have been isolated, they can
be cultured on an agar medium. Thus formed colonies may
be used for further investigation including DNA analysis
and metabolism analysis. This research demonstrates the
detection of single-cells of Candida albicans on fabrics and
their isolation for the culture.

Materials and methods
Microbial strains

Candida albicans, which is one of the key human patho-
gens [6, 16] and contaminants in cosmetic industry [1] was
chosen as a microbial strain for this study. Seed cultures of
C. albicans ATCC 10231 were prepared from frozen stocks
from MICROBANK kit (Pro-lab Diagnostics, Toronto,
Canada) and cultured in the 1/10th strength Trypticase Soy
Broth (1/10 TSB) to approximately 10° cfu/ml. Fabric
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samples used are Kanakin 3 [8]. Fabric swatches were pre-
pared as 1.0 cm x 1.0 cm squares, wrapped with aluminum
foil, autoclaved at 121°C for 15 min, and dried under sterile
conditions.

Fluorescent glucose derivative treatments

Synthesis of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-
2-deoxy glucose (2-NBDG) was conducted following the
protocol described elsewhere [18].

A 200 pl inoculum of the seed culture containing about
5 x 10 cells of C. albicans was inoculated onto a swatch,
and the swatch was placed on Trypticase Soy Agar (TSA)
plates. After incubation at 33°C for 1h, the remaining
aqueous liquid on the swatch was removed by Ultrafree-
MC centrifuging treatment (6,000 rpm x 30 s). To obtain
individual components amendable to microscopic observa-
tions, the centrifuged swatch was untied and dissected to
individual strings with pre-sterilized tweezers. The individ-
ual fabric strings were set on a glass slide upon which a
square grid has been imprinted. Approximately 2.0 ml of
0.2% agarose solution containing 12 pM 2-NBDG was pre-
pared in molten condition at 46°C, and poured onto the
reassembled fabric strings on the slide glass. The glass slide
was kept in a petri-dish and incubated for 1 h at 33°C to
facilitate the uptake of 2-NBDG by C. albicans.

Microscope and manipulation systems

After incubation, the glass slide was examined with a UDF
fluorescent microscope system. The detailed components of
the UDF fluorescent system are described previously [4, 5].
Ultra long distance industrial optical lenses (CFI Plan EPI
SLWD 50 and 30, NIKON Co., working distance 17.0 and
24.0 mm, respectively) and a semi-automatic cell injection
manipulator (InjectMan NI2, Eppendorf Co.) were inte-
grated to assemble a cell manipulation system (Fig. ).
InjectMan NI2 was fixed on the UDF system stage with
steel frames.

To prepare glass capillaries for the yeast cell manipula-
tion, borosilicate glass tubes (BF100-78-10, diameter 1.0~
0.78 mm, Sutter Instrument Co.) were pulled with a laser
puller (P-2000, Sutter Instrument Co.), sterilized with anhy-
drous ethyl alcohol and dried in a dry oven at 50°C for 48 h.
For cell manipulation, a sterile silicone tube 2 mm in diam-
eter was connected to the capillary and to the InjectMan
NI2.

DNA sequence analyses
Isolated cells were incubated on TSA plates at 33°C for

48 h to prepare sufficient cell mass for DNA sequence anal-
yses. The harvested cells were transferred to a 1.8 mL

@ Springer

Fig. 1 A UDF fluorescent microscope system with a cell manipulation
system. A microscope, B ultra long distance industrial optical lens,
C manipulator, D operation module of manipulator

serum tube and frozen in liquid nitrogen. Frozen cells were
treated with homogenization pestle to break the cell wall.
This process was repeated two times. DNA was extracted
from the homogenate with E.N.Z.A. Fungal DNA Kit
(Omega Bio-tek, Inc.). PCR amplification was conducted
on the 268 rDNA D1/D2 regions [9] with primers NL-1(5'-
CGATATCAATAAGCGGAGGAAAAG) and NL-4(5'-
GGTCCGTGTTTCAAGACGG) [12] with a thermal cycler
(PTC-200 Peltier Thermal Cycler, MJ Research Co.) under
the conditions of 95°C x 10s + 50°C x 60 s + 70°C x
60 s (denaturation, annealing, and extension, 30 cycles),
and 72°C x 10 min (extension) . The PCR products
obtained were purified with QIA quick PCR Purification
Kit (QIAGEN Co.) and DNA sequence analyses were done
with PRISM3100 genetic Analyzer (ABI Co.).

Results and discussion

The fluorescent images indicate viabile cells attaching on
the surface of fabrics and their morphologies can be recog-
nized (Fig. 2). Following this cell detection, a glass capil-
lary was inserted in molten agar and placed adjacent to cells
(Fig. 3a, fluorescent image). Then the cells were sucked
into the capillary (Fig. 3b, ¢). The isolated cells were cul-
tured as described and subjected to DNA sequence analysis
at D1/D2 domain in 268 rDNA to certify that the originally
inoculated strain was recovered. The gel electrophoresis
band picture of the PCR product is shown in Fig. 4. A sin-
gle band appeared at the same position as that obtained
from the originally inoculated cells. The DNA sequence
analyses data of 572 bp indicated 100% sequence match-
ing. These indicate the clear traceability of the inoculated
strain.
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Fig. 2 Microscopic images of
Candida albicans observed on
fabric before cell isolation.

a Optical image, b fluorescent
image

Fig. 3 Cell isolation procedure.
a Glass capillary inserted to mol-
ten agar coating the fabric (opti-
cal image). b, ¢ C. albicans cells
sucked in a capillary stored in

the glass capillary [optical image
(b) and fluorescent image (c)]

10um

—“
= Yeast Cells Yeast Cells
° Capillary O% Q%
% Top
)
M 1 2 culture. The first is to detect viable cells rapidly and the

1000bp

700bp
600bp
500bp

200bp

Fig. 4 Gel electrophoresis band picture of the PCR products. A total
of 2% agarose, TAE Buffer, M Takara 100 bp ladder as a marker,
1 DNA derived from the inoculated strain, 2 DNA derived from the
manipulated/isolated strain

Successtul visualization and manipulation demonstrate
the applicability of the present system to the detection of
very low numbers of microbial cells and for their successive

next is to investigate them carefully depending upon the
necessity.

Single-cell manipulation supporting technologies have
recently gained marked progress [19, 20] and therefore the
present system may be advanced to a higher throughput
system in response to practical needs.
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Abstract The efficacy of microbial cell removal (EMR)
from fabrics is a practically important indicator for the
evaluation of cleansers and detergents. EMR is expressed
quantitatively by the relative number of viable cells
remaining on a fabric swatch after the treatment with
these reagents. In order to count the viable cells on the
swatch directly and rapidly, we have developed a unique
microscopic imaging system with an ultra-deep focusing
range. Standard swatches of cotton fabric were inocu-
lated with microorganisms such as Pseudomonas fluores-
cence, Staphylococcus aureus, or Candida albicans. After
the incubation on an agar medium, each swatch was
treated with a fluorescent glucose, 2-[N-(7-nitrobenz-2-
oxa-1, 3-diazol-4-yl) amino]-2-deoxyglucose, to stain
only viable cells. The images of every cell distributed
within the surface layer with no greater than 130 um
thickness could be integrated into one image. Thus visu-
alized cells could be counted automatically by a novel
imaging program. Using a pair of cotton swatches
(0.5x1.0 cm?) inoculated with C. albicans, EMR was
evaluated quantitatively. Before washing, the total num-
ber of viable cells found on the observation area
(3.8x10~*cm?) was 288 cells. After washing with a test
detergent, no cell (< 1) was detected. For this case, EMR
was given by the formula: log(288/<1)=greater than
2.5. The imaging and cell count of a test fabric could be
performed within 1 h.
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introduction

In recent years, there are many household products on
the global market claiming the efficacy of microbial cell
removal (EMR) from fabrics and other solid products 2,
6, 10, 12, 14, 23, 27]. The evaluation of EMR is especially
important from the viewpoint of laundry treatment eval-
uation. To evaluate EMR, several guidelines have been
issued [9, 24, 235, 26]. These guidelines recommend tradi-
tional agar plating and incubation procedures. Practi-
cally, however, a more rapid and more direct method is
required. To meet this requirement, non-culture rapid
methods using fluorescent staining dyes have been pro-
posed and recognized to be potentially applicable to lig-
uid samples. However, they could hardly be applied to
solid samples with rough surface.

Recent advances in fluorescent bio-imaging [4, 5] have
enabled the visualization of particles with 10 pm in
diameter existing at a depth of 1 mm [5]. However, to
detect microbial cells with no greater than 0.5 pm, the
magnification of the objective lens should be 60x or
100x. The working distance and the in-focus depth of
these lenses (VC60xoil, VC100xoil) are 130 um and a
few micrometers, respectively. It is only those cells being
located within the in-focus depth 130 pm (i.e., working
distance) apart from the lens that can be observed as a
clear image. Therefore, our efforts have been focused on
the development of a novel microscopic apparatus with
an ultra-deep focusing range (UDF) by combining with
an automatic Z-scanning system. Confocal microscopy
[18, 20, 21] and deconvolution microscopy [17] should
satisfy the requirement of deep focal distance in princi-
ple. However, it was difficult to modify these commercial
models to fit for our specific purpose at reasonable cost.
Thus, we intended to construct a novel fluorescent
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microscopic system with a Z-scanning apparatus and an
associated image-editing program.

Another point is the introduction of ediblefluorescent
probe for the detection of viable cells. For this purpose,
the authors synthesized a fluorescent glucose, 2-[N-(7-
nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxyglucose
(2-NBDG) [26]. 2-NBDG was found to be taken only by
viable cells of various microorganisms [15, 16] as well as
animal cells [28]. Based on these results, we decided to use
this fluorescent glucose to visualize viable microbial cells
on fabrics. This study reports the performance of the novel
microscopic apparatus and thereby evaluation of EMR of
cleanser using standard samples of cotton swatches.

Materials and methods
Microbial strains

As test microorganisms, 13 strains of 8 species were
selected from ATCC cultures and environmental isolates
[3]. They were Pseudomonas aeruginosa ATCC15442,
Pseuduomons aeruginosa environmental isolate, Burk-
hordelia cepacia environmental isolate, Pseudomonas sp.
environmental isolate (Zinc pyrithione resistant), Pseu-
domonas fluorescence environmental isolate, Citrobacter
[freundii environmental isolate, Serratia marcescens envi-
ronmental isolate, Staphylococcus aureus ATCC6538,
Enterobacter gergoviae environmental isolate, Klebsiella
pneumoniae 2 environmental isolates, Candida albicans
ATCCI10231, and Enterobacter cloacae environmental
isolate (HCHO resistant).

Each strain was revived from the frozen stock with
MICROBANK kit (Pro-lab Diagnostics, Toronto, Can-
ada) and precultured on Trypticase Soy Agar (TSA)
plates (BBL Company, Franklin Lakes, NJ) for 24 h at
33°C. After that, the respective inocula were suspended
in 0.9% saline solution as ca. 10% colony forming unit
(cfu)/ml and used as seed cultures.

Chemicals

A commercially available reagent, Ariel Bleach Plus®
(Procter & Gamble Far East, Inc.) was used to demon-
strate EMR test. 2NBDG was prepared according to the
protocol described in [16]. Other reagents were of com-
mercially available analytical grade.

Fabric substrates and inoculation thereon

Test fabric was Kanakin No.3 described in JIS L0803 [7]
as a standard cotton fabric to be used for a color fastness
test after staining. The fabric swatches were prepared as
1.0 cmx 1.0 cm square size, wrapped with aluminum foil,
autoclaved at 121°C for 15 min, dried up under a
sterilized condition. A 50 ul seed culture was inoculated
onto each of fabric swatches. Then, the swatches were
placed on TSA plates and incubated for 48 h at 33°C.

Immediately after the incubation, each of these swatches
was cut into two pieces (0.5 cmx 1.0 cm each). One piece
was used for the visualization experiment with 2NBDG
and another was used for the colony count assay.

Treatment of fabric swatches with 2NBDG

2NBDG was used for the visualization of viable micro-
bial cells on the inoculated fabric swatches. A 200 pl ali-
quot of 12 uM 2NBDG was placed on one fabric swatch
(0.5 cmx 1.0 cm) and incubated at 33°C for 10 min. After
the incubation, the fabric swatch was treated with 50 pl
of 30% HCHO solution for 1 min in order to fix the
microorganisms. Immediately after the fixing, the fabric
swatch was soaked into 0.9% saline solution for 5 min,
2 times, and centrifuged in an Ultrafree-MC centrifugal
filter device (0.22 pm pore size, 0.5 ml size, Millipore Co.)
for 30 s at 6,000 rpm to eliminate extracellular 2NBDG.

Construction of a novel UDF fluorescent microscope

The novel apparatus constructed in this study is shown
in Fig. 1. The fundamental system of a novel UDF fluo-
rescent microscope was ECLIPSE 80; system (NIKON
Inc., Tokyo) with a Z-axis auto tuning system. As a fluo-
rescence objective lens system, CFI Plan Apo VC60xoil
(WD 130 um) or VC100xo0il (WD 130 pm) (NIKON
Inc.) was used with a BV-2A fluorescence filter (excita-
tion 400-440 nm, emission 470 nm). The image detection
device was KRI-100K (KOGAKU Inc, Osaka). A
Lumina Vision 2.20 Bio-imaging analysis program and a
WinROOF automated macro program (Mitani Trading
Inc., Fukui) were optimized for our purpose and
installed on Windows XP system.

Observation with an UDF fluorescent microscope

A test swatch was attached on an Adhesive Durotak
slide glass (Dermatologic Lab & Supply, Inc., Council

Fig. 1 UDF fluorescent microscope. 4 microscope, B Z-axis auto
tuning system, C image detection device and D computer
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Bluffs, IA) and observed with an UDF fluorescent micro-
scope. The images of six square spots (each spot
78x 82 pm?) were analyzed and total number of cells was
estimated.

Cell collection from fabric swatches for colony count
method

A test swatch was soaked in a 5ml cell collection
medium being composed of Modified Letheen Broth
(MLB, BBL Co.), 1.5% Tween 80 (Wako Co., Tokyo),
and 0.93% soybean lecithin (Wako Co.), which was pre-
pared in a 15 mm¢ glass tube and autoclaved at 121°C
for 15 min beforehand. The swatch in the tube was agi-
tated for 5 min with a sonic device and for 5 min with a
vortex device successively. We checked beforehand the
influence of ultra sound on the cell viability and found it
no lethal level (Data not shown). One milliliter aliquot of
the cell collection medium was tenfold diluted with 9 ml
0.9% saline solution in glass test tubes. After the stepwise
dilutions, the individual diluents were pour-plated on
MLAT [(Modified Letheen Agar (MLA, BBL Co.) con-
taining 1.5% Tween 80], which was autoclaved at 121°C
for 15 min and maintained as molten condition at 47°C
beforehand. Then, the MLAT plates were solidified,
inverted, and incubated at 33°C for 72 h. After the incu-
bation, the colonies that appeared on the plates were
counted.

Washing treatment condition for microbial cell removal

The microbial cell removal from test swatches was per-
formed according to the test method of ASTM E2274-03
[19]. Briefly, a strip of cotton swatch, Kanakin no. 3, was
wound around the three horizontal extensions of a stain-
less steel spindle with sufficient tension. Then the test
swatch was inserted in the laps of the wound cloth. The
test swatches were washed with a detergent solution
(1.0 g/t) in a 500 ml glass jar (8.1 cmd x 12.8 cm) with agi-
tation at 60 rpm/min. This washing condition was origi-
nally proposed for the color fastness test [8] and later
confirmed to be a proper condition for bacteria removal
test from various fabric samples (unpublished data).
After the washing, the number of cells remaining on the

Fig. 2 Fluorescent images of a
fabric swatch inoculated with C.
albicans ATCC10231 taken with
an ordinary microscope (a) and
the UDF fluorescent micro-
scope (b)
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test swatches was counted. Half the test swatches were
applied to the 2-NBDG staining and its visualization
process. The rest swatches were applied to the cell collec-
tion and successive colony count method as described
above.

Comparison of the developed method and conventional
agar plate colony count method

To demonstrate the feasibility of the developed method,
test swatches inoculated with C. albicans ATCC 10231
were assayed by both methods. After the washing treat-
ment with a detergent, each of test swatches was cut into
two pieces (0.5 cmx 1.0 cm each). One piece was used for
the developed method involving 2NBDG staining and
the other was used for the colony count method. As the
control, test swatches without washing were assayed by
both methods in the same manner. The EMR determined
by both methods were compared.

Results

Fluorescent images of yeast cells obtained with the UDF
fluorescent microscope and an ordinary microscope

Fabric swatches inoculated with C. albicans ATCC10231
were observed with an ordinary fluorescent microscope
(Nikon X2-F) and the present UDF fluorescent micro-
scope. The image obtained with an ordinary microscope
could hardly give us a clear image of microbial cells
(Fig. 2a). In contrast, the UDF fluorescent microscope
could give us a bright and clear image of microbial cells
being distributed on rough surface of the swatch
(Fig. 2b). This indicates that the developed system is fea-
sible for the direct detection of microbial cells with sev-
eral micrometers in diameter being distributed in UDF
(see Discussion about the detail).

The general non-specific fluorescence over the test
swatches observed is speculated as a residue of extra cel-
lular 2NBDG, and also trace level of florescence derived
from the fabric components. Practically, however, the
present fluorescent background is a permissible level,

- 249 -



998

because viable cells are fluorescent enough to be distin-
guished from dead cells and non-biological particles.

Images of bacterial cells on fabric swatches

The images of bacterial cells smaller than C. albicans
were obtained with the UDF fluorescent microscope. A
typical image of P. fluorescens environmental isolate
that was inoculated on a fabric swatch is shown in
Fig. 3. Many fluorescent spots with rod shape were
speculated as single-cells of P. fluorescens. Non-specific
fluorescence exists over the whole area of the swatch
but this could be eliminated by a proper imaging pro-
gram as described below. Figure 4 shows an image
obtained with a swatch inoculated with P. aeruginosa
ATCC 15442. In the magnified inset, respective single
cells can be recognized. In this image, cells are more
densely distributed than Fig. 3. In the case of S. aureus
ATCC6538, the typical coccal shape could be clearly
recognized as shown in Fig. 5 together with its magni-
fied inset.

In the same manner, nine other species and strains
(B. cepacia environmental isolate, Pseudomonas sp. envi-
ronmental isolate (Zinc pyrithione resistant), P. aerugin-
osa environmental isolate, C. freundii environmental
isolate, S. marcescens environmental isolate, E. gergoviae
environmental isolate, K. pneumoniae 2 environmental
isolates, and E. cloacae environmental isolate (HCHO
resistant)) could be visualized (Data not shown).

In spite of asperity of the fabric surface, microbial
cells widely distributing throughout the fabric surface
could be recognized.

Fig. 3 Fluorescent image of a fabric swatch inoculated with
P. fluorescens environmental isolate taken with the UDF fluorescent
microscope

Fig. 4 Fluorescent image of a fabric swatch inoculated wih
P. aeruginosa ATCCI15442 taken with the UDFfluorescent microscope

Fig.5 Fluorescent image of a fabric swatch inoculated with
S. aureus ATCC6538 taken with the UDF fluorescent microscope

Observation of floating of microbial cells in damp-dried
fabrics

In the course of this study, we have often observed the
floating cells in damp-dried fabrics. Such water in damp-
dried fabrics should contain salts and detergents. Their
concentrations should be sufficiently low just after wash-
ing but they might be unexpectedly concentrated during
successive drying process. Consequently such a residual
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solution should be toxic to cells. The present method is
based on the viable cell counting and therefore its possi-
ble influence on the un-removed viable cells should be
considered.

To demonstrate that the developed method can detect
viable cells even in such an environment, a damp-dried
fabric was observed. A series of photographs from a to i
of Fig. 6 were taken at every 1 s. If these photographs are
carefully observed, it may be recognized that fluorescent
spots are fluctuating during this observation period. In
order to depict the cell fluctuation, one target cell was cir-
cled. In fact, the fluorescent spots were continually fluctu-
ating in the microscopic view. Some spots disappeared
probably because they moved to out-of-focus plane.

Demonstration of EMR evaluation

In order to demonstrate the evaluation of EMR of a
laundry detergent, fabric swatches inoculated with
C. albicans ATCC 10231 were observed before and after
the washing treatment with the test detergent. Before the
washing, viable cells on the swatch were observed as
depicted in Fig. 7a. In contrast, after the washing, no
fluorescent cell was observed (Fig. 7b). Therefore the
EMR can potentially be evaluated.
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In order to express EMR quantitatively, the image
analysis program was optimized so that the non-specific
fluorescent area may be discriminated from microbial
spots. Figure 8 shows a typical result obtained after the
image processing. The fluorescent spots in Fig. 8a were
speculated as microbial cells. In this case, there are 39
cells. After the washing, no cell was detected (Fig. 8d).
These analyses were repeated as triplicates.

Using another pair of test swatches, EMRs deter-
mined by the developed method and the conventional
colony count method were compared. In the developed
method, six square spots (each square 6.4x107°cm?,
total 3.8x10"*cm?) depicted in Fig. 9 were analyzed.
Before the washing treatment with a detergent, the total
number of viable cells detected in these six squares was
288 cells. After the washing, no cell was detected, indicating
the total number of cells was smaller than 1. Therefore
EMR may be determined as log[(288)/( < 1)]=greater
than 2.5. On the other hand, in the colony count method,
the number of cells on the whole surface of the swatch
(0.5x1.0 cm?) before the washing was 2x 10°cfu. After
the washing, it decreased to be 4% 10?cfu. Therefore,
EMR may be determined as log[(2x 109)/(4x10%)]=3.7.
Both results are consistent with each other under -the
present definition of EMR.

Fig. 6 Real time images of
floating cells of P. fluorescens
environmental isolate on a
damp-dry fabric swatch.
Photographs a-i were taken at
every 1s
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Fig. 7 Fluorescent images of'a
fabric swatch inoculated with
C. albicans ATCC10231 taken
before (a) and after (b) the wash-
ing treatment with a detergent

Fig. 8 Microbial cells on a fab-
ric swatch numbered by image
processing. A fabric swatch was
inoculated with C. albicans
ATCC 10231 and washed with a
detergent. a, ¢ Before washing; b,
d after washing; a, b before im-
age processing; ¢, d after image
processing

Discussion

In the developed method, the observation area of a test
fabric is only 3.8x10~*cm? that is smaller than 0.1% of
whole area (0.5 cm?). Therefore, it should be of no use to
compare the total number of cells localized in the
observed area simply with the total number of cells
washed out from whole area. What is worth discussing
should be the relative number of cells before and after
washing treatment, ie., the indicator of EMR. In this
sense, EMR estimated by the developed method was
thought to be a reasonable value in comparison with
EMR determined by the standard method [1]. In order to
overcome a problem of statistics, it is essential to develop a

more advanced system thatcan analyze much more obser-
vation spots at higher speed with higher spatial resolution.

The in-focus depth of an objective lens is a few
micrometers (Fig. 10a), but the lens can be driven auto-
matically in the Z-direction so that a fabric swatch with
no greater than 1.0 mm surface roughness can be
observed continuously in XY-plane (Fig. 10b). On the
other hand, its working distance is 130 um (Fig. 10a) and
therefore the maximum focusing range in the fabric
swatch is 130 um. The cells entrapped in the indicated
range can be detected by Z-scanning and displayed as a
single image by image integration (Fig. 10c).

Cells entrapped in the fabric matrix beyond this
range, if any, cannot be detected directly. These cells are
less likely to be removed in the washing tests. To detect
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Fig. 10 Key dimensions of the developed apparatus.a Working dis-
tance and in-focus depth, b Z-scanning stroke and fabric surface
roughness and ¢ focusing range in a fabric swatch

these cells, it should be necessary to incubate the fabric in
a culture medium for long time. For this purpose, the
HCHO treatment after 2NBDG staining should be
skipped to maintain the viability of these cells. The num-
ber of cells thus estimated together with the result of the
developed method may provide us with useful informa-
tion about the influence of fabric structure and degree of
cell-substrate interaction.

The use of 2NBDG characterizes this study. 2NBDG
can be taken only by the cells with high viability and
concentrated in the cells [29]. This contrasts other dyes
that enter the cells by passive diffusion [11, 13, 22]. In
comparison with DNA staining dyes, 2NBDG is thought
to be more specific to viable cells and therefore less liable
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to cause pseudo positive data. A typical case in which the
use of 2NBDG is thought to be advantageous is biofilms
on fabrics with antibacterial surface. The viable to dead
cell ratio in biofilms is originally 70-95% [10] but it is
reduced markedly when the surface maintains chemically
modified antibacterial activity. In such a case, it is prefer-
able to count only viable cells.

2NBDG cannot be taken by every species equally [15,
16]. Therefore, users should check if the microorganisms
under consideration can take 2NBDG. 2NBDG can be
taken by E. coli via mannose transporter as well as via
glucose transporter (unpublished data). However,
2NBDG cannot stain every species and strain. Whoever
wants to use this technique should make sure first that
the microorganism that he wants to study can be stained
with 2NBDG efficiently. If it cannot be stained with
2NBDG, it is necessary to use alternative dye. 2NBDG
could not stain viable cells of 6 out of 41 strains but these
unstained six strains could be stained with NBD-modi-
fied amino acids such as NBD-Gly and/or NBD-Leu (16
and unpublished data).

In conclusion, the present study has shown a success-
ful combination of a novel UDF fluorescent microscope
and a viable staining method.
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